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ARTICLE INFO ABSTRACT

Keywords: Background: The commercialization of thin film composite (TFC) hollow fiber (HF) membranes remains chal-
Hollow fiber membrane module lenging owing to issues associated with membrane manufacturing.
Microfluidics

Methods: TFC membranes were synthesized by microfluidic interfacial polymerization of polyamide (PA) on
polysulfone hollow fiber (HF) membrane modules. A total of 33 HF membrane modules were prepared with
different number of HFs (from 1 to 25) and different lengths (from 10 to 50 cm). They were evaluated in a
nanofiltration operation in terms of water permeance and rose Bengal (RB) and MgSOj4 rejections.

Significant findings: Among the 33 modules, 73% showed RB rejections higher than 95%, while 36% of the
modules reached rejections above 99%. During the membrane synthesis, different parameters, such as PA
monomer concentration, residence time and reaction time, were studied. As a result, the amount of monomer
was reduced by ca. 80%. The versatility of microfluidics allowed incorporating hydrophilic metal-organic
framework (MOF) ZIF-93 to produce HF modules with PA/MOF bilayered membranes (a continuous layer of
MOF between the support and the PA film) which led to an important enhancement of the water permeance from
1.3 (bare PA membrane) to 5.3 L-m 2h Lbar ! (PA/ZIF-93 HF membrane), maintaining RB rejection above
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Thin film composite membrane
MOF

Nanofiltration

95%.

1. Introduction

Water pollution has become a major issue in modern societies due to
overpopulation, intense industrialization and lack of appropriate tech-
nology for water remediation. Water is typically involved in several
industrial processes resulting in the discharge of large amounts of
contaminated wastewater into rivers, lakes and seas. Among typical
water pollutants, low molecular weight organic compounds are partic-
ularly a matter of concern as they are challenging to remove and most of
them have been proven harmful to the environment or classified as
carcinogenic or mutagenic to humans [1]. The textile industry has been
targeted due to its high activity (around 7-10° tons of dyes are produced
worldwide every year [2]) and its high water consumption (approxi-
mately 300 tons of water are employed for manufacturing 1 ton of textile
product [3]). Other relevant industries, such as those dealing with
rubber, leather tanning packaging, paper and plastic, also produce a

large amount of pollutant dyes [4]. Water nanofiltration (NF) stands out
as a promising alternative to reduce energy consumption in several in-
dustrial processes that require the separation of low molecular weight
solutes, including dyes from the textile industry. Moreover, reducing
energy input is critical to ensure low carbon emissions and minimize
production costs. The energy efficiency of the separation process, and
therefore the economics entitled to it, is closely related to the membrane
performance. An increment in water permeance while maintaining
rejection close to 100% is sought, since this can increase the process
productivity at the same energy cost or decrease the energy needed for
the process by reducing the pressure required.

Generally, thin film composite (TFC) membranes, consisting of a thin
selective polymer film (typically polyamide (PA) for NF and reverse
osmosis (RO) applications) deposited on top of a porous support, are
employed since these structures give an outstanding performance with
high permeances and rejections. Hollow fiber (HF) TFC membranes offer
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several advantages over the conventional flat sheet TFC membranes
assembled in spiral wound modules. Due to a more efficient occupation
of the module space, HFs allow for higher packing density (of up to ca.
10,000 m*m™~2) and then larger membrane area to volume ratios are
achieved. HF membrane modules do not require flow channels, known
as “spacers”, which saves materials and reduces capital and maintenance
costs [5]. It is well accepted that a major cause of fouling in spiral wound
modules is due to the presence of such spacers. Albeit fouling also occurs
in HF modules, it is generally less severe than in the spiral wound
configuration [6]. Besides, backwashing of the membrane to alleviate
fouling is easier in a HF configuration (in both inner- and outer-selective
TFC membranes) since both the permeate and feed side of the membrane
are accessible, whereas spiral wound modules suffer from limited access
to the membrane surface and cleaning is difficult [7]. Despite these
advantages, the commercialization of TFC HF membranes remains
challenging owing to issues associated with membrane manufacturing
[8,9]. PA TFC membranes are prepared by a two-step interfacial poly-
merization (IP) process involving the reaction between an amine, typi-
cally m-phenylenediamine (MPD) or piperazine (PIP), dissolved in water
and trimesoyl chloride (TMC) monomer dissolved in hexane. In conse-
quence, first steps entail the coating of the support with MPD molecules
and the second step consists of the reaction between TMC and the
impregnated MPD [10]. Non-uniform distribution of MPD monomers
during the coating step or uncompleted reaction in the polymerization
step may result in the formation of undesirable defects compromising
the membrane performance, as well as its reproducibility and up-scale
[5,11]. This can be particularly critical when the PA is synthesized in-
side of a HF, where to achieve a proper reaction microfluidic contact is
needed, as discussed in the next paragraph.

TFC selective films can be prepared in either the outer or inner side of
the HF membrane support. Therefore, two main strategies for the syn-
thesis of the PA film have been reported: i) immersing the HFs in a so-
lution containing the monomers [12], and ii) forcing the monomer
solutions to travel through the lumen of the HF by a microfluidic
approach using syringe pumps [13]. In similar synthesis conditions to
those applied for flat supports (i.e. with an easy access of the interfacial
polymerization reactant to the support surface), outer-TFC selective
layer membranes allow for the preparation of HFs with thinner inner
and outer diameters increasing the packing efficiency and the overall
surface area per unit volume [8]. On top of that, outer-selective TFC HF
membranes suffer from a lower pressure drop and then are less prone to
fiber blockage during the manufacturing process than inner-selective
TFC HFs [8]. On the contrary, inner-selective TFC layers are easier to
manufacture, particularly for large scale modules, save reactants and
have better hydraulic flow conditions, lower concentration polarization
and suffer from less fouling as compared to outer TFC HFs [8,14].
Recently, it has been shown that the inner TFC HF membrane can be
advantageous in terms of NF performance when compared to the TFC
prepared on the more porous and rougher outer surface of the same
polysulfone (PSF) HF supports [15].

Several works have reported on the synthesis of inner-selective TFC
HF membranes of numerous fibers (ranging from 4 to 10 fibers) with ID/
OD dimensions of 0.25-1.05 mm/0.38-1.38 mm and of relatively small
length (varying from 3 to 18 cm) for pressure-driven water purification
[14-17]. Membrane modules with a much larger number of HFs can be
prepared as well, for instance, ca. 15 cm-long modules of 200
inner-selective TFC HF membranes have been reported [11,18].

However, the production of large-scale (higher number of long fi-
bers) HF membranes is one of the main challenges in this area. Thus, a
robust, simple and reproducible manufacturing process is still lacking.
The use of microfluidic technology as an alternative to traditional
discontinuous batch reactions leads to higher intensification and pro-
ductivity since the microfluidic procedure allows for higher control of
the interfacial polymerization reaction in the inner surface of the HF
protecting the skin layer [15,17,19-22]. While it is true that micro-
fluidics itself has not yet been able to scale-up hollow fiber membranes
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in terms of length, typically reporting values less than 20 cm, it allows
for accurate control of the manufacturing process, making easier to in-
crease knowledge about it.

Besides, this technology can be implemented for the continuous
production of metal-organic framework (MOF) layers with accurate
control in the synthesis parameters, and thus providing an important
step forward towards process intensification closer to scale-up [23,24].
MOF are porous crystalline materials recently implemented as compo-
nents to enhance the separation performance of membranes in both gas
[25] and liquid [26] phases. In fact, the use of nanomaterials integrating
a thin film nanocomposite (TFN) membrane or a bilayered membrane (i.
e. a layer of a certain nanomaterial between the support and the PA
layer) is highly attractive to improve the performance of the resulting
membranes. For instance, several nanomaterials, such as MOFs [19],
graphene oxide [27], carbon quantum dots [17], cup-like macrocyclic
molecules [28] and TiO3 nanoparticles [29], have been incorporated to
PA HF membranes to boost their separation performance. Table 1 sums
up all water NF multi-fiber HF membrane modules discussed above
comparing their main features. As shown in this table, the preparation of
modules with large fibers is barely reported, in particular for
inner-selective membranes where only one module [30] contains fibers
longer than 18 cm. Preparation methods and achieved membrane areas
are summarized in Table S1.

This research aims at fabricating and studying the performance of PA
thin film composite membrane modules of up to 25 HFs and a ca. 50 cm
length prepared on the inner surface of PSF HF supports of ID/OD di-
mensions of 0.85/1.2 mm to nanofiltrate an aqueous solution containing
a low-molecular weight dye, i.e. rose Bengal (RB, 974 Da) and magne-
sium sulfate salt (MgSO4, 120 Da). The main goal of this work is to
develop a simple and robust fabrication method based on microfluidics
capable of: (i) overcoming the difficulties of scaling up longer HF
modules without compromising an increase in their number, and (ii)
being reproducible in terms of NF performance which is assessed by
modifying several synthesis parameters, following novel steps that allow
for an adequate polymerization process and selective PA layer forma-
tion. The optimization of the membrane fabrication method is of great
relevance for the industrial implementation of thin film HF membranes.
Using microfluidic technology for fabricating TFC membranes offers two
complementary benefits: (a) a drastic reduction of the amount of re-
agents and solvent used, and (b) a precise control of the skin layer
formed. Finally, the effect of the addition of MOF particles, either
forming a TFN membrane or creating a PA/MOF bilayered membrane,
was evaluated as well. The production of MOFs on a large scale presents
a significant challenge. However, the MOFs utilized in this study have
been carefully selected concerning their scalability and economic
viability, as well as their membrane performance. For instance, ZIF-8 is
one of the most studied MOFs, it has been successfully synthesized in
large quantities [34], and it is also available as a commercial material
(Basolite® Z1200). Moreover, the scalability of ZIF-94, which is iso-
chemical to ZIF-93 but has a different topology, has been also investi-
gated reporting its feasibility for large-scale production [35]. In
addition, the amount of MOF needed in a TFN membrane is estimated in
the range of a few milligrams per membrane square meter, which would
facilitate their future implementation. MIL-101(Cr) and ZIF-8 are
renowned MOFs that have been extensively investigated for preparation
of TFN membranes with positive results [36]. In addition, other signif-
icant aspects, including their scalability and long-term stability under
various conditions (e.g. water environments or high temperature oper-
ations) have also been studied in previous works [37,38]. In turn,
ZIF-93, despite being less popular than the aforementioned MOFs, offers
several advantages, including hydrophilicity, good long-term stability,
and synthesis under mild conditions, such as room temperature, short
reaction times, and cost-effective reagents [39].
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Table 1
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HF membrane modules designed for water NF applications detailing the selective side, length and number of fibers, inner and outer diameters, chemicals used to
prepare the PA selective layer and membrane permeance and rejection. “n/a” means not available.

Ref. Selective Length Number of ID/OD Chemicals for the selective layer Water permeance Rejection (%)
side (cm) fibers (mm) (LMH-bar 1)
[2] Inner n/a 8 n/a PIP, TMC 8.5 99.9% Reactive brilliant
blue
[5] Inner 2.5 200 n/a PIP, TMC 8.93 98.3% MgSO4
[16]  Inner 3 10 0.75 /1.2 PIP, TMC 6.5 98% MgSO4
[28] Inner 10 5 1.6 /1.14 MPD, SDS, TMC and calix[n]arene 1.99 97.6% NaCl
[17] Inner 14 3 n/a MPD, SDS, TMC and amino functionalized 8.7 98.9% NaCl
CQDs
[11]  Inner 15 200 0.58 /1.13 MPD, SDS, TMC 4.5 98% NaCl
[18]  Inner 15.5 200 0.575 / MPD, SDS and TMC 2.78 90% MgSO4
1.025
[14]  Inner 18 4 1.05/1.38 PEIL SDS, TMC 16.5 96.5% MgCl,
[30]  Inner 100 20 0.8/1.3 PIP and TMC 6 99.5% MgSO4
[31] Outer 15 4 n/a MPD, Lysine and TMC 18 100% Eriochrome black T
[32] Outer 16 3 n/a PIP and TMC 5.1 69% MgSO4
[6] Outer 16 4 n/a PIP, TMC 13.8 98.2% NayS04
[33] Outer 30 n/a 06/1.1 MPD, TMC 5.8 95% Reactive black 5
[12] Outer 40 4 0.8 /1.06 PIP, TEA and TMC 4.5 92.3% NaySO4

SDS: sodium dodecyl sulfate; CQD: carbon quantum dots; TEA: trimethylamine.

2. Experimental
2.1. Polysulfone hollow fiber supports

The polysulfone (PSF) HF supports used in this work were kindly
provided by the membrane manufacturer Polymem (several batches we
used along a period of ca. 2 years). They have inner (ID) and outer (OD)
diameters of ca. 850 and 1200 pm, respectively, the pore size being
around 15-20 nm and 100 nm, referred to the inner and outer surfaces,
respectively.

2.2. Preparation of TFC membranes

PSF HFs were configured in membrane modules by placing a bundle
of them inside a nylon tube and sealing both ends with an epoxy resin
(Araldite). Two module lengths (L) were considered: ca. 10 cm, referred
as short modules, and ca. 50 cm, referred as long modules. Different
fibers were coupled in both short and long modules with a number of
fibers (N) ranging from 1 to 25.

Prior to the preparation of the polyamide film, each membrane
module was blown out with compressed air for 1 min (to achieve the
total removing of the polyetilenglycol (PEG) used to adequately preserve
the PSF supports during their storage) and then mounted vertically. The
synthesis of the polyamide (PA) thin film was carried out at room
temperature on the inner surface of the PSF HF modules by interfacial
polymerization (IP). All solutions (MPD in water and TMC in n-hexane,
see below) or solvent (pure cyclohexane, CHX) phases were fed to the
lumen of the fibers from bottom to top of the module by using different

CHX solution

e

3 P—

MPD solution TMC solution

Fig. 1. Scheme of the microfluidic plant.

syringe pumps for each solution under microfluidic conditions (Fig. 1).

To synthesize the PA layer, first, a 2%w-v_! (g-mL™') aqueous so-
lution of MPD (99%, Sigma Aldrich) was fed inside the fibers for 10 min.
Then, the module was dried with compressed air for 2 min. Next, an
innovative step consisted of pumping a certain volume of pure cyclo-
hexane (Scharlab, extra pure) for 3 min to effectively drain out every
trace of the water molecules, avoiding the TMC hydrolysis, and to
remove the excess of MPD from the inner side of the fibers. Moreover, a
typical curing step under certain temperature was avoided, thereby
reducing the energy necessary as compared to previous reports [2,11,
16]. A solution of TMC (98%, Sigma Aldrich) in n-hexane (O.Ol%w~v’1)
was then supplied for a certain time using the same fed flow as that used
for the MPD solution. Since the reaction between MPD and TMC is
considered to be almost instantaneous (i.e. only a few seconds are
needed to form the aromatic polyamide), the overall time that the TMC
solution is flowing through the fiber is assumed to be the reaction time
and this value was varied from 1 to 9 min. Finally, the synthesized PA
HFs were cleaned using 20 mL of pure water at 10 mL-min~'. The
different synthesis conditions applied are detailed in Table 2. Feed flow
was adjusted for modules containing different number of fibers or
lengths with the aim of maintaining the residence time unaltered, except
in case of condition 4 to evaluate the influence of the residence time.
This corresponds to the time that a molecule of MPD, or TMC, resides in
the membrane module (i.e. how long the solution takes to travel through
the HF) and was calculated as the supplied volume divided by the feed
flow. Reaction time corresponds to the time that TMC is in contact with
the MPD-impregnated PSF support. Finally, the largest fiber number and
length were established according to the limitations of the synthesis rig
(mainly available pumps).

2.3. Preparation of TFN and HF PA/MOF bilayered membranes

Two strategies were followed to prepare MOF-containing HF mem-
branes: (i) preparation of TFN membranes, where the MOFs were typi-
cally dispersed along with TMC in the organic solution prior to the IP
reaction, and (ii) preparation of PA/MOF bilayered membranes, where a
MOF layer was synthesized by direct crystallization on the PSF support
followed by IP to polymerize the PA layer [40,41], both MOF and PA
synthesized in the lumen side of the HF. Note that, as a proof of concept,
membranes containing MOFs were prepared only in modules of N: 5, L:
10 cm. All MOF-containing HF membranes are summarized in Table 3.

TFN membranes were prepared at room temperature using small
amounts of MIL- 101(Cr), i.e., 0.025 and 0.05%w-v_!, and ZIF-8, i.e.
0.025%w-v 1, MIL-101(Cr) and ZIF- 8 nanoparticles (NPs) were
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Table 2

Synthesis conditions applied for the TFC HF membrane modules prepared, TMC concentration being always 0.01%w.v™ .

Journal of the Taiwan Institute of Chemical Engineers 150 (2023) 105063

1

Conditions code Module code Area (cm?) Feed flow (mL-min~!) Residence time Reaction time (min) MPD concentration (%w-v ')
(min)
0 N1L10 2.7 0.19 0.29 9 2
0 N5L10 13.4 0.96 0.29 9 2
0 N10L10 26.7 1.93 0.29 9 2
0 N25L10 66.8 4.82 0.29 9 2
0 N5L50 66.8 4.82 0.29 9 2
1 N5L50_C1 66.8 4.82 0.29 4.5 2
2 N5L50_C2 66.8 4.82 0.29 2.25 2
3 N5L50_C3 66.8 4.82 0.29 1 2
4 N5L50_C4 66.8 0.96 1.48 9 2
5 N5L50_C5 66.8 4.82 0.29 9 1
6 N25L50_C6 334 24.1 0.29 9 2
2.4. Membrane characterization
Table 3

MOF-containing HF membranes prepared. The PA film was always synthetized
according to N5L10 conditions.

Membrane MOF addition strategy MOF MOF Concentration
code ©%w-v 1)
0.025 MIL- Dispersed in the organic MIL- 0.025
101 solution prior de IP reaction 101(Cr)
0.05 MIL- (TFN) MIL- 0.05
101 101(Cr)
0.025 ZIF-8 ZIF-8 0.025
PA/ZIF-8 Bilayered PA/MOF ZIF-8 -
PA/ZIF-93 ZIF-93 -

synthesized following the procedures reported by Echaide-Gorriz et al.
(MIL-101(Cr), ca. 50 nm) [19] and Garcia-Palacin et al., (ZIF-8, ca. 30
nm) [42]. MIL-101(Cr) and ZIF-8 were dispersed in n-hexane using a
sonication bath (6 min, 600 W of power) and magnetic stirring (20 min).
This treatment consisting of sonication plus stirring was repeated twice
and was followed by the application of a sonication tip for 3 min in
overall with pulses of 5/3 s on/off (35% of amplitude, 750 W of power
and 20 Hz of frequency). Afterwards, the required amount of TMC was
added to the MOF-n-hexane dispersion and stirred for 30 min prior to
being pumped into the HFs.

For the preparation of the HF PA/MOF bilayered membranes from
the second approach, a continuous MOF layer was first formed on the
lumen side of the PSF HF support. ZIF-8 and ZIF-93 were selected in this
case since they can be easily synthesized by microfluidics at room
temperature. ZIF-8 was prepared following a similar procedure to the
one developed by Cacho-Bailo et al. [24]. MeOH (Scharlab, 99.9%) at a
rate of 0.96 mL-min "' was pumped to wet and to clean the lumen of the
HFs. Next, two solutions, one of 0.10 mol-L ! of Zn(NOs3)2-6H20 (Sig-
ma-Aldrich, 98%) in water and another solution of 0.30 mol-L ! of
2-methylimidazole (C4HgN3, Sigma-Aldrich, 99%) and 0.30 mol-L ™! of
sodium formate (NaCOOH, Sigma-Aldrich, >99%) in methanol, coming
from separate syringes (at a rate of 0.48 mL'min"! each), were mixed
and forced to go through the lumen of the PSF HFs for 15 min. In
comparison to the work of Echaide-Gorriz et al. [41] dealing with a
PA/ZIF-93 single HF ca. 10 cm long, in this study the amount of TMC
employed was reduced by at least 4 times with the consequent saving in
reagent costs and lowering of waste generation. Once the MOF layer was
formed, 0.96 mL'min~! of MeOH was pumped to remove the excess of
unreacted reagents prior to commencing with the IP synthesis procedure
detailed in Section 2.2. (TFC membrane preparation). Note that for
ZIF-93 crystallization, the same procedure was followed as for ZIF-8
maintaining the same molar ratio Zn>*:linker (1:3), but using a
different ligand (i.e. 4-methyl-5-imidazolecarboxaldehyde, CsHgN2O,
Across-Organics, 99%).

The morphology of the HF membranes was observed by scanning
electron microscopy (SEM) using FEI-Inspect™ F20 microscope working
at a voltage between 10 and 20 kV. Top-view and cross-section images
were acquired. To obtain top-view images of the inner side of the HF
membranes, an individual fiber was pulled out from the module,
immersed in liquid Ny, and cut longitudinally in half with a scalpel
outside of the liquid Ny to expose the inner side of the fiber. Cross-
section images were obtained by immersing the HFs in liquid Ny and
then cutting them transversally.

X-ray diffraction (XRD) characterization was used to analyze the
crystallinity of the synthetized MOFs involved in the formation of TFN
and PA/MOF bilayered membranes. XRD measurements were taken
from 4 to 40° (26) with a 0.025°-s! step using a p-Max 2500 Rigaku
diffractometer with a CuKa (A=0.1542 nm) rotating anode operating at
40 kV and 80 mA.

2.5. Nanofiltration measurements

The performance of the HF membrane modules was assessed in a NF
set-up operating in a continuous flow configuration, whose schematic
representation is shown in Fig. S1. The feed solution mainly consists of
RB (Sigma Aldrich, 95% dye content, 974 Da) as solute at a concentra-
tion of 20 mg-L ™! and was supplied using a diaphragm pump that allows
for a continuous flow configuration at a 6 bar pressure difference (feed-
permeate) and 20 °C (RT). The NF set-up has pressure transducers at the
feed, retentate and permeate sides, allowing the calculation of the
driving force. A Jasco V-670 UV-vis spectrophotometer was used to
estimate the RB concentration after the corresponding calibration in the
range of concentrations operated. Measurements were carried out at
549 nm, the wavelength of maximum absorbance. Salt rejection ca-
pacity of certain membrane modules was also tested to assess an
adequate performance of the fabricated modules. To do this, a MgSO4
(120 Da) solution was fed with a concentration of 2 g-L’1 instead of the
RB solution mentioned. SevenMulti™ pH/conductivity meter (Mettler
Toledo) was used to measure the MgSO4 concentration.

Membrane permeance (L'm ™ 2>h~!bar !, LMH-bar ') and rejection
(%) values were acquired every hour throughout the whole experiment
that lasted for at least 6 h and were calculated as follows:

(0] \%4

Permeance = —

AP ALAP M

C ermeate
Rejection = (1 -2 ‘) * 100 2

feed

where Q is the permeate flux, AP is the pressure gradient (calculated as
the difference between the feed and retentate average and permeate
pressures), V is the volume of permeate collected in a given time ¢, A is
the inner membrane area and Cpermeate and Creeq are the solute
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concentrations in both permeate and feed, respectively. Long-term ex-
periments were done removing the membrane modules from the NF set-
up overnight. During the overnight period (not considered as NF accu-
mulated time) the module was stored under water. NF results were
statistically evaluated with one factor analysis of variance, a special case
of analysis of variance (ANOVA) at a < 0.05 (i.e. with a significant level
of 95%), using the Fisher test, where parameter F was calculated facing
the variation between groups (i.e., membrane modules with different
number of HFs and length) to the corresponding variation within each
group (due to unexplained experimental variation). In this case, a sig-
nificant deviation between the experimental results is confirmed
(alternative hypothesis) if experimental F is higher than Fc (F value
necessary to reject the null hypothesis with a significant level of 0.05), i.
e. the results from different groups are statistically different) [42]. Only
membrane modules with rejections higher than 95% were considered in
this study; modules with lower rejections were only included for the
calculation of the success rate of membrane preparation. Poorer re-
jections than 95% were accompanied with suspiciously high per-
meances, consequence of the presence of defects in the PA layer.

3. Results and discussion
3.1. Membrane module manufacturing

Due to the increase in membrane area of the membrane modules
(either a greater number of fibers, N, or larger fibers, L), feed flows of
MPD and TMC solutions were adapted according to the total HF inner
surface (Table 2), fixing the residence time employed in the develop-
ment of the first module (N1L10, conditions code: 0, residence time:
0.29 min). The up-scaled method allowed increase both number of fibers
(N; from 1 to 25) and length (L; from 10 to 50 cm) without raising the
experimental time. Fig. 2 shows photographs of each type of module
manufactured. Besides, an increase in the number of HFs still allowed
the maintenance of the microfluidic conditions through every single HF,
i.e. higher diffusion contribution over convection transport, and work-
ing under laminar flow conditions (at Reynolds numbers in the 5 - 36
range, far below 250) [43]. This successfully permitted the extrapolation
of the interfacial polymerization synthesis from a unique HF to 25,
without losing the membrane quality in terms of NF separation perfor-
mance as will be shown below.

After the successful initial scale-up (i.e., membrane area increased
from 2.7 to 66.8 cmz), the influence of the synthesis conditions on the
module permeance and RB rejection was investigated for the prepara-
tion of modules with the largest lengths (N5L50). The following three
synthesis parameters were evaluated: i) residence time, i) reaction time,
and iii) MPD concentration. Apart from optimizing these parameters to
achieve higher permeances while maintaining the rejection above 95%,
changing any of all three parameters mentioned is important to mini-
mize reagents (including both PA monomers and solvents) waste and
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reduce the overall time of the process, setting also the basis for a po-
tential automation of the membrane module manufacturing. Finally, the
incorporation of MOF, either as TFN or as PA/MOF bilayered mem-
branes, was evaluated using a smaller module (N5L10) to proof the
concept and minimize the waste of expensive reactants during the study.

3.2. Membrane characterization

Fig. 3A depicts the SEM cross-sectional image of one of the HFs
conforming the membrane module where the internal diameter of the
fiber along with its thickness can be found in agreement with the pre-
vious information given in the experimental section. Fig. 3B shows the
top-view images of the inner surface of a fiber from two membrane
modules, which differ in their length and number of fibers (N25L10 and
N5L50). Besides evidencing the formation of the polyamide, images 1
and 2 in Fig. 3B show that increasing the number of fibers from 1 to 5 did
not affect the creation of the typical ridge-and-valley structure charac-
teristic of PA formation by IP [11,19]. These structures are clearly
visible in the higher magnification inset corresponding to Fig. 3A. In
addition, images 2, 3 and 4 reveal that not significant differences in the
PA layer (both thickness and morphology) were observed at three
different locations along the HF (images 2, 3 and 4 corresponding
approximately to the inflow, middle and outflow). This suggests a ho-
mogeneous wetting and polymerization reaction during the IP process
along the fiber, refuted when a lower magnification SEM observation
covering a larger membrane section was done (see Fig. S2). These SEM
images confirm the presence of the PA on top of the porous structure
characteristic of membranes prepared by phase inversion.

3.3. Nanofiltration tests

3.3.1. Up-scaling of TFC membranes: number of HFs and their lengths
One of the main challenges in the scale-up process of HF membranes
is to increase the fiber length [30]. As the length of the HFs increases, the
probability of defect formation grows as the pressure drop markedly
increases with length, particularly for inner-selective TFC membranes
[11]. Generally, this pressure drop along the fiber results in a more
heterogeneous wetting of the support, eventual pore blockage and less
effective gas purging (i.e. after MPD impregnation, water drops may
remain and produce undesirable defects) [8,11]. However, as it will be
shown below, the procedure presented in this study is quite robust and
reproducible with fibers up to 5 cm of length. In terms of upscaling to
longer modules, it is predicted that an issue concerning pressure drop
would be solved by employing more powerful pumps than the ones used
here, able to provide higher flow rates. Fig. 4 depicts the permeances
and rejection values achieved for the different types of HF membrane
modules prepared in the up-scaling study based on the conditions
detailed in Table 2. Moreover, the average value of permeance and
rejection of the total membrane modules prepared (with different sizes)

JUB8 U6 60u050gunuy

Fig. 2. Photographs of HF membrane modules. (A) L = 10 cm; N = 1, 5, 10 and 25 fibers; (B) L = 50 cm; N = 5 fibers.
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Fig. 3. SEM images. (A) Cross-section of a PSF fiber support. (B) Top-view revealing the inner surface of a HF (after the IP reaction) contained in the membrane
modules N1L10 and N5L50; images 2, 3 and 4 correspond to different locations along the HF length: inflow, middle and outflow. See also Figure S2 for lower

magnification observation.
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Fig. 4. Water permeance (left) and RB rejection (right) values for all HF
membrane modules involved in the up-scaling study as a function of the
number of fibers N (modules from N1L10 to N25L10, L = 10 cm). Red column
with asterisk corresponds to L = 50 cm, module N5L50, while green one to all
the membrane modules. Represented data are the mean values with the cor-
responding standard deviations. The number of different modules tested is
indicated in brackets above their corresponding bar.

is also included in Fig. 4.

As the number of fibers increased in the module (N1L10 to N25L10 in
Table 2), the water permeances experienced a rise from ca. 0.4 to 1.4
LMH-bar~!. However, the error bars for all membranes are relatively
high and the observed trend must be interpreted cautiously. These re-
sults confirm the successful accomplishment of our primary goal, which
was to maximize the membrane area in a single HF membrane module
using microfluidic technology without compromising the membrane
performance (i.e. water permeance and solute rejection). This was
certainly achieved as an increment in the number of fibers was not
associated with a detriment in the rejection and permanence properties
or with a lower success of membrane preparation. Indeed, the overall
performance variation observed among the total number of membrane
modules [13] was, in general, lower than those observed within each
individual membrane module size, thus confirming the high reproduc-
ibility of the membrane preparation procedure.

For instance, Table S2 shows that two out of two N25L10 modules
(100%) showed RB rejection above 95%, while three out of five N5SL10
modules exhibited RB rejection above 95%. Fig. 4 shows that no major

differences in water permeance were observed when using different HF
lengths and number. The results of the ANOVA test (no significant dif-
ferences if F < Fc) did not reveal significant differences between the
permeance of modules that differed in the number of fibers (F 1.00 < F.
5.40; a < 0.05) or in its length (F 0.49 < Fc 6.60; a < 0.05). Salt rejection
experiments with MgSOy solutions (2 g-L ~ 1) were also performed using
those membrane modules with higher number (N25L10) and length of
fibers (N5L50), previously used for RB separation. As can be inferred
from the values of water permeance and salt rejection in Table 4, these
results are in line with the smaller size of the MgSO4 [44] and the slight
decrease in the rejection values demonstrated the robustness of the
synthesis method. Interestingly, module N25L10 showed a slightly
better rejection capacity than N5L50, which is consistent with our pre-
vious observation with RB. The higher water flux feeding MgSO4 salt
solution is in good agreement with the minor rejection achieved as
compared to the dye.

3.3.2. Influence of synthesis parameters: reaction time, MPD concentration,
and residence time

In this section we analyze three of the synthesis parameters used in
the IP formation for the up-scaled TFC membranes taking condition
0 (N5L50, Table 2) as a reference. The rejection mechanism of dyes in PA
TFC membranes for NF applications typically relies on both size and
electrostatic effects. The dense structure of the highly cross-linked PA
layer, specifically when utilizing MPD and TMC as monomers, enables
sieving capabilities, with transport predominantly governed by a
solution-diffusion mechanism. In addition, electrostatic interactions
play a significant role in enhancing the rejection properties of mem-
branes due to the presence of several carboxyl groups in the PA layer
that leads to electrically charged surfaces. This separation behavior

Table 4
Water permeance and rejection values obtained for RB and MgSO, solutes with
two different membrane modules.

Permeance (LMH-bar 1) Rejection (%)

Module RB MgSO4 RB MgSO4
N5L50" 0.48 + 0.07 0.56 + 0.06 99.1 +1.3 84.2+7.6
N25L10" 1.25 + 0.01 1.37 £ 0.11 99.6 + 0.6 87.8 £ 4.0

# module 31 in Table S3.
> module 15 in Table S3.



J. Esteras-Saz et al.

strongly depends on the synthesis conditions employed and on the for-
mation of a highly cross-linked PA layer. As can be seen in Fig. 5A,
diminishing the reaction time from 9 to 2 min does not affect the
membrane water permeance. Nonetheless, a further decrease in the re-
action time down to 1 min led to the formation of a lower-quality PA
layer showing larger permeance and lower rejections (1.8 LMH-bar
and 95%) as compared to the 2 min of the reaction time values (0.86
LMH-bar~! and 99%). We assessed the permeance values for different
reaction times using the ANOVA test, which reveals no significant de-
viation between experimental data (F 3.92 < F. 6.59; o < 0.05). Ac-
cording to these results, 2 min of reaction time seems to be the optimum
value as it allows the reduction of the amount of chemicals used without
compromising the rejection properties.

Fig. 5B shows the water permeance and RB rejection values for
modules that differ in the concentration used of MPD, from 1 to 2%
w-v~ !, while the TMC concentration was fixed at 0.01%w-v 1. The effect
of MPD concentration was observed not to be relevant within the studied
range, which is supported by the statistical analysis (F 0.04 < F. 5.99;
< 0.05).

Fig. 5C shows the influence of the residence time in the membrane
permeance and rejection. Increasing residence time runs parallel to the
decrease of the volumes of MPD and TMC supplied to the membrane
synthesis. When the residence time increases from 0.29 to 1.48 min, the
water permeance is slightly reduced while the RB rejection remains
unaltered; however, the ANOVA test (F 1.28 < F. 7.70; o < 0.05) in-
dicates that there are not statistical differences between both permeance
values. The rejection values remained above 97% for all the presented
membranes, indicating the absence of any issue related to the non-
uniform coating of MPD monomers on the PSF support or incomplete
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polymerization reactions; except for reaction times shorter than 1 min,
which can result in incomplete reactions leading to loosely cross-linked
PA layers and subsequent poor rejection rates.

To sum up, a reduction in the use of MPD, TMC and n-hexane up to
80% can be achieved without compromising the NF performance in
terms of water permeance and RB rejection of the HF membrane mod-
ules. Table 5 details the amount of reagents saved when varying the
reaction time, MPD concentration and residence time. By decreasing the
reaction time from 9 to 2 min a 78% reduction in TMC and n-hexane
solvent used is achieved. The amount of MPD could it be reduced by half,
even though 2%w-v ™ is often considered as the optimum concentration
in most of the studied in the literature [45]. Working at 1.48 min as the
residence time resulted in a 5-fold reduction in MPD and TMC con-
sumption, which equates to an 80% reduction in MPD and TMC used.

Considering all the membranes tested in this work, including both
up-scaling and synthesis optimization studies, an overall of 33 HF
membrane modules with a RB rejection higher than 85% were obtained.
Of these, 25 (i.e. 73%) showed a RB rejection above 95% and 12 (i.e.
36%) over 99%. Table S3 contains all the membranes prepared, speci-
fying the corresponding membrane module code (see Table 2), length,
number of fibers and condition used. In addition, this table details the

Table 5
Amounts of reagents saved in each modification of the original procedure.

Modification Amount of reagent saved

Reaction time (from 9 to 2 min)
MPD concentration (from 2 to 1%w~v’1)
Residence time (from 0.29 to 1.48 min)

78% less TMC and n-hexane
50% less MPD and water
80% less MPD, water, TMC and n-hexane

(4) (5)
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Fig. 5. Water permeance and RB rejection as a function of: (A) reaction time, (B) MPD solution concentration (%w-v~1), and (C) residence time. Represented data are
the mean values with their corresponding standard deviations. The number of different membranes tested is indicated in brackets above their corresponding bar. For

additional details see Table S4.
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number of membranes prepared for this study and specifies how many
were successful in terms of NF performance. An interesting fact is that,
during the up-scaling study (i.e. considering it as the experiments done
with the highest membrane area corresponding to 5 HFs of 50 cm length,
N5L50 modules), the overall success rate is around 68% (13 modules out
of 19 above 95% RB rejection, see Table S2). Moreover, for the synthesis
conditions optimization, the overall success rate is calculated as 78% (11
modules out of 14 above 95% RB rejection, see Table S2). This means
that our protocol of PA synthesis using microfluidics is quite robust and
slight variations in the amounts of reagents used or times used for each
step do not compromise the performance of the membrane modules.
Finally, due to the capacity of the syringe pumps, the limit of the up-
scaling carried out in this work corresponds to the N25L50 module
with 25 HFs of the highest length of 50 cm. Its NF operation is discussed
in the next section.

3.3.3. Stability evaluation by long-term studies on fresh and stored modules

Selected membrane modules were tested for dye NF as a function of
time up to ca. 90 h of accumulated operation (Fig. 6). In particular, the
N25L50 module (green down-pointing triangle) with the highest mem-
brane area achieved of 334 cm? (see Table 2) was prepared and tested
for 40 h without interruption. Water permeance and dye rejection
remained pretty stable for the whole period studied. Moreover, two
N5L50 modules (blue and orange symbols) were prepared with the same
synthesis conditions, measured and stored (under deionized water) for
up to one year to also evaluate the possible influence of such circum-
stances on their NF performance. The open symbols represent the water
permeance and rejection of the fresh membranes, the vertical dot line in
the graph indicates that the membrane modules were stored for a certain
period, and the solid symbols correspond to continuous operation after
storage. Regarding the similar initial performance of both N5L50 mod-
ules (open symbols), the small discrepancy in water permeance observed
in Fig. 6 is within the expected range (0.70 + 0.36 LMH-bar’l), ac-
cording to the available standard deviation values. This suggests that
this discrepancy might be related with the experimental deviations, that
are intrinsic from the manufacturing process of the membrane modules
and from the membrane performance measurements, and not with the
storage time.

The first N5L50 (purple up-pointing triangle) was prepared and
freshly measured (data at 4 h). Then, it was removed from the NF
crossflow system, stored in water for 180 days, and mounted again in the
rig for testing. A slight decrease in water permeance is observed in Fig. 6
after the storage period from 0.52 LMH-bar ! to 0.41 LHM-bar ! with
the RB rejection remaining fairly stable at ca. 98%. Similarly, the other
N5L50 module (green down-pointing triangle) was measured right after
preparation, stored for 360 days and measured again. After the storage
period the variation in water permeance was minimum from 0.79
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Fig. 6. Long-term NF experiments with RB in water. The vertical line indicates
the separation performance before and after storage of the modules. The
continuous lines are guides to the eyes.
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LMH-bar ! for the fresh module to 0.78 LHM-bar ! for the aged one, the
RB rejection maintaining almost constant at ca. 99%. After 68 h of un-
interrupted operation, the water permeance stabilized at 0.68
LHM-bar !, which may be related to a slight fouling of the membrane
caused by dye sorption [46,47]. Dye adsorption in the studied HF
membranes is far from the reported by other authors where fouling
phenomenon led to a flux reduction up to 15% in much shorter periods
of time than those studied here [48,49]. This can be explained by the
chemistry of the dye, a hydrophilic negatively charged organic mole-
cule, which seems not to closely interact with the negatively charged
surface of the PA membrane. To confirm this hypothesis, a hollow fiber
membrane module was submitted to backwashing, a standard cleaning
procedure, feeding distilled water up to an overpressure of 2 bar during
5 min, showing a back-flux of 4.4 + 0.4 LMH-bar~!. As shown in
Table S5, the membrane module cleaned by backwashing process
showed a similar performance in terms of water permeance (0.48
LMH.bar 1) to that shown before backwashing treatment (0.50
LMH-bar1). This demonstrates a negligible impact of fouling under the
experimental conditions used here and also confirms an adequate me-
chanical resistance of the membrane modules. All these results suggest
that the storage of the modules for long periods does not significantly
affect their NF performance.

3.3.4. Incorporation of MOFs: TFN and PA/MOF bilayered membranes

MOFs were also incorporated in the TFC HF membranes with the aim
of increasing their water permeance while maintaining high dye re-
jections [19]. As MOFs MIL-101(Cr) and ZIF-8 for the preparation of
TFN membranes were obtained as in our previous works, we refer the
reader to the corresponding publications for further characterization
such as XRD crystallinity, thermogravimetry and textural properties, the
relevant particle size values being 50 and 30 nm, respectively [19,42]. In
addition, Fig. S3 shows the XRD pattern and SEM images of ZIF-93 that
has been synthesized during the formation of the PA/MOF bilayered
membranes. That is, during the crystallization of the MOF layer some
NPs are deposited on the inner side of the HF support, constituting a
more or less continuous layer of intergrown MOF crystals, while some
NPs elute from the HFs, then, the latest were collected and analyzed by
XRD and SEM. The XRD pattern of the obtained NPs matches the
simulated pattern of ZIF-93 (with the RHO type structure [50]) which
proves that these NPs correspond to ZIF-93. The SEM image depicts
cubic ZIF-93 NPs, ca. 400-800 nm in size. Moreover, Fig. S4 shows SEM
images of the inner side of the fiber containing ZIF-93 synthesized on top
of the PSF support (prior to synthesizing the PA layer) of similar size to
those found in Fig. S3, which confirms that ZIF-93 was successfully
deposited at a high surface coverage ratio. Finally, Fig. S5 reveals the
typical ridge-and-valley PA morphology, similar to the one presented
above for the non-containing MOF membranes (Fig. 3A), but this time
on top of the MOF.

Fig. 7 shows the water permeance and RB rejection values of all the
MOF-containing membranes prepared in this work. All the TFN mem-
branes (0.025 and 0.05%w-v ! of MIL-101(Cr) and 0.025%w-v ™" of ZIF-
8) exhibit lower permeance values as compared to that of the original
TFC membrane. However, these slight variations between TFC and TFN
membranes can be attributed to experimental errors and explained by
the standard deviation of the membranes. Similar results were previ-
ously noted when using TFNs comprising PA and ZIF-93 [40,51]. In the
case of HF membranes prepared in this manuscript, this phenomenon
could also be explained due to the presence of very small quantities of
MOFs within the PA layer. A frequent issue during the formation of the
TFN membrane on the HF membrane modules was the partial blockage
of the tubing used to supply the TMC/MOF solution, which was attrib-
uted to the agglomeration of MOFs. This suggests that the distribution of
the MOF NPs across the five HFs was not properly accomplished
(contrarily to the situation with only one HF [19]) and would raise
concerns about the homogeneous presence of MOF in all the HFs of the
final membrane module. Alternatively, the formation of PA/MOF
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Fig. 7. NF performance of MOF containing N5L10 HF membrane modules:
TFC, TEN (0.025 and 0.05%w-v ! of MIL-101(Cr) and 0.05%w-v "' of ZIF-8)
and bilayered (PA/ZIF-8 and PA/ZIF-93). Error bars for TFC and PA/ZIF-93
correspond to three different membranes prepared and tested under the same
conditions. For the other MOF-containing membranes, error bars correspond to
analytical deviations with only one membrane sample.

bilayered membranes was carried out as this allows the crystallization of
MOFs on the inner surface of the support which prevents MOF
agglomeration and therefore decreases the likelihood of tubing
blockage. PA/ZIF-8 and PA/ZIF-93 bilayered membrane modules show
permeances of 4.2 and 5.3 LMH-bar !, respectively, which are much
higher than that of the TFC HF membrane module of the same di-
mensions (1.3 LMH-bar’l). This increase in water permeance due to the
existence of a MOF sublayer has been thoroughly investigated in our
previous work [40,51]. The presence of the sublayer results in thinner
PA layers and increased surface roughness, which leads to a higher
membrane surface area. The PA/ZIF-93 module exhibits a slightly
higher permeance than the PA/ZIF-8 one, which can be attributed to the
hydrophilic nature of ZIF-93 (due to the aldehyde group in the imida-
zolate ligand [40,51]) as compared to ZIF-8. The effects of the ZIF-93
sub-layer on the NF results have been observed in previous works and
have been related to a lower thickness of the PA layer, increased hy-
drophilicity due to the hydrophilic character of the MOF and increased
roughness, without in any case affecting the quality of the PA layer [41,
51,52]. Rejection values for both PA/ZIF bilayered membranes (98.4
and 95.8% for ZIF-8 and ZIF-93, respectively) are comparable to that of
the TFC HF membrane module (95.6%).

4. Conclusions

Our results demonstrate that TFC and PA/MOF bilayered membrane
modules of varying lengths and number of hollow fibers can be suc-
cessfully prepared using a simple, robust and reproducible approach
based on microfluidics. TFC HF membranes can be up-scaled in number
of fibers (from 1 to 25) and in module length (from 10 to 50 cm). An
evaluation of three parameters of the PA synthesis (i.e., TMC reaction
time from 9 to 2 min, MPD concentration from 2 to 1%w-v'" and resi-
dence time from 0.29 to 1.48 min) allows a significant reduction, up to
80% in case of increasing the residence time, of the amount of chemicals
employed and waste generated during the synthesis without compro-
mising the membrane NF performance. In fact, comparing the amounts
spent here with those typically reported in the literature for the for-
mation of inside PA hollow fibers, the achieved reductions were 35 and
127 times for amine and TMC (inferred from the available data from
similar works shown in Table S1). It is evident that a lower expenditure
of reagents will help in the scaling-up of the HF membrane modules.

Fabrication of PA/ZIF bilayered membranes led to a significant
enhancement in water permeation. In particular, PA/ZIF-93 bilayered
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membrane module, due to the hydrophilic character of the MOF used,
exhibited around 400% enhancement in water permeance as compared
to TFC HF membrane modules. The ca. 90 h long-term nanofiltration
demonstrated that one year stored HF membrane modules did not show
significant loss of performance.

Even if some work remains for the future (increasing more the
number of HFs/HF length/membrane module area, testing more
different solutes, addressing potential membrane refreshing conditions,
studying more in detail the performance of the TFN membranes, etc.),
this study opens the door for synthesizing MOF containing HF mem-
brane modules with more precise control of selective skin layers and
sparing reagents, thus representing a promising step towards the more
sustainable process intensification of both the fabrication of the mem-
branes and their effective implementation in NF for the removal of water
pollutants.
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