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Abstract

Designing membranes with synthetic water channels has become an emerging topic
to overcome the ubiquitous selectivity/permeability trade-off effect. In this study novel
ultra-permeable thin film composite membranes with precise molecular fractionation
were successfully fabricated. Per-hydroxylated pillar[5]arene (P[5]A), a macrocycle
with a highly regular, cylindrical, angstrom-scale intramolecular cavity was applied as
the aqueous monomer in interfacial polymerization (IP) to construct water channels in
a thin film composite membrane. The competing effects of esterification and alkali-
induced hydrolysis during IP were validated by investigating the effect of fabrication
conditions. With almost complete rejection of model dyes >99.0% (e.g., Congo Red &
Direct Red 23) and low retention of salts (e.g., 4.5% for NaCl & 18.9% for Na>SQOy),
the optimal membrane exhibited an ultra-high water permeance up to 267.1
L-m2-h !-bar!, which is 3-10 times higher than most literature-reported membranes
for similar applications. Also, the precision of dye/salt fractionation of the membrane
was not affected by the increased feed salinity, with overall stable performance in 72h
continuous operation. A high flux recovery of >94.5% proved that the membrane had
low fouling propensity. Overall, the new route explored in this study provided
inspiration for designing ultra-permeable membranes with precise molecular separation

for environmental applications.

Keywords

Membrane filtration, water channel, per-hydroxylated pillar[S]arene, interfacial

polymerization, dye/salt fractionation
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1. Introduction

Membrane separation technology has rapidly developed and been applied in
various fields such as water treatment, gas separation, energy storage, resource recovery,
and other industrial production processes [1-3]. As an emerging technology, membrane
separation has exhibited a tremendous application potential due to its advantages such
as high versatility, reasonable energy consumption, small footprint, and easy scale-up
[4, 5]. Nevertheless, the exploration for high-performance membranes with both high
throughput and selectivity for target molecules is continuously ongoing, due to the ever-
increasing environmental problems to be addressed and purification demands.
Nowadays, to achieve near-zero discharge, novel membranes that can accurately
harvest reusable resources from waste streams have drawn great interest [6].

Dye and salt ions are valuable resources that co-exist in most textile wastewater,
while the disposal of their mixture is a major environmental challenge worldwide [7-
9]. Large amounts of inorganic salts are added during the coloring process in order to
accelerate the uptake of dyes by the textile, which makes the mixed wastes ecotoxic
and not biodegradable [10, 11]. In addition, salts end up in the by-products of the dye
synthesis processes, which makes it critical to harvest the high purity dye resource from
the saline streams [12, 13]. Various robust methods such as adsorption, ion exchange,
and advanced oxidation processes (AOPs) have been adopted to minimize the hazards
of dye wastes to the ecosystem. Still, processes like adsorption and ion exchange require
frequent regeneration [14-16]. AOPs may involve large chemical dosing and
unidentified by-products [15, 17]. Furthermore, none of these processes can achieve
satisfactory dye/salt fractionation for reuse. Membrane technology has also been
adopted for dye wastewater treatment, but most commonly used nanofiltration (NF)
membranes often reject simultaneously salt and dyes [18]. Most importantly,
conventional NF can hardly provide a pure water permeance higher than 20
L-m2-h !-bar ! (LMH-bar!). Both low fractionation ability and low permeability have
hindered further industrial adoptions [19, 20]. Thus, novel fabrication methods and

membrane materials are highly sought after to construct new classes of membranes to

3



I

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

overcome the permeability-selectivity trade-off.

A thin selective layer with high porosity is crucial to achieve high permeability.
Interfacial polymerization (IP) is a practical method to fabricate thin film composite
(TFC) membranes on a robust supporting structure and a tunable selective skin layer
[21]. By choosing from various monomers and adjusting the reaction conditions,
membranes with target selectivity can be customized [22]. Although IP membranes with
dense polyamide layers have demonstrated great potential in desalination [23-26], the
design of polyester-based loose IP membranes recently drew attention with the
advantage to push the permeability limit. Due to the lower reactivity of hydroxyl groups
compared to amine groups in reaction with an acyl chloride, polyester-based thin films
can exhibit a looser structure and hence are much more permeable than polyamides in
most cases [27].

At the same time, numerous investigations have been conducted to improve
membrane porosity [28, 29]. With the inspiration of biological proteins in cell
membranes, macrocyclic molecules with intramolecular cavities have received
increasing attention for the design of membranes with artificial water channels to
increase membrane micro-isoporosity and overcome the selectivity/permeability trade-
off [30, 31]. Annular molecules with angstrom-scale cavities, such as cyclodextrins
(CDs), porous organic cages (e.g., Noria) and cucurbiturils (CB), have been widely
applied for membrane modification [32-35]. An [P membrane with cucurbit[6]uril (CB6)
inclusions features enlarged polyamide tunnels due to the large steric hindrance of CB6,
resulting in a fourfold enhanced water permeability compared to unmodified
membranes, while maintaining high Na>SO4 rejection [32]. A CB6-embeded polyamide
membrane on a patterned substrate achieved a high water permeability of 124.9
LMH-bar! and a rejection of 99.9% for Janus Green B [36]. Thus, utilizing monomers
with well-defined cavities can be an attractive route for developing membrane with high
permeability. Nevertheless, both suitable macrocyclic monomers and fabrication
methods need to be explored.

Pillar[n]arenes are supramolecular macrocyclic molecules first reported in 2008
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[37]. With the methylene bridges linked in the para-position in between hydroquinone
or dialkoxybenzene units, pillar[n]arenes demonstrate symmetrical pillar architectures
and rigid electron-rich cavities [38, 39]. Since their discovery, pillar[n]arenes
immediately attracted great attention in host—guest chemistry, supramolecular
chemistry, smart materials, and transmembrane channels [40-43]. Efforts have been
made to utilize pillar[S]arene cavity to boost the membrane water permeability, e.g., a
polymer bilayer membrane incorporated with peptide-appended pillar[S]arene achieved
nearly 10 times more water conductive than commercial NF [44-46]. Pillar[n]arene
derivatives were also constructed into artificial channels for transporting  solutes (e.g.,
protons and ions) [42]. Although proposed in several as-mentioned studies, the
hypothesis of water conductivity of pillar[5]arene when embedded into membrane
matrix was not proved. So far only a handful of studies validated the feasibility of
combining pillar[n]arene via the IP method for fabricating organic solvent filtration
membranes [47, 48]. However, regardless of the fabrication means, none of the above-
mentioned studies has comprehensively explored the mechanism of pillar[n]arene layer
formation, including in IP. Thus, there is a general lack of understanding on the
correlation between the fabrication conditions and filtration behavior of pillar[n]arene
membrane .

In this study, a new class of pillar[n]arene-based membranes is developed via the
IP method, incorporating per-hydroxylated pillar[5]arene (P[S]A) monomers with the
aim of constructing thin film composite (TFC) membranes with ultra-thin and ultra-
permeable selective layers. The mechanisms of IP layer formation are explained
through investigation of the membrane properties obtained under different IP conditions.
The membrane performance is further tested for dye/salt fractionation using simulated
textile wastewater with various compositions. As illustrated in Fig. 1, under suitable IP
conditions the phenolic hydroxyls of P[5]A in the aqueous phase are reactive towards
acyl chloride groups of cross-linkers in the organic phase, which results in the formation
of the polyester layer. It is hypothesized that the low reactivity of phenolic hydroxyls

and the steric hindrance of P[5]A macrocycles can act synergistically to build a loose
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pore structure in the selective layer; while the unreacted hydroxyl groups can contribute
to membrane hydrophilicity, rendering the membrane highly permeable to water and
resistant to hydrophobic foulants [23, 49]. Moreover, the P[S]A intramolecular cavity,
with a reported diameter of 4.7A, is expected to enrich the membrane nano-isoporosity
significantly [43]. These novel P[5]A-TFC membranes are designed to overcome the

selectivity/permeability trade-off effect and achieve efficient molecular fractionation.

e @Y \}57 T \by (Cross-linked) TMC
\bY YBY \by ®A) (Cross-linked) P[5]A

. h"‘i P[5]A-TFC membrane

H,0/ NaOH

"N PsA

Fig. 1. The formation of P[S]A-TFC membrane via IP process.

2. Experimental

2.1. Materials and chemicals

Polypropylene/Polyethylene (PP/PE) non-woven fabric (Novatexx 2471) was
acquired from Freudenberg Filtration Technologies, Germany. Polyether sulfone (PES)
in the form of powder (Veradel® 3000P) was purchased from Solvay S.A. Unless
otherwise specified, all the other chemicals were purchased from Sigma-Aldrich and
used without further purification. Detailed information is shown in Section S1 in the

Supplementary Information (SI).

2.2. Synthesis of pillar[5]arene (P[5]A) monomers
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Per-hydroxylated pillar[5]arene (P[5]A) with a molecular weight (MW) of
610.6 g/mol and its precursor per-methoxypillar[5]arene were synthesized by adapting
established methods [50, 51], the detailed procedures of which are shown in the Section
S2 in the SI.

2.3. Preparation of PES substrate and P[5]A-TFC membranes

The PES membrane substrates were prepared via the non-solvent induced phase
inversion (NIPS) method [52, 53]. Detailed procedures are provided in Section S3.

As shown in Fig. 2, the P[5]A-TFC membranes were fabricated via an IP reaction
that took place on the PES substrate surface, between the P[5]A monomers in the
aqueous phase and TMC monomers in the organic phase. Detailed procedures are
provided in Section S3.

A series of P[5]A-TFC membranes were synthesized by varying the dosage of
P[5]A monomers (i.e., 1.2 to 1.8 wt%) and NaOH (i.e., 0.3 to 0.7 wt%) in the aqueous
phase, as well as the IP reaction time (i.e., 1 to 5 min). Those membranes were labeled
as PxxNxxIPx, as listed in Table 1. The first and second ‘xx’ represent the concentration
of P[5]A and NaOH, respectively, and the last ‘X’ refers to the IP reaction time applied.
The pristine PES membrane with 15 wt% polymer concentration served as substrate

and was also tested as a benchmark for performance.

a2
Immersed in P[5]A/NaOH Immersed in TMC/n-hexane
aqueous solution organic solution

/( \\\\
/
! N s H

OH 7 H 0 i
Interfacial | -\ i

polymerization; +O _0/_ E

+o o —> :

N 2 : R 1

5 H o// 0l

cl s ‘I

5

Per-hydroxylated  Trimesoyl chloride

pillar{SJarene (P[5]A) (TMC) P[5]A-based polyester (PE) P[5]A-TFC membrane

Fig. 2. Scheme of the fabrication process and IP reaction mechanism for the P[5]A-
7
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TFC membrane.

Table 1. IP parameters for P[5]A-TFC membranes (with constant organic phase

composition of 0.2 wt% TMC in n-hexane)

P[5]A dosage, wt%  NaOH dosage, wt%  IP reaction time, min

PES15 — — —
substrate

P1.2N0.51P1 1.20 0.5 1
P1.35N0.51P1 1.35 0.5 1
P1.5N0.51P1 1.50 0.5 1
P1.65N0.51P1 1.65 0.5 1
P1.8N0.51P1 1.80 0.5 1
P1.5N0.3IP1 1.50 0.3 1
P1.5N0.41P1 1.50 0.4 1
P1.5N0.61P1 1.50 0.6 1
P1.5N0.7IP1 1.50 0.7 1
P1.5N0.51P3 1.50 0.5 3
P1.5N0.51P5 1.50 0.5 5

2.5. Preliminary filtration performance evaluation

The membrane filtration performance was evaluated in terms of water permeance
and rejection of various solutes with single solute solutions, i.e., single salt solution
(NaCl, NaSO4 1000 ppm) and singe anionic dye solution (Congo Red (CR), Direct
Red 23 (DR23), Reactive Blue 2 (RB2) and Direct Red 80 (DR80), 200 ppm). While
all the tests were done with anionic dyes, an additional test with a cationic dye
Methylene Blue (MB) was briefly demonstrated with the selected membrane

P1.5N0.5IP1. Detailed procedures and indices are described in Section S4.

2.6. Dye/salt fractionation and long-term stability tests

The optimal membrane (i.e., P1.5N0.51P1) was selected based on experiments in

Section 2.5 to carry out the dye/salt fractionation tests. Dye solutions (200 ppm DR23)
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mixed with varying concentration of salt (0 — 40 g/L Na2SO.) were applied as the feed
solution. Furthermore, the long-term stability tests of the optimal membrane were
conducted with a mixed solution containing 200 ppm DR23 and 1 g/L Na>SOa. Detailed

procedures are described in Section S5.

2.7. Fouling experiments

Three dyes (CR, DR23, RB2) were selected as the respective model foulant to
investigate the anti-fouling performance of the P[S]A-TFC membranes in a 2-cycle
experiment. Each solution contained 200 ppm single dye and served as the feed stream
in the cross-flow apparatus at room temperature and TMP of 2 bar. Fouling indices
including the flux recovery ratio (FRR), the total fouling ratio (Ry), the reversible
fouling ratio (Rr), and the irreversible fouling ratio (Rir) were analyzed accordingly to
evaluate the membrane anti-fouling performance. The experimental steps of each cycle
and the calculating equations are briefly described in Section S6.

In general, a higher FRR and a lower Ry indicate better anti-fouling behavior of the
membrane [54]. The R is usually related to the flux drop caused by concentration
polarization and the formation of loosely attached filtration cake, whereas Rir represents
the adsorption of foulants which cannot be removed easily [55].

All characterization methods involved in the above experiments, i.e., P[5]A
monomers, membrane morphological and surface chemical composition, molecular-
weight-cut-off (MWCO) of the membrane using Polyethylene glycols(PEG), solution

properties, are described in Section S2, Section S7 and Section S8.

3. Results and discussion

3.1. Surface chemistry of P[5]A-TFC membranes

After confirming the successful synthesis of the P[5]A monomer based on the
nuclear magnetic resonance spectrum (NMR) results presented in Fig. S2, Fig. S3 and

Fig. S5, Fig. S6 in the SI, further investigations on the surface chemical composition
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of the as-prepared P[5]A-TFC membranes were conducted via Fourier-transform
infrared spectroscopy (FT-IR) and X-ray photoelectron spectroscopy (XPS). As
presented in the FTIR spectrum in Fig. 3a, after eliminating the characteristic peaks of
the PES substrate via background subtraction, the P1.5N0.5IP1 membrane (green line)
shows distinct absorption bands at around 1700 cm™, 1750 cm™ and between 3000 cm™
1-3500 cm!, which can be attributed to the existence of C=0 groups and -OH groups,
respectively. Here the C=O stretching around 1700 cm™ and 1750 cm™' could be
associated with two sources, i.e., the ester C=0 and/or the carboxylic C=0 (carboxylic
acid and/or sodium carboxylate) [56]. The former indicates that the esterification
successfully took place between the hydroxyl groups of P[S]A and acyl chlorides of
TMC; whereas the potential presence of the carboxylic acid C=0O could be attributed to
the hydrolysis of unreacted acyl chlorides [57]. The broad characteristic peak of -OH
groups between 3000 cm™ and 3500 cm™ may be attributed to residual unreacted
hydroxyl groups and hydrolyzed acyl chlorides, considering the relatively low
reactivity of the phenolic hydroxyls and the steric hindrance of P[5]A macrocycles that
could have led to an incomplete IP reaction.

The XPS results of the selected membranes are presented in Fig. 3b-c, which show
the deconvoluted C 1s spectra of the respective PES substrate and the P[5]A-TFC
membrane surface. Compared to the PES, the P1.5N0.5IP1 membrane displays new
‘O-C=0, and RO-C=0O contributions (brown and blue peaks), which is in good
agreement with the FT-IR results. Similar new peaks were also observed on other
P[5]A-TFC membranes as presented in Figure S8. Due to changes in synthesis
conditions, the new peaks presented different intensities. To better understand these
differences, the homogeneous equivalent elemental compositions of selected
membranes were determined from the XPS survey spectra, as presented and
summarized in Fig. 3d and Table S2. With an analysis area of 700 um x 300 pum per
measurement, XPS results are able to reveal the surface coverage uniformity by
detecting the residue sulfur content from the PES substrate, especially when the

polyester layer is thin and patchy. It can be concluded that membranes P1.5N0.5IP5 and

10
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P1.65N0.5IP1 have the highest polyester coverage, whereas membranes P1.35N0.51P1

and P1.5NO.6IP1 have the lowest. The rest of the samples presented a similar sulfur

content. This phenomenon could be explained via decreased polyester layer thickness

or decreased homogeneity of the IP layer, which will be explained in the following

Section 3.2. Combining the above-mentioned results, it can be confirmed that the

P[5]A-based polyester skin layer was successfully synthesized on the surface of the

PES substrate.
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Fig. 3. Chemical characterization of PES substrate and P[5]A-TFC membranes. (a) The

FT-IR spectrum of PES substrate, P1.5N0.5IP1 and P1.5N0.51P1 after eliminating PES

substrate signal; (b) The C 1s spectra of PES substrate; (c) The C 1s spectra of

P1.5NO0.5IP1; (d) The XPS survey spectra of PES substrate and P[5]A-TFC membranes.
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3.2. Surface morphology of P[5]A-TFC membranes

The surface morphological changes of the P[5]A-TFC membranes, as compared
to those of the pristine PES were revealed using scanning electronic microscopy (SEM).
Fig. S9 shows that the obtained PES substrate structure shows good agreement with
reported work [58]. The effect of the IP reaction time was evaluated by keeping the rest
of the experimental conditions constant, such as the respective P[5]A and NaOH dosage.
As presented in Fig. 4(a-c), with the increase in IP time from 1 to 5 min, the appearance
of the membrane surface transformed from being uniform and smooth, to having a
deflated-bubble-like structure and typical stacking Turing patterns [59]. Numerous
studies proved that the formation kinetics of the IP layer is greatly influenced by the
diffusion of monomers and hindered by the self-limiting tendency of the IP reaction
[60]. In short, the MW of polyester increases up to the phase separation value in a very
short time (< 1 s) after the two phases come into contact causing the polyester chains
to precipitate from the organic phase. Then, due to the formation of the crosslinked
polymer network, liquid-liquid diffusion gradually transitions to selective diffusion
through the newly-formed polyester layer. Therefore, the diffusion resistance will
continuously increase with the increasing crosslinking degree (higher polyester MW
and density), namely the self-limiting nature of the IP reaction. Thus, it can be
considered that the typical stacking structure was formed during the self-limiting
diffusion of the IP reaction. Eventually, the polymerization degree will reach a stable
state and the IP reaction will terminate. Consistently, the atomic force microscopy
(AFM) images of these three membrane samples showed that the surface becomes
rougher due to the more significant ridge-and-valley structures at increased IP times.
The observations are further confirmed by the cross-sectional morphology of P[5]A-
TFC membranes in Fig. 4(d-f), which shows that the thickness of the selective layer
increased with increasing IP reaction time.

Similar results were observed with the membranes synthesized at varying P[5]A
dosage, where the NaOH dosage of 0.5 wt% and IP time of 1 min were kept constant.

As presented in Fig. S10 (a-c) in SI, when the P[5]A monomer dosage was lower than
12
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1.5 wt%, the membrane surface was relatively smooth. When the P[5]A monomer
dosage was increased to 1.65 wt%, similar surface stacking patterns to those in Fig. 4
(b & ¢) appeared. Thus, the increased concentration of P[5]A can strongly accelerate
the diffusion and polymerization, which eventually shaped this similar stacking surface.
Increased surface roughness can also be seen in the AFM images of P[5]A-TFC
membranes with increasing P[5]A dosage in Fig. S10 (d-f), proving that a higher
polymerization degree resulted in a rougher membrane surface, which is consistent with
the findings in other work [61, 62]. The increased IP layer thickness with increasing
P[5]A dosage in Fig. S10 (g-i) further confirmed the difference in polymerization
degree. The SEM results in Fig. S11 show the surface morphology of P[5]A-TFC
membranes with varying NaOH dosage from 0.4 to 0.6 wt%, at constant P[5]A dosage
of 1.5 wt% and IP time of 1 min. It is interesting to observe that the ridges and valleys
became more prominent with increasing NaOH dosage, proving that NaOH can
promote the esterification process. It is also worth noting that the stacking pattern on
the surface of P1.5N0.6IP1 widened and became less distinct, which might be a
consequence of NaOH-induced alkali hydrolysis (to be discussed in Section 3.4.1).
Overall, the initial P[5]A concentration, NaOH dosage, and IP time contributed
synergistically to shape the membrane morphology. Well-controlled synthesis
conditions can be beneficial to fabricate a thin and homogenous selective layer of the
TFC membrane, e.g., moderate P[5]A concentration of 1.5 wt%, NaOH dosage of 0.5

wt%, and a short IP time (1 min).

13
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Fig. 4. The surface morphology of P[5]A-TFC membranes by varying the IP reaction
time (a) P1.5N0.5IP1, (b) P1.5N0.5IP3, (c) P1.5N0.5IP5, (SEM images); the AFM
images and the RMS roughness of (d) P1.5N0.51P1, (e) P1.5N0.51P3, (f) P1.5N0.51P5;
cross-sectional morphology of (g) P1.5N0.5IP1, (h) P1.5N0.51P3, (i) P1.5N0.5IP5.

3.3. Surface hydrophilicity and charge characteristics of P[5]A-TFC membranes

Fig. 5a presents the water contact angle (WCA) results of the P[S]A-TFC
membranes. It was found that the pristine PES membrane demonstrated a slight
hydrophilic surface with a WCA of 67.1°. After the IP reaction, the P[5]A-TFC
membranes exhibited enhanced hydrophilicity with lower WCAs in the range of 30~55°.
The increased hydrophilicity can be explained by the enrichment of hydrophilic groups
such as the unreacted hydroxyls from P[5]A after the IP reaction and the carboxylic
acid groups generated by the acyl chloride hydrolysis [63]. As reported, the membrane
anti-fouling behavior is closely related to the wettability of the membrane surface [64].

14
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Benefiting from the hydration layer formed by the interactions between surface
hydrophilic groups and surrounding water molecules, the deposition and adsorption of
hydrophobic foulants is greatly weakened [65, 66]. Moreover, introducing hydrophilic
groups can also improve the water permeability of the membrane [67, 68].

The {-potential results of the pristine PES substrate and a representative P[S]A-
TFC membrane, i.e., P1.5N0.5IP1, P1.5N0.5IP3, P1.5N0.5IP5, are presented in Fig.
Sb. After being coated with a P[5]A-based polyester thin film, the P1.5N0.5IP1
membrane demonstrated an enhanced negative charge over a wide pH range (4.5 — 10.5)
compared to the pristine PES. These changes might be attributed to the presence of
hydrolyzed acyl chlorides[63]. The surface charge holds vital significance in the
electrostatic interactions between the surface and charged solutes. Thus, with the highly
negatively charged surface, the prepared P[S]A-TFC membranes are expected to have
a higher rejection of anionic molecules and may also possess anti-fouling properties

when in contact with negatively charged foulants [69].
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Fig. 5. (a) Water contact angles of PES substrate and P[5]A-TFC membranes; (b) (-
potentials of PES substrate and P1.5N0.51P1, P1.5N0.51P3, P1.5N0.5IP5 membranes.

3.4. Filtration performance of P[5]A-TFC membranes

3.4.1. Pure water permeance of P[5]A-TFC membranes

Fig. 6 shows the comparison of the permeance of the P[5]A-TFC membranes when

using DI water and salt solutions containing NaCl and Na>SOs, respectively, at different
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concentrations of P[5]A monomer (Fig. 6a), different dosages of NaOH (Fig. 6b), and
various [P reaction times (Fig. 6¢). One synthesis parameter was varied at a time while
the others were kept constant. Here the water permeance of the PES substrate was used
to benchmark the performance of the TFC membranes (Fig. S13), the PES membrane
showed significantly higher pure water permeance (889.5 LMH-bar!) than the TFC
membrane ones. This serves as a good indication that a surface layer has been formed
on the TFC membranes. The results are in good accordance with the cross-section SEM
images in Section 3.2 and 3.3, where the presence of a selective layer on the TFC
membranes was identified after the IP reaction.

Firstly, we will discuss the base case, i.e., pure water permeance with DI water (as
blue bars) for varying membrane synthesis conditions. It can be seen from Fig. 6a, at
constant NaOH dosage and IP time, the membrane water permeance decreased from
317.1to 118.6 LMH-bar! at increasing dosage of P[5]A from 1.2 wt% to 1.8 wt%. This
phenomenon is consistent with the change in membrane surface morphology (Fig. S10
(g~i)), which showed that a significant increase in membrane thickness corresponded
to an increase in P[5]A concentration. Thus, it is likely that the enrichment of P[S]A
monomer in the aqueous solution greatly accelerated its diffusion towards the IP
interface and then further accelerated the IP reaction within a limited phase contact time,
resulting in a higher cross-linking degree and thicker polyester layer [70].

The opposite was observed for the permeability changes occurring when
increasing the NaOH dosage in the aqueous phase. As presented in Fig. 6b, the pure
water permeance (blue bars) increased slightly when the NaOH dosage increased from
0.3 to 0.5 wt%, and it dramatically surged nearly two-fold with a further increase of
NaOH dosage beyond 0.6 wt%. Traditionally, NaOH is widely applied in surface
modification of polyester materials as it can induce hydrolysis of ester groups [71-73].
The increasing permeance at increased NaOH dosage again proves our hypothesis that
simultaneous nucleophilic substitution and hydrolysis reactions, which hydrolyze the
newly formed ester bonds into hydroxyl and carboxylic end groups, might have

happened during the IP cross-linking reactions [71]. As a result, the formation of a loose
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pore structure in the IP layer was achieved, leading to increased water permeance.
Nevertheless, with a further increase of NaOH beyond 0.5 wt%, the alkali hydrolysis
reaction starts to play a dominant role in the esterification-hydrolysis equilibrium,
which would further loosen the pore structure and may compromise the rejection of
solutes (will be discussed in Section 3.4.2 and Section 3.4.3).

As shown in Fig. 6c, the IP reaction time also plays a critical role in determining
the water permeability. By extending the reaction time from 1 to 3 min, a permeance
decrease was observed as expected, while a further time extension to 5 min led to a
slight increase in permeance. This is because of the two competing mechanisms of
esterification and hydrolysis as illustrated in Section 3.2. The IP reaction is a self-
limiting process, which means the newly generated cross-linked structure will increase
the resistance to monomer diffusion [74], causing the esterification process to slow
down. Meanwhile, the ongoing alkali hydrolysis will gradually break down the ester
links. For short IP times (< 3min), the IP reaction is sufficiently fast and hence its
densification effect due to esterification will be dominant, causing the water
permeability to decrease. When the IP time exceeds a certain limit (e.g., 5 min in this
study), the hydrolysis will be more dominant and hence start to loosen the pore structure.
This trend with increasing IP time observed here is consistent with those reported in the

literature [62].
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Fig. 6. Pure water permeance, salt solution permeance and salt rejection of P[5]A-TFC
membranes with (a) different P[5]A monomer dosages in aqueous solution; (b) different
NaOH dosages in aqueous solution; and (¢) different IP reaction times. Each simulated
feed contained single salt of either NaCl or Na;SO4 in 1000 ppm. (applied pressure in
cross-flow: 2 bar; benchmarking synthesis conditions: P[S]A 1.5 wt%, NaOH 0.5 wt%,

and IP time 1 min).

3.4.2. Salt rejection of P[5]A-TFC membranes

The results of the salt solution filtration tests in terms of the permeance and solute
rejection are also summarized in Fig.6, with simulated feed solution with single solute
of either NaCl (green bars and pink dash lines) or Na>xSO4 (orange bars and dash lines).
As compared to the pure water permeability, the permeance of salted feeds follows the
same trend at varying fabrication conditions (i.e., P[S]A concentration, NaOH dosage,
IP time), but overall lower (2-30%) in magnitude. In general and within experimental
error, for each fabrication condition the water permeance follows a similar decreasing
order of pure water > NaCl solution > Na>SOs4 solution. The decrease is likely due to
the increase of the osmotic pressure of the feed, and effects of concentration
polarization at the boundary layer adjacent to the membrane surface [75].

The discussion below will mainly focus on the rejection of solutes to highlight the
influence of the fabrication conditions. As presented in Fig. 6a, at low P[5]A

concentration in the aqueous phase (up to 1.5 wt%), the rejection values of these
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membranes for NaCl and Na;SOj4 are lower than 4.5% and 18.9%, respectively, which
indicate a high salt permeation. However, when further increasing the P[5]A
concentration beyond 1.65 wt%, the NaCl rejection increases up to 13.4% and the
NaxSOg4 rejection increases sharply up to 60.4%. The rejection results were also in
agreement with the changes of membrane morphologies presented in Fig. S10 (a~c),
where a transition from smooth (P[5]A concentration up to 1.5 wt%) to stacking pattern
surface (beyond 1.5 wt%) was observed at increasing P[5]A concentration; meanwhile
the thickness of the IP layer also increased accordingly. Therefore, all these
observations were consistent with the increasing trend of salt rejection results.

It can be seen from Fig. 6b, the salt rejection of the P[5]A-TFC membranes
prepared at increasing dosage of NaOH demonstrated firstly an increasing and then a
decreasing trend, i.e., by increasing the NaOH dosage in the low range, the rejection of
NazSOq firstly increases slightly from 8.7% at 0.3 wt% NaOH, to 18.9% at 0.5 wt%
NaOH; a further increase of the NaOH dosage leads to a sharp decline of rejection to
3.1%. The rejection of NaCl shows a similar trend but remains overall low (< 5.0%)
throughout the range of NaOH wt%. The slight increase of solute rejection at the low
dosage range (i.e., < 0.5 wt%) proved that a certain dosage of NaOH can boost the IP
cross-linking reaction and produce a denser IP layer. As explained in Section 3.4.1, the
competition between the cross-linking reaction (i.e., esterification) and NaOH induced
alkali hydrolysis during the IP process will determine the permeability — rejection
behavior of the membrane. Overdosing NaOH likely causes the latter to become
dominant and produce a looser pore structure, leading to greatly enhanced
permeabilities for both salt ions and water.

As shown in Fig. 6c, the IP reaction time also plays a critical role in membrane
rejection and permeability of salt solutions. While the membrane water permeance for
salt solution follows the same trend as that of pure water (Section 3.4.1), the rejection
of NaxSOs increases significantly from 18.9% to 58.6% and for NaCl also increases
from 4.5% to 10.2% with increasing IP time from 1 to 3 min; While further increasing

the IP time to 5 min, the respective rejection for Na2SO4 and NaCl drop to 38.4% and
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8.4%. As explained in Section 3.4.1, the reason is mainly attributed to the self-limiting
nature of the IP and the competing effect of the alkali hydrolysis with the presence of
NaOH. Therefore, an appropriate IP time should be chosen based on the separation
target, for example, if the target is to have both high water and salt permeability, a low
IP time should be chosen, which reaches good agreement with the morphological
analysis (Section 3.2).

It is worth noticing that for all membranes tested, the trend of salt ion rejection was
synchronized with the changes in permeability, e.g., a higher permeance is
accompanied with a lower salt rejection, reflecting the classical permeability — rejection
trade-off. This trend proves that the denser structure was attributed to an enhanced
cross-linking degree during IP, resulting in a higher resistance to the passage of salt ions.
Furthermore, the rejection of SO4*” salt fluctuated much more intensely than that of CI
one. As for charged nanofiltration membranes, the main rejection mechanisms can be
attributed to the steric hindrance, Donnan equilibrium and dielectric exclusion [76, 77].
Thus, compare to monovalent ions such as CI, the rejection trend divalent ions such as
SO4> with stronger charge and larger hydrated ionic size tend to be more sensitive to

the changes in membrane pore structure and surface charge [78].
3.4.3. Dye rejection of P[5]A-TFC membranes

With simulated dye solutions as feeds, the filtration performance of the P[5S]A-
TFC membranes as a function of different synthesis conditions is presented in Fig. 7.
Clearly, with the increases of P[5]A dosage from 1.2 to 1.8 wt % in the membrane, the
rejection of all anionic dyes increases, e.g., for CR increasing from 98.0 to 99.8 %,
DR23 increasing from 98.1 to 99.5 %, RB2 increasing from 96.9 to 99.7 %, and DR80
from 98.6% to 100%, respectively. However, within the experimental error, the overall
trend of permeance decreases slightly with increasing P[5]A dosage at the low range
(i.e., 1.2 ~ 1.5 wt%), but remains within the range of 205-280 LMH-bar"! with all
simulated dye solutions; while a significant decrease occurs when increasing the dosage

further. The lowest permeance of 70 LMH-bar™! was observed at a P[5]A dosage of 1.80
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wt% with the DR8O solution. The overall trend in permeance at varying P[5]A dosage
is consistent with that observed for the pure water permeance (Fig. 6a). The dye
rejection results are in good agreements with that of the salt ions, as well as the analysis
of the membrane surface morphologies (Fig. S10) in Section 3.2. In brief, the increased
initial dosage of P[S]A monomer possessed higher monomer diffusion rate, which
resulted in a thicker and denser polyester selective layer under the same reaction time.
The thicker IP layer guaranteed a high rejection for all model dye solutes, however with
a compromise in the membrane permeability. However, the overall excellent
performance of high permeability and dye rejection of the as-developed TFC
membranes can also be attributed to the enhanced negative surface potential and
hydrophilic surface properties of the membrane, which are consistent with the surface
characterization results in Section 3.3.

When benchmarking with the PES substrate, the dye rejection performance of
P[5]A-TFC membranes are greatly enhanced. For example, the dye rejection rate of
P1.5N0.5IP1 increased from 89.5 to 99.7% for CR and 90.8 to 99.4% for DR23; the
rejection rate of RB2 increased dramatically from 62.2 to 99.0%. These results are in
good accordance with the (-potential and MWCO characterization (Fig. Sb, Fig. S12),
the IP reaction indeed created a denser membrane surface with enhanced negative
charge, which allows the P[5]A-TFC membrane to screen out target dye solutes. In
addition, a preliminary test with a cationic dye MB containing feed solution (results
shown in Fig. S14) proved that the membrane P1.5NO0.5IP1 demonstrated 110.0
LMH-bar! water permeance and 37.8% MB rejection. Although MB has lower
molecule weight, the permeance decrease with MB solution is more significant than
those with selected anionic dyes. Compared to the membrane after anionic dye (CR)
filtration, which showed intactness of the effective membrane area (Fig. S15c¢),
significant adsorption of MB was observed on the membrane surface (Fig. S15b). The
phenomenon can be explained via the negatively charged nature of the membrane
surface (Fig. 5b). With the main aim to investigate the membrane formation mechanism

in this study, the membrane performance will be mainly evaluated via anionic dyes
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based on the characteristics of the as-developed membranes.

As revealed in Fig. 7b, in the low dosage range of NaOH, i.e., 0.3 to 0.5 wt%, the
rejection for all dyes increases with increasing NaOH concentration, for example, the
rejection of DR23 increased from 98.5 to 99.4%, and the rejection of RB2 increased
from 91.7 to 99.0%. This is due to the promotion of the IP reaction and hence a higher
cross-linking degree at the selective layer of membrane. Nevertheless, a further increase
of NaOH to 0.6 and 0.7 wt% would lead to a loss of the dye rejection. For example, the
rejection of DR23 changed from 99.4% (at 0.5 wt% NaOH) to 98.1% (at 0.7 wt%
NaOH); while the rejection of RB2 decreases sharply from 99.0% (at 0.5 wt% NaOH)
to 81.1% (at 0.7 wt% NaOH), indicating that almost 20% RB2 leaked into the permeate
side. The results are consistent with the observation in the salt rejection in Fig. 6b, and
can also be explained via the competing effect of the hydrolysis reaction at high NaOH
dosage. Although also being an anionic dye, it is interesting to note that the rejection
for RB2 (774.2 Da) is generally the lowest for all tests, and it changes much more
dramatically than dye ions with similar (DR23, 813.7 Da) or even smaller size (CR,
696.7 Da). This is due to the smaller aggregation degree of reactive dyes than that of
direct dyes, so RB2 turned to be more dispersed as smaller particles in the aqueous
solution; whereas those direct dye molecules were inclined to form aggregates/clusters
with enlarged effective size during filtration [79-81]. Similar changes can also be found
in Fig. 7¢, with the prolonged IP reaction time, the P[5]A-TFC membranes turned to be
firstly denser (from 1 to 3 min) then became looser (from 3 to 5 min) due to the
competing effects of esterification and hydrolysis reaction, as explained in detail in
Section 3.4.1. This hypothesis was further supported by the MWCO results of all TFC
membranes as shown in Fig. S12 of the SI: Specifically, membrane P1.5N0.51P3 shows
the lowest MWCO of 20000 Da, which represents the highest crosslinking degree and
most dense structure. While membrane P1.5NO0.5IP1 and P1.5N0.5IPS have higher
MWCO of 72000 Da and 35000 Da, respectively. As expected, the rejection for all
model dyes exhibits a slight increase and then decrease, the trend of which is consistent

with that of the membrane permeance. Although the theoretical molecular size of the
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anionic dyes employed have MW lower than the MWCO of all four membranes
presented in Fig. 7¢, their dye rejection values are much higher than neutral PEG within
the similar range of molecular weight (e.g., 600-2000 Da). Therefore, the rejection
behavior with anionic dyes of the as-prepared P[5S]A-TFC membrane could be mainly
attributed to the negatively charged nature of surface (Section 3.4.2). Based on the
MWCO results, the P[S]A-TFC membranes could be tailored to fit for the isolation of

neutral molecules of different sizes, for which further investigation is needed.
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Fig. 7. Dye solution permeability and dye rejection rates of P[S]A-TFC membranes
with (a) different P[5]A monomer dosages in aqueous solution; (b) different NaOH
dosages in aqueous solution; and (c) different IP reaction times. (Each simulated feed
contains a single dye, either CR, DR23, RB2 or DR80, of 200 ppm; applied pressure of
cross-flow 2 bar; benchmarking synthesis conditions were P[5]A of 1.5 wt%, NaOH of

0.5 wt%, and IP time of 1 min).

Due to the simultaneous and competing effect of esterification and hydrolysis
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550  during the studied IP reaction, careful choices of the membrane fabrication conditions
551  should be made to ensure high solute rejection utilizing the dense cross-linked structure
552  and reasonably high permeance utilizing the hydrolyzed loose structure of the IP layer.
553 Based on the comparisons of synthesized P[5]A-TFC membranes, membrane
554  P1.5N0.5IP1 demonstrated the most optimal performance in obtaining simultaneously
555  high dye/salt selectivity and water permeability. Thus, P1.5N0.5IP1 was selected in the
556  following filtration experiments with simulated dye/salt mixed solutions, exploring the
557  long-term stability and membrane anti-fouling performance.

558
559  3.4.4. Effect of salinity on dye/salt fractionation performance

560 To verify the capability of the P[S]A-TFC membrane in the fractionation of dye
561 and salt ions, Fig. 8a presents the filtration results with the optimal membrane
562  P1.5NO.5IP1, using dye/salt mixed solutions containing a fixed concentration of DR23
563 (200 ppm) at varying Na>SO4 concentration from 0 to 40 g/L. It was shown that with
564  the increasing content of Na>SOs, the rejection of dye remains constant in between 98.3%
565  and 98.7%, demonstrating that membrane P1.5N0.5IP1 can stably decolorize regardless
566  of the increasing salinity of the feed. This observation is encouraging but contrary to
567  the adverse effect of increased feed salinity in the operation of conventional NF, which
568  was reported to decrease the rejection of organic solutes possibly due to 1) the property
569  change of the membranes (e.g., increased pore size and/or thickness of the membrane)
570  [82] and 2) shielding of the electrostatic interaction between surface and organic solutes
571  [83]. Therefore, the extraordinary stability demonstrated by P1.5N0.5IP1 indicated that
572  the robust cross-linking structure and angstrom-scale P[S]A channels can resist the
573  widely-reported adverse salting effects and maintain high dye rejection in the tested
574  range of salinity. However, the permeance decreases dramatically from 167.1 LMH-bar
575 ! to 8.0 LMH-bar", together with gradually increased salt rejection from 18.9% to
576  34.9%. In pressure-driven processes, the permeance of the membrane is directly related

577  to the cross-membrane pressure difference, i.e., the applied pressure subtracts the
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osmotic pressure. When the former is kept constant and osmotic pressure differences
increase with increasing salt concentration, it is reasonable to expect a decrease in
process driving force and hence a flux decline [84, 85]. The flux decline could also be
attributed to the “salting-out” effect under high salinity, which directly resulting in
severe dye aggregation and dye/salt precipitation [84, 85]. Therefore, the deposition of
salting-out particles may cause fouling formation. Meanwhile, a high salt concentration
can decrease electrostatic repulsion between the membrane and charged solutes due to
charge screening, which might also lead to the formation of a fouling layer and

eventually flux decline [86].
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Fig. 8. Filtration performance of P1.5N0.5IP1 membrane (a) Effect of feed salinity; (b)
semi long-term stability test (feed solution containing 200 ppm DR23 and 1 g/L. Na>SOy;

applied pressure at cross-flow 2 bar)
3.4.5. Stability of P[5]A-TFC membrane in dye/salt fractionation

Continuous experiments of 72 hours were performed to investigate the stability of
P[5]A-TFC membrane for the fractionation of dye/salt mixture at constant solute
concentration. The results are presented in Fig. 8b in terms of the permanence and
solute rejection. During the first 24 h of operation, the water permeance decreases
sharply from 167.1 to 111.4 LMH-bar™!, equivalent to a decline of 33.3%; while from
24 to 48 h, the decreasing tendency becomes less significant, and eventually it stays
around 92-94 LMH-bar! after 48 h. At the same time, the membrane demonstrates
extremely stable dye rejection around 99.0% for DR23 ions. Slight fluctuations were

observed in the Na;SO4 rejection, which gradually dropped and stabilized at around
25



601

602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

7.2 % compared to the initial value of 18.9%. This could be explained with the
membrane swelling and charge screening caused by salts, as well as the effective pore
size increasing caused by “salting-out” effect [82, 87]. However, at a relatively lower
range of salinity (1 g/L Na,SOs), the dye aggregation and dye/salt precipitation are minor.
Therefore, the membrane fouling was mainly caused by the adsorption of dye molecules,
which explains the slow decline of permeance [86].

Even after 72 h operating, the stabilized flux was nevertheless still as high as 92.6
LMH-bar! with overall stable solute rejection. As compared to the literature data
summarized in Section 3.4.7, the permeance value obtained with the P[S]A-TFC
membrane is still higher than most of the published data measured under short term
experiments. Thus, the tested membrane has extraordinary stability and selectivity in
continuous dye/salt fractionation. However, the gradual decline of permeance in the

initial phase of the semi long-term operation is worth further investigation.

3.4.6. Anti-fouling performance of P[5]A-TFC membranes

Although membrane processes demonstrate very promising separation
performances and possess a lot of advantages compared to other conventional
technologies, membrane fouling has always been the major hindrance towards
industrial scale applications [88]. Membrane fouling and scaling can directly result in
flux decline, which can further lead to membrane productivity and economic losses.
Besides, frequent cleaning would be required for recovering the membrane
performance, which might cause membrane degradation and aging, shortening the
membrane service life [21]. According to Chon et al., membrane fouling properties are
closely related to surface charge and hydrophilicity characteristics [89]. Therefore, to
evaluate the antifouling performance of the P[5]A-TFC membranes, a 2-cycle filtration
experiment was done with intermediate pure water tests to benchmark the intactness of
the membrane. The results are presented in Fig. 9a in terms of the normalized

permeance as a function of the operating time, with single component solution
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containing either DR23, RB2 or CR. In general, the membrane permeance declines
whenever the feed is switched to a dye solution, by about 5 - 20% depending on the
species of the dye, as compared to the pure water permeance. This phenomenon can be
explained as the increased osmotic pressure due to the addition of dye solutes and
concentration polarization adjacent to the membrane surface. The permeance decline
when switching to the RB2 dye is least significant (5 - 10%); while those of CR and
DR23 are both more (10 — 20%). This proves that the higher aggregation degree of
direct dyes (e.g., CR and DR23) can result in a larger effective size of solute during
filtration, eventually leading to a more severe membrane fouling as discussed in Section
3.4.3.

The subsequent water permeance after the dye filtration in both the first and the
second cycles shows that the rinsing procedure could repeatedly recover the membrane
permeance to a great extent, regardless of the dye species. The ability of fouling
resistance in each test scenario is expressed in terms of the fouling indices, i.e., FRR,
R, Ry, Rir, calculated based on the permeance changes using Equations S4 — S7, the
results shown in Fig. 9b. The FRR values for all three dye foulants are higher than 94%,
which indicates that membrane P1.5N0.5IP1 has promising anti-fouling properties. As
predicted, the R;- values for all model foulants are lower than 6%, which indicates that
the irreversible fouling caused by the deposition of dye aggregates could be greatly
mitigated and hence minimal adsorption of dyes was observed. In general, the P[5]A-
TFC membrane exhibited superior anti-fouling properties, which might be due to two
reasons: firstly, the improved hydrophilicity (Fig. Sa) after [P modification imparts a
hydration layer adjacent to the membrane surface, which can reduce foulant deposition;
secondly, the electrostatic repulsion between the negative membrane surface (Fig. Sb)
and the anionic dye ions; these two effects work synergistically to mitigate fouling
formation. However, in the case of cationic dyes, e.g., MB, strong adsorption of MB
was observed (Fig. S15b) due to electrostatic attraction with negatively-charged surface
and such surface contamination could not be easily removed by washing with DI water.

This phenomena is in contrast with the minimal influence on the membrane used in
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anionic dye filtration (Fig. S15¢). Therefore, either further functionalization of the
monomers to tailor the surface charge property or more efficient cleaning strategies
(e.g., with ethanol) should be explored in future studies to overcome the surface charge
issue of the TFC membrane and broaden its applications in molecule fractionation and

water / wastewater treatment in general.
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Fig. 9. Performance of membrane P1.5N0.5IP1 in 2-cycle fouling experiments (a)
Normalized permeance in alternating pure water and dye solution testing; (b) flux
recovery rate and fouling indices. (simulated feed solution: respective model dye of CR,

DR23 or RB2 of 200 ppm, applied pressure of 2 bar)

3.4.7. Benchmarking membrane performance

To benchmark the performance of the as-developed P[S]A-TFC membrane in
dye/salt fractionation, comparisons with similar membranes reported in recent literature
are summarized in Table S3 and Fig. 10, respectively. To better compare the membrane
performance, all selected membranes were reported within the last 3 years and
evaluated in the application of dye/salt fractionation with similar solutes under similar
concentration ranges, i.e., salt concentration of 500 - 2000 ppm, dye concentration of
20 - 200 ppm [90-100]. It is noted that only several membranes were made by the IP
method; while the others were made by other methods such as ion cross-linking, in-situ
growth, phase inversion, self-assembly. Compared to other membranes in Table S3, the
as-developed membrane P1.5N0.51P1 in this study exhibited a 3 — 10 times higher water

permeance (267.1 LMH-bar™"), which pointed towards the positive contribution of the
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P[5]A water channels to the significantly improved permeability. The literature reported
membranes all exhibited satisfactory dye retention performance of over 93.0% and high
permeance to salts, i.e., NaCl and Na>SOs. The separation factor onacicr calculated
based on Equation S3 was used to evaluate the fractionation efficiency, i.e., selectivity
between NaCl and CR, where a high value of is a desired. As revealed in Table S3 and
Fig. 10, the membrane P1.5N0.5IP1 demonstrated an improved selectivity for salts and

dyes, e.g., anacycr = 318.3, proving that the membrane selectivity was not compromised

despite the ultra-high permeability.
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Fig. 10. Comparison of dye/salt filtration performance of advanced LNF membranes in

literature during 2021-2023.

The extraordinary performance proves that P[5]A-TFC membranes have the

potential to overcome the classical permeability/selectivity trade-off, achieving ultra-

fast water treatment and precise molecular fractionation with a foreseeable prospect in

energy saving and efficiency improvement.
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4. Conclusions

In this study, a novel macrocycle P[5]A was selected as aqueous monomer to
fabricate ultra-permeable dye/salt fractionation membranes with robust water channels
via IP. Comprehensive characterizations prove that the as-developed P[5]A-TFC
membranes possess enhanced hydrophilicity and negative surface charge due to the
increased hydroxyl and carboxyl groups. The fabrication conditions including P[5]A
concentration, NaOH dosage and IP time were investigated to control the competing
effect of esterification and alkali-induced hydrolysis during IP layer formation.
Consequently, an optimal membrane P1.5N0.5IP1 with ultra-high water permeance
(267.1 LMH bar?, 3 — 10 times higher than literature data) and precise dye/salt
selectivity (anacycr = 318.3) was developed. The superior performance pointed towards
the water channel effect of the P[5]A intramolecular cavity, which can greatly enhance
the membrane permeability without compromising the selectivity. This membrane also
demonstrated stable performance in separating dye/salt mixtures under continuous
experiment, and good capability in fractionating of dye/salt mixtures with high salinity.
Attributed to the intrinsic angstrom-scale cavity of P[5]A, enhanced hydrophilicity and
negative surface charge, this membrane was also endowed with excellent anti-fouling
properties. Moreover, further exploration of functionalized macrocycles which tailor
the membrane properties to broaden its applications is foreseeable. Overall, the
membrane and method developed in this study possess prosperous application potential

in ultra-fast waste source recovery and other precise products fractionation processes.
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