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Abstract

One major challenge in utilization of ultrafiltration (UF) membrane for wastewater
treatment is its inevitable tendency of biofouling (from biomolecules to microorganisms). To
overcome this challenge, nanostructured cellulose membranes with hydrophilic surface and high
porosity (~80% without pressurization) was demonstrated in this study. The cellulose membrane
consisted of a lyocell microfiber scaffold infused with cellulose nanofibers (CNF), crosslinked
with polyamideamine-epichlorohydrin (PAE). The demonstrated membranes showed good
mechanical strength (wet stress: 3.5 - 8.0 MPa), pH resistance (pH 2.5 - 9.0) and stability in hot
water (60 °C). The optimized cellulose membrane exhibited high permeation flux (127.6 + 21.8 L
m~2h ! bar!), excellent separation efficiency (> 99.9%), good flux recovery ratio (> 95%) and self-
healing ability for wastewater filtration, compared with commercial polymeric membranes (e.g.,
polyvinylidene difluoride (PVDF) and polyether sulfone (PES)). The resistance-in-series and three
combined cake-filtration models were applied to investigate the fouling behavior of the cellulose
and PVDF/PES UF membranes. While all membranes suffered cake layer precipitation and pore
blocking issues, the cellulose membranes exhibited near total recyclability upon washing due to
the hydrophilic and negatively charged CNF membrane surface. This study illustrated the
promising potential of using cellulose membranes for high-efficient wastewater treatment and its

superior antifouling performance compared to existing commercial membranes.

Keyword: Cellulose, Ultrafiltration Membrane, Porosity, Fouling, Wastewater
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1. Introduction

Wastewater treatment is crucial for protecting aquatic, air and soil environments as well as
for ensuring the human and animal health. However, due to the complex circumstances in different
wastewater sources and the relatively high cost of the treatment system, wastewater treatment has
not been fully adopted around the world, especially in the rural communities of the underdeveloped
countries [1, 2]. In the past decades, a multitude of water purification technologies, including
coagulation and flocculation, catalytic and photocatalytic oxidation [3], chemical adsorption and
precipitation [2, 4] and membrane separation have been advanced, leading to developments of
many high efficiency and small footprint water purification systems with benign environmental
impact and low energy/capital costs for varying applications [5, 6]. Nonetheless, for wastewater
treatment, the essential process of membrane filtration still needs advancement to overcome the
fouling and sustainability issues. Commercialized membranes for wastewater treatment are mainly
made of synthetic polymers, including polyvinylidene fluoride (PVDF), polyethersulfone (PES),
polysulfone (PS) and polyacrylonitrilic (PAN). While they possess good mechanical properties,
controllable pore size and distribution, and good reproducibility [6, 7], they are hydrophobic and
susceptible to fouling. The issue of membrane fouling in the treatment system requires frequent
maintenance, thus greatly increasing the operational cost [8]. Moreover, the synthetic polymer
membranes cannot be easily degraded in the environment, whereas the disposal of the used

membranes can cause further environmental problems [9, 10].

To deal with the above challenges (i.e., membrane fouling and disposal of used membrane),

our group has been exploring the replacement of synthetic polymers with nature polymers, such
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as cellulose, for manufacturing of filtration membranes. This is because cellulose is the most
abundant natural polymer on Earth, and can be obtained from many biomass sources, such as
woods, agricultural residues, vascular plants, aquatic plants, and bacteria [11]. The intrinsic
properties of cellulose, such as hydrophilicity, non-toxicity, water stability, sustainability and good
mechanical properties, are suitable for water purification applications [12, 13]. In addition, the
modifications of cellulose surface can further render it into functional scaffolds for applications
such as sorption, flocculation, catalytic degradation, disinfection, and membrane filtration [14, 15].
The recent advances of extracting nanoscale materials from cellulose (nanocellulose) have further
enhance the efficiency of water remediation capability due to the increased surface area and
functionality. These nanomaterials, such as cellulose nanocrystals (CNC) and cellulose nanofibers
(CNF), have shown great potential to improve the membrane properties [15]. In specific, some
recent studies showed that the inclusion of nanocellulose in ultrafiltration (UF) membranes could

offer the added benefits of reduced biofouling suitable for wastewater treatment [16-19].

There have been several ways to incorporate nanocellulose into synthetic membranes, such
as the use of CNC/CNF and polymer solution to produce hybrid nanocomposite membranes,
impregnated CNC/CNF into an electrospun scaffold to generate hybrid nanofibrous membranes,
or vacuum filtrated/solution casting on top of a polymer substrate to fabricate the thin-film
nanocomposite (TFNC) membranes [15]. The major component of these composite membranes,
however, is still the synthetic polymer. Recently, several research groups have demonstrated the
use of cellulose membranes for water filtration such as for oil/water separation [20], dye removal
[21], or heavy metal adsorption [22]. From these studies, several challenges were noted in the

fabrication of cellulose membranes. First, the commonly applied vacuum-filtration strategy
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usually results in a condensed structure of membrane, which renders a low permeation flux in
water treatment. Second, a separate supporting membrane is essential to ensure the mechanical
strength of the hierarchical cellulose membrane during the membrane preparation process, where
nanocellulose is added through an additional step, such as electrospinning, additive printing, and
dip coating [20, 21, 23]. Third, often organic solvents need to be used, either to dissolve cellulose
for membrane casting or to immerse the membrane for post-treatment during fabrication [21, 24].
To overcome these challenges, we aim to develop a simple and low-cost method that can produce
the innovative nanostructured membranes with good mechanical strength, high porosity and
suitable pore size for superb filtration properties (i.e., high permeate flux and rejection ratio). We
believe that it is the first completely sustainable all-cellulose UF membrane that can be prepared
in one step and has superior filtration performance than most of the commercial polymer

membranes.

In this study, we demonstrate a strong and highly hydrophilic nanostructured cellulose
membrane system with high porosity (~ 80%) in a one-step approach without pressurization or
usage of organic solvent. This membrane system consisted of a lyocell microfiber scaffold infused
with TEMPO-oxidized CNF crosslinked by polyamideamine-epichlorohydrin (PAE). The infusion
of cellulose nanofiber in cellulose-based microfiber avoided the potential delamination problem
which is commonly seen in layer-by-layer coated membranes. The surface properties, crystallinity,
zeta potential, pore size, permeability, and porosity of the cellulose membranes were carefully
characterized. To compare the filtration performance, demonstrated membranes and commercially
available polymeric UF membranes such as polyvinylidene difluoride (PVDF) and polyether

sulfone (PES) membranes, a continuously operating wastewater filtration test was designed and
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conducted. The membranes before and after fouling as well as cleaned with sodium hypochlorite
(NaClO) were further characterized by Fourier-transform infrared spectroscopy (FTIR), contact
angle and zeta potential techniques. The resistance-in-series models and three combined cake-
filtration models were used to analyze the membrane fouling behavior. In addition, the impact of
environmental conditions (e.g., pH and temperature) and physical scratch on the performance of

cellulose membranes were also carried out.

2. Experimental

2.1. Materials

Untreated jute fibers were provided by Toptrans Bangladesh Ltd. in Bangladesh. Chemical
reagents: 2,2,6,6-Tetramethyl-1-piperidinyloxy (TEMPO, 98%), sodium bromide (NaBr), sodium
hypochlorite (NaClO, 14.5% available chlorine), phosphate buffer (0.025M, pH 2.5) and sodium
bicarbonate buffer (0.05M, pH 9.0) were purchased from Fisher Scientific and were used as
received. Lyocell nanofibrillated fibers with a fiber diameter between 0.1-0.5 um were provided
by Engineered Fibers Technology (EFT), LLC. Hydrophilic polyvinylidene fluoride (PVDF)
membrane filter (Durapore®) with 0.65 um pore size was purchased from Millipore Sigma
Company. Polyamideamine-epichlorohydrin (PAE) resin (Kymene 920A) was purchased from
Solenis, LLC. Commercial-grade PVDF-A6 (MWCO: 500 kDa, composed of neat PVDF), PVDF-

V6 (MWCO: 500 kDa, composed of PVDF treated to create positive surface charge) and PES-LX
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(MWCO: 300 kDa, composed of neat PES) membranes were purchased from the Sterlitech

Corporation.

2.2. Preparation of Cellulose Membranes

A suspension of CNF extracted from jute fibers was prepared according to the TEMPO-
oxidation protocol published in the literature [25] [18]. Cellulose membranes containing different
ratios of dry mass density (g m) were prepared using by mixing 0.5 wt% lyocell and 0.15 wt%
CNF (1.60 mmol/g in degree of oxidation, average width was 4.9 + 1.3 nm, Fig. S1, Supporting
Information) suspensions as follows. First, the pre-weighted lyocell (50 g m™ dry mass density)
and CNF (0.5 — 2.5 g m dry mass density) mixed suspension was stirred rigorously with a
magnetic stirring bar for 30 min. Then, the mixed suspension was poured evenly onto a wetted
hydrophilic PVDF filter membrane (average pore size: 0.65 um) supported by a ceramic funnel
and was drained via gravity filtration for 3 days until the membrane was totally dried. The cellulose
membranes were labeled based on the ratio of lyocell and CNF in terms of their dry mass density.
For example, 50-0.0, 50-0.5, 50-0.75, 50-0.85, and 50-2.5 membranes stand for the membranes
prepared with 50 g m lyocell and 0.0, 0.5, 0.75, 0.85 and 2.5 g m2 CNF, respectively. Later, the
dried membranes were peeled off from the PVDF filter, immersed in a crosslinking agent (0.1wt%
PAE) for 30 min, and then cured in the oven for another 30 min at 120°C. The illustration of the
crosslinking reaction (i.e., PAE-CNF crosslinking and PAE-PAE self-crosslinking) pathways and
the preparation of cellulose membrane is depicted in Fig. 1a and 1b, respectively. The resulting

membranes were washed with distilled water several times to remove unreacted crosslinking agent,
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154 IR and XRD measurements, membrane samples were dried at 50 C° for 30 min to minimize the
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Fig. 1 The preparation scheme of all-cellulose membrane preparation and the crosslinking
mechanism and enhance the substrate strength. (a) Illustration of crosslinking reaction pathway:
PAE-CNF crosslinking (the yellow ribbon represents CNF) and PAE-PAE self-crosslinking. (b)

Preparation of cellulose membrane; photograph and SEM images of the 50-0.85 crosslinked
membrane (i.e., 50 g m? lyocell and 0.85 g m2 CNF). The smooth side was the side attached to

the PVDF filter and the rough side was the side exposed to air during gravity draining.

2.3. Characterization of Cellulose Membranes

The morphology of CNF was characterized by a FEI BioTwinG2 transmission electron
microscope (TEM) equipped with an AMT XR-60 CCD digital camera system (Hillsboro, OR,
USA). The structure of the cellulose membranes was characterized using a Thermo Nicolet iS10
FTIR spectrometer equipped with attenuated total reflection (ATR) configuration, and by a wide-
angle X-ray diffraction (WAXD) instrument (Benchtop Rigaku MiniFlex 600). The zeta potentials
of the lyocell, CNF, and the mixture suspensions were evaluated by a Nano Brook Series size and
zeta potential analyzer (Brookhaven, Holtsville, NY, USA). The zeta potentials of the cellulose
membranes and commercial PVDF and PES UF membranes were characterized by a zeta potential

analyzer (Anton Paar, SurPASS 3, Graz, Austria).

The surface and cross-sectional morphologies of cellulose membranes were examined by
a Schottky field emission scanning electron microscope (FE-SEM) (LEO Gemini 1550, Zeiss,

Oberkochen, Germany) at an accelerating voltage of 2.5 kV. The water contact angles of the tested
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membranes were determined using a Dataphysics contact angle analyzer (OCA 15EC, Hamden,
CT, USA), where more than five different locations on each membrane were tested to obtain an
average value. Various sizes of unfunctionalized polystyrene (PS) beads (Polybead® Microspheres,
0.05, 0.2, and 1.0 um) were used to estimate the pore size of the cellulose membrane by the dead-
end filtration cell (Amicon Stirred Cell, 50 mL). The rejection ratio of the solute having PS
nanoparticles was determined by a Shimadzu total organic analyzer (TOC-VCPN, Kyoto, Japan).
The tensile strength of the cellulose membranes was evaluated using a modified Instron 4442
tensile apparatus. In brief, the precut membranes strips (10 mm x 50 mm x 0.20 mm; stored at 50%
humidity and 25 °C for 24 hours for dry sample testing; immersed in water at 25 °C for one hour
for wet sample testing). The tensile samples were uniaxially stretched in a symmetric manner at a
rate of 10 mm/min and room temperature. A mean tensile strength was determined by testing 10
samples. The membrane porosity (P;) was determined by the gravimetric method defined as

follows:

Ww—-Wy

Pr(%) = pXAXD

(1

where Wy, is the weight of wet membrane, Wy is the weight of dry membrane, p is density of

distilled water (g/cm?), A is membrane area (cm?), and D is the thickness of wet membrane (cm).

2.4. Membrane Performance for Wastewater Treatment

To test the UF performance of the cellulose and commercial PVDF/PES membranes,

activated sludge (or mixed liquor suspended solids MLSS) was collected from a membrane

10
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bioreactor in the Riverhead Sewage Treatment Plant, Long Island, NY and used as to test the
membrane performance. This MLSS was stored at 5 °C before the filtration experiment. The
separation efficiency and antifouling properties of a chosen cellulose membrane (crosslinked 50-
0.85 membrane) and commercial PVDF-V6, PVDF-A6, and PES-LX membranes were evaluated
by measuring the pure water flux (J,,), water flux in the presence of effluent (J,), retention ratio of
foulant (R) and flux recovery ratio (Fr) using a dead-end UF cell (Model HP4750X, Sterlitech
Corporation, USA) with an effective membrane area (A) of 14.6 cm?. All membranes were first
compacted using distilled water under 0.5 bar pressure until a stable permeation flux was reached.
Subsequently, the MLSS was added into the reservoir and fully stirred to start the fouling
emulation. The flux value was recorded to monitor the flux decline at different time intervals at
0.5+ 0.02 bar and 24 + 2° C. The turbidity and TDS concentrations were measured by a turbidity
meter (Thermo Scientific Orion AQ3010) following the published weighing method [26]. Briefly,
20 mL weighted sample was filtered through a 0.45 pm membrane filter (Millipore Co., Bedford,
MA, USA). Then, the TDS concentration (mg L") was calculated by drying the filtrate at 105 °C

overnight and then weighing the dried solids.

The membrane permeation flux (J) was calculated using the following equation with the

unit of L m2h! (LMH):

__V ()
(A xt)

J

where V' is the volume of the permeate passing through the membrane at time ¢, and A4 is the
effective membrane area. The rejection ratio (R;) was determined by measuring the turbidity and

TDS concentration in wastewater (Cy) and permeate (C;) as follows:
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R, (%) = (1 — <) x 100 )
Co

The flux recovery ratio (F,,) was evaluated after applying either hydraulic cleaning (rinsing the
membrane for 30 seconds at a flow rate of 0.6 gpm) or NaClO cleaning (i.e., immersing the
membrane in 0.05 wt% NaClO solution for 30 seconds followed by three rounds of rinsing with

distilled water) using the following equation:

E. (%) = Jww % 100 )

w
where Jy, 1s the pure water flux after hydraulic cleaning and J,, is the pure water flux prior to the

membrane fouling.
2.5. Fouling Mechanism Study of Cellulose Membranes

The resistance-in-series model utilizes Darcy’s Law to characterize filtration resistance [27,

28]. The formulas are shown below.

AP

R = 1XJw1 ()
Ru="" (6)
Ry +Rp = (7)
Rc =Ry — (Ry + Rp) (8)

12
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where J is the last flux point of DI compaction, J,,; is the last flux point of the current wastewater
run, J,,, is the first flux point of the next wastewater run, AP is transmembrane pressure, and u is

the viscosity of permeate.

This model accounts for three types of resistances (pore clogging, cake layer, and inherent
membrane resistance), assigning each a quantitative variable. A fourth quantitative variable, R¢
(total fouling resistance) is determined by summating the variables R and Rp. The percent of
reversible (cake layer) and irreversible (pore clogging) fouling can be demonstrated by calculating

the variables ratio R¢ /Ry and Rp /Ry.

Rt:RC+RP+RM (9)
R, = R, + Ry (10)
Ry = R¢ + Ry (11)

where R, is total resistance, R, is cake-layer induced resistance, R, is pore clogging induced
resistance, Ry, is inherent membrane resistance and Ry is fouling resistance. We note that there is
one form of external fouling (cake layer) and three forms of internal fouling (standard, complete,
and intermediate pore blocking) [29]. The resistance-in-series model addresses internal fouling,
but it does not specify which mechanism is dominant. As a result, this model alone is insufficient
for a full analysis of the membrane fouling and a supplementary model is needed. To deal with
this issue, three models: cake-filtration complete pore blocking Model (CFCBM), cake-filtration
standard pore blocking model (CFSBM) and cake-filtration intermediate pore blocking model

(CFIBM) were used together to analyze the internal membrane fouling data in this study (with the

13
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Origin Pro software). [30, 31] A variety of parameters were selected for comparison to determine
the model that fit best to the experimental data (the chosen combined fouling models at constant
pressure to investigate the fouling mechanism are summarized in Table S1, Supporting

Information).

2.6. Membrane Self-Healing and Stability Study

To investigate the self-healing ability of selected membranes, the filtration performance of
the scratched cellulose, PVDF-V6, PES-LX, and PVDF-A6 membranes was evaluated by distilled
water using the dead-end filtration system. In this test, the membrane was first compressed with
distilled water at pressure of 0.5 bar until the permeate flux was stable. A blade cutter was used to
create a 3 cm scratch in the middle of membranes. The flux change was monitored before and after

the scratch under the same filtration conditions.

The applicable pH range and temperature resistance for the cellulose membrane was also
investigated by using phosphate buffer solution (pH = 2.5), sodium bicarbonate buffer solution
(pH =9.0) and 60 °C warm distilled water. For the pH resistance test, the cellulose membrane was
pre-immersed in buffer solutions at two different pH values and room temperature for 3 days. For
the temperature resistance test, the cellulose membrane was stirred in 60 °C warm water for 7 days.
After the pretreatment, all membranes were washed with water and tested via dead-end

ultrafiltration protocol for MLSS as described in section 2.4.

14
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To challenge the cellulose membrane for long-term wastewater filtration, a lab-scale
immersed membrane filtration system was used (the schematic diagram of the immersed
membrane module is shown in Fig. S2, Supporting Information). In this test, the membrane module
with a total surface area of 0.0338m? was undergone a 6-hour water compaction at 0.5 bar.
Subsequently, the compacted membrane module was placed in a sludge feed tank with a capacity
of 40L. A negative pressure in the membrane module was generated by a vacuum pump, where
the permeate from the wastewater was sucked through the connected channels into the collection
flask. The permeate was collected continuously for 12 hours. In this test, the pressure was
stabilized at 0.5 bar, where the volume of the permeate was used to calculate the flux using

Equation 2.

3. Results and Discussion

3.1. Characterization of Cellulose Membranes

The cellulose membrane was first characterized to assess its surface properties, crystallinity,
zeta potential, permeability, pore size and porosity. Fig. 2a shows the FT-IR spectra of the cellulose
membranes prepared with different CNF dry mass ratios (0.0 — 1.0 g m?) and crosslinking
conditions. It was seen that the stretching vibration at 1601 cm™! of the carboxylate group from

CNF was present in all crosslinked and non-crosslinked 50-1.0 (50 g m2 lyocell and 1.0 g m2 CNF)

15



299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

319

320

membranes. Compared to the neat cellulose membranes, the introduction of PAE resulted in the
appearance of two absorption bands: amide I group at 1640 cm™! and amide II group at 1550 cm’!
[32]. Due to the adsorbed water in the membrane, the amide I band partly overlapped with the
symmetric deformation vibrations of water molecules. Although PAE could self-crosslink slowly
under room temperature or quickly during the heating process [33], the stretching C=O vibration
of the ester bond at 1728 cm™! in all 50-1.0 crosslinked membranes indicated the covalent bond
linkage between the azetidinium groups of PAE and carboxyl groups of CNF, while the low peak

intensity was caused by the small loading amount of CNF [34, 35].

The XRD patterns of CNF, lyocell, and cellulose membranes were displayed in Fig. 2b.
The crystalline regions in CNF were represented by the diffraction peaks at 20 =23.1°, 16.4°, and
14.8°, representing the (200), (110), and (110) lattice planes of the cellulose I structure, respectively
[36]. While lyocell is the regenerated cellulose fibers, which showed three diffraction peaks at 26
=22.0°20.3° and 12.3°, corresponding to the (020), (110), and (110) lattice planes of the cellulose
IT structure, respectively [37]. All cellulose membranes illustrated similar diffraction patterns as
that of lyocell fibers because of the small loading amount of CNF (1.0 g m2). It was seen that the
crosslinking treatments did not change the crystalline structure of the cellulose I structure because
the crosslinking process mainly occurred in the amorphous domains while the crystalline domains

of CNF were unaffected [38, 39].

The crosslinking reaction between CNFs and PAE in the cellulose membrane could also

be verified indirectly by the membrane zeta potential measurement. The zeta potential results of
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non-crosslinked (No CL) and crosslinked (CL) cellulose membranes as a function of pH (in the
range of pH = 5-9) are shown in Fig. 2c, where all zeta potential values were negative. In has been
shown that the addition of CNF could decrease the zeta potential of the mixed Lyocell/CNF
suspension because of the presence of additional carboxyl groups (Fig. S3, Supporting
Information). However, the behavior of the zeta potential change in the cellulose membrane was
found to be different due to the presence of PAE. In Fig. 2c, it was seen that the negative charge
of the No CL cellulose membrane surface (50 g m™ lyocell and 0.85 g m2 CNF membrane) mainly
came from the deprotonation of carboxyl groups on CNF, which increased slightly with the pH
value resulting in the slight decrease in the membrane zeta potential. However, in the CL cellulose
membrane, the deprotonation of the amino groups in PAE could also contribute to the negative
zeta potential of the membrane surface, especially with the increase in pH value. This has led to a
more pH-dependent zeta potential trend of the CL cellulose membrane (Fig. 2¢). We note that the
cationic primary amide group and azetidinium functional group of PAE have a high affinity of
forming covalent bonds with the carboxyl groups on CNF, the sharp increase in the zeta potential
of the CL cellulose membrane with decreased pH was due to the protonation of secondary/tertiary

amino groups on PAE after the crosslinking process [40].

To investigate how the addition of CNF could influence the pore size of the cellulose
membranes, a dead-end filtration test using spherical PS nanoparticles of varying sizes was
conducted to determine the pore size of the cellulose membranes (Fig. 2d). It was seen when the
CNF loading in the cellulose membranes increased, the corresponding pore size decreased from 1
um for the original lyocell membrane (50-0) to 0.2 um for the 50-0.75 composite membranes. The

pore size value was determined when the membrane exhibited 90% of rejection ratio of the PS
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nanoparticles with the smallest diameter used. As the effective minimum pore size of the CNF
scaffold can be affected by the width of nanofibers and the thickness of the CNF layer, [18] we
first evaluated the thickness (or the loading) of the CNF. In Fig. 2e, it was found that when the
CNF dry mass was above 0.85 g m™2, the pore size of the cellulose membranes remained around
0.05 pm. While the rejection ratio against PS nanoparticles (0.05 um) for the 50-0.85 and 50-2.5
membranes increased slightly from 92% to 96%, respectively. However, the extra loading of CNF
dramatically reduced the water flux of the membrane (from 134.8 LMH/bar to 4.4 LMH/bar, i.e.,
about a decrease of 96.8%) because of the low porosity of the CNF layer (< 20%) due to the dense
compaction of the CNF scaffold [41, 42]. From this study, the membrane with the CNF loading of
0.85 g m2 appeared to exhibit the optimal filtration performance (i.e., high flux and high rejection
ratio). It was interesting to note that the porosity of the cellulose membrane decreased only slightly
with the increasing CNF loading (Fig. 2f). All cellulose membranes exhibited high porosity (>

80%) because of the highly porous structure of the Lyocell substrate.
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Fig. 2 Characterization of all-cellulose membranes with different CNF loading contents with and
without crosslinking. (a) FTIR spectra and (b) XRD patterns of the CNF, lyocell, and cellulose
membranes with and without PAE crosslinking (0.1 wt%). (c) Zeta potential analysis of 0.1 wt%
PAE crosslinked (CL) and non-crosslinked (No CL) cellulose membranes (50-0.85) as a function
of the pH value. (d) Membrane pore size (determined by 90% rejection ratio of PS nanoparticles
with the smallest size). (¢) Membrane PS solution water flux and 50 nm PS nanoparticles
rejection ratio with increasing CNF loading amount (the dry mass of lyocell was 50 g m2). (f)
Porosity of cellulose membranes crosslinked with 0.1 wt% PAE. Data are presented as the mean

value (mean + SD of n=3 repeating tests).

The morphology and nanostructure of cellulose membranes with different CNF loadings
(0.0 — 1.0 g m) were also characterized by SEM, and the results are illustrated in Fig. 3. The
surface images of pure lyocell membrane (crosslinked) showed a highly porous structure defined
by the randomly stacked lyocell microfibers with 0.1-0.5 pm diameters (Fig. 3a and 3b). With the
addition of 0.85 g m? CNF, the membrane surface exhibited a smooth cellulose surface without
detectable pore structure, even at the micrometer scale (Fig. 3¢ and 3d). The top view and cross-
sectional images of the 50-0.85 crosslinked (CL) membrane (Fig. 3e and 3f, respectively) revealed
the hierarchical structure of the membrane comprising a thin CNF layer with a thickness ranging
between 50 and 80 nm on top of the microporous lyocell scaffold with an average thickness of 130
+ 25 um. As the top layer was due to the random agglomeration of CNF, its network formation
rendered a pore structure with the size of around 50 nm. This pore size was effective to hinder the
passage of uncharged PS nanoparticles with 50 nm diameter, where the PS beads were

accumulated on top of the CNF layer due to size exclusion (Fig. 3g and 3h). The intact structure
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Fig. 3 Surface morphology of all-cellulose membrane. (a, b) the 50-0.0 (i.e., pure lyocell) CL
membrane, and (c, d) the 50-1.0 (lyocell/CNF) CL membrane; (e, f) cross-sectional morphology
of the 50-0.85 CL membrane; (g, h) surface morphology of the 50-0.85 CL membrane after the

PS nanoparticles (50 nm) filtration. All the membranes tested were crosslinked with 0.1% PAE.

3.2. Dry and Wet Mechanical Properties of Cellulose Membranes

Tensile testing was performed in both dry and wet states to evaluate the effects of CNF
content and PAE crosslinking on the mechanical properties of cellulose membranes. Fig. 4a and
3b illustrate the typical dry and wet stress—strain curves of crosslinked and non-crosslinked
cellulose membranes with different CNF loadings, respectively. All dry membranes showed a
linear increase up to 3-5 MPa of the tensile stress, followed by a platform and then a continuous
stress increment until failure occurred. The plateau in the stress-stress curve showed the plastic
flow behavior of cellulose membrane due to the straightening and reorientation of the lyocell
fibrous scaffold and interfibrillar slippage [43]. After the reinforcement behavior and following
alignment of cellulose fibers, membrane failure occurred because of the failure of fibers and
breakage between their existing bonds. The pure lyocell membranes (50-0) exhibited no wet
strength before or after crosslinking. Compared with the neat lyocell membrane, the tensile stress
of the cellulose membrane increased gradually with the increasing CNF loading. The increasing
tensile properties could be attributed to the intra-molecular hydrogen bonding in the CNF network

[44]. After chemical crosslinking, the covalent bond formation (ester bonds formed between the
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azetidinium groups in PAE and carboxyl groups in CNF) in the CNF network inhibited the

interfibrillar detachment of the lyocell substrate in both dry and wet conditions.

It was noted that the crosslinking reaction slightly decreased the strength of the cellulose
membrane but greatly enhanced the membrane toughness, especially in the wet state (Fig. 4c and
4d). For example, the wet strength of the 50-1 cellulose membrane increased by 190 % after the
PAE crosslinking (from 2.8 £ 0.3 MPa to 8.1 £ 0.5 MPa), while the wet toughness of the
crosslinked 50-1 membrane (0.78 MPa) became twice of the non-crosslinked 50-1 membrane (0.36
MPa). These results are consistent with the observations made in a previous study that the wet
strength of cellulose paper was found to increase when both PAE and CNF were absorbed onto

cellulose fibers [45].

The wet mechanical properties (i.e., the maximum stress in the stress-strain curve) of wet
cellulose membranes and other reported membranes under the similar wet conditions [46-51] are
illustrated in Fig. 4e, while the maximum stress change of the crosslinked 50-0.85 (CL 50-0.85)
membrane at varying water immersion time (up to 14 days) is shown in Fig. 4f. In Fig. 4e, it was
seen that composite membranes without the incorporation of enhancing additives or
physical/chemical crosslinking usually exhibited low mechanical properties. However, the
cellulose membrane (CL 50-1.0) with a high loading of CNF crosslinked by PAE showed
competitive maximum wet stress or wet strength in comparison with those from published
composite membranes, confirming the potential of cellulose membranes for practical applications.

In Fig. 4e, the wet strength of the cellulose membrane (CL 50-0.85) was found to decrease by

22



428

429

430

about 20% after 7-day immersion probably because of the water-swollen effect, however this

property remained unchanged at 3.8 + 0.6 MPa for the rest of the test.
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Fig. 4 Mechanical performance of all-cellulose membranes. Stress—strain curves and calculated
toughness of (a, c¢) dry and (b, d) wet cellulose membranes with and without crosslinking (0.1
wt % PAE). (e¢) Comparison of the maximum wet stress values of cellulose membranes
(crosslinked with 0.1 wt % PAE) with those of other reported membranes. Symbols indicate the
data points of reported membranes with different composite ratio. (f) The maximum wet stress
change from a 14-day wet immersion test of the CL 50-0.85 membrane. Bars represent the mean

values + SD based on three independent tests.

3.3. Wastewater/MLSS Ultrafiltration Performance of Cellulose Membranes

The dynamic UF test was performed to evaluate the filtration performance and fouling
behavior of cellulose membranes using MLSS with an original turbidity of 537 + 98 nephelometric
turbidity unit (NTU) and total dissolved solids (TDS) of 890 + 102 mg L. In this study,
commercial UF membranes (PVDF-V6, PVDF-A6, and PES-LX) with a similar pore size range
and initial water flux (as those of cellulose membranes) were also selected to provide the
benchmark values for comparison. The general properties of cellulose and selected polymeric UF
membranes are summarized in Table S2 (Supporting Information). The results the dynamic UF
test are illustrated in Fig. 5. In Fig. Sa, it was found that all membranes experienced a water flux
decline over the filtration operation because of the fouling issue. However, the PVDF-A6
membrane displayed a steeper decrease than cellulose and PVDF-V6 membranes because of the
hydrophobic nature of the PVDF-A6 membrane, resulting in a greater fouling tendency and flux

decay. In contrast, the PES-LX membrane suffered the smallest flux decrease but it exhibited the
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lowest initial permeation flux. It was seen that the permeation flux of cellulose and PVDF-V6
membranes could be near fully recovered after hydraulic washing and NaCIO cleaning, while
hydrophobic membranes (PVDF-A6 and PES-LX) suffered irreversible fouling resulting poor flux
recovery (below 23 LMH) after the first run. In this study, the turbidity of all tested permeates was
below 0.3 NTU (a photograph of wastewater and filtrated permeate is shown in Fig. 5b), which
met the target requirement of 0.3 NTU for public water systems recommended by the United States
Environmental Protection Agency (USEPA) [52]. It is noteworthy to point out that, the permeate
TDS by using the cellulose membrane was less than 400 ppm, lower than those of polymeric
membranes (Fig. 5¢). Although the rejection ratio of all tested membranes was above 99.9%, the
recovery of permeation flux for these membranes using NaClO cleaning was slightly higher than
that using hydraulic washing (Fig. 5d). The usage of NaClO to remove organic and microbial
foulants, commonly absorbed on the membrane surface, is a well adopted approach to cleanse the
used membrane in wastewater treatment [53, 54]. Among all tested membranes, the cellulose
membrane (CL 50-0.85) exhibited the highest flux recovery ratio (88 + 4.5 % for hydraulic wash
and 97 +£1.5 % for NaClO cleaning). This indicates that the fouling layer developed on the cellulose
membrane surface, which contains abundant hydrophilic hydroxyl and carboxyl groups, is easier

to remove than those on the polymeric membrane surfaces either by water or NaClO cleaning.

25



Hydraulic Wash NaClO Wash
p—
a o All-cellulose
2 50k 2 PVDF-Vo6
= 8 N o PVDF-A6
. .
5 PES-LX
= 40 anA 832% d:g‘n °°o Ag?po °
A
[ - an &40 = 0,44 % A 3 o
B gl JE, "Mgﬂ Bape,
(=] ) A 4 &, %
b o = aafa
S oy L
g 20F 1, :b"-‘u,:q’ﬁun:g uﬂn%
THHES S nnan,,
&
10 Wastewater Permeate
0 30 60 90 120 150 180
Time (min)
C Time (min) d
0 30 60 20 120 150 05 Hydraulic Wash NaClO Wash
100.00
1000 S ] @
160 } A o o
_ soof Joo E 140 499.95 g
g e o £
& 600} - 100 881 i 2
=1 r 78.0
72} = M~ =
a = {9990 §
= 400t {1055 & 55.3 57.3 i3]
&= 436 47.7 .%
s & 7 [~
20 4 4 199.85
7 7
% %
1.0 Z 7
TDS: [N All-cellulose Turbidity: @ All-cellulose o, p) A P
P& PVDE-V6 O PVDF-V6 LOA\ [6,0 é}: E %A é‘}:
EZAPVDE-AG A PVDF-A6 La A <+ L o Q
PES-LX PES-LX
471
472 Fig. 5 Wastewater filtration performance of all-cellulose and commercial membranes. (a)

473 Filtration cycles with multiple permeation flux recoveries for cellulose (CL 50-0.85), PVDF-V6
474 (modified PVDF), PVDF-A6, and PES-LX membranes using alternative hydraulic wash and

475 NaClO wash. (b) Photograph of original wastewater and filtrated permeate. (c) Total dissolved
476 solid (TDS - columns) and turbidity (symbols) changes in wastewater filtration. (d) Water flux

477 recovery ratio and rejection ratio of cellulose (CL 50-0.85), PVDF-V6, PVDF-A6, and PES-LX

478 membranes after hydraulic and NaClO cleaning. Data are presented as mean + SD of n=3
479 repeats.
480

26



481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

3.4. Wastewater Fouling Mechanism Study

Soluble microbial products (SMP) and extracellular polymeric substances (EPS, the
products of substrate metabolism and biomass decay) are major contributors to the membrane
fouling problem in MBRs. These foulants consist of humic substances, proteins, lipids,
polysaccharides, carbohydrates and macromolecules [55, 56]. Fig. 6a illustrates the surface
characteristics, determined by IR spectra, of pristine, fouled, and cleaned cellulose (CL 50-0.85)
of polymeric membranes. The characteristic peaks of the foulants occurred mainly in the
wavelength range of 1500-1800 cm™! and 3100-3400 cm'!. Compared with the FTIR spectra of
pristine membranes, the fouled membranes exhibited four new peaks at 1542 cm™! (C=N vibration
of amide II), 1651 ¢cm™ (C=O vibration of amide I and humics), 1731 ¢m™' (C=0 vibration in
protein), and 3282 cm™ (N-H stretching in protein and humic substance), which were in
accordance with the characteristic peaks of protein and humic foulants [57, 58]. These results
confirmed that membrane fouling was mainly caused by the C=0 and C=N amide groups in protein
molecules and the N-H groups in polysaccharides. It was seen that the cellulose membrane suffered
a less tendency fouling, as revealed by the similar spectra from the pristine and fouled cellulose
membranes. After NaClO cleaning, the difference in the spectra between all the pristine and
cleaned cellulose membranes was negligible, indicating the high efficiency of NaCIO in removing

the organic and microbial foulants deposited on the cellulose surface [59].

Although the removal of the cake layer on the membrane surface can elute a large

proportion of the foulants, a small fraction of foulants could still remain inside the membrane pores
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and cause irreversible fouling. However, this is not clear by the FTIR results. To understand the
detailed fouling process, other characterizations of the fouled and cleaned membranes were also
carried out, including the contact angle measurement to determine the hydrophilicity and zeta
potential measurements to determine the membrane surface charge, where the results from
membranes being fouled by wastewater and being treated by NaClO cleaning are shown in Fig. 6b
and 6c¢. In Fig. 6b, the contact angle (CA) of the pristine cellulose membrane (~ 0°) indicated that
its surface was truly hydrophilic, whereas the polymeric membranes were relatively hydrophobic
with higher CA values (50° - 70°). In comparison with the pristine membranes, the CA values of
all fouled membranes became more hydrophobic due to the deposition of hydrophobic foulants on
the membrane surface [60]. After NaCIO cleaning, only cellulose and PVDF-V6 membranes
exhibited CA values close to their initial values. The CA value of the cleaned PVDF-A6 and PES
membranes was somewhat higher than that of the membranes because of the presence of residual
hydrophobic foulants on the membrane surface, even after the cleaning treatment [61]. The CA
results agreed with the results observed in the flux recovery test that polymeric membranes

suffered more irreversible fouling during wastewater filtration (Fig. 5a).

The zeta potential test was also carried out to characterize the fouling behavior of the
membranes, where the results could be used to optimize the membrane cleaning efficiency [62].
In Fig. 6b, the pristine cellulose (CL 50-0.85), PVDF-A6, PES-LX membranes typically exhibited
negative zeta potential values. As the PVDF-V6 membrane contained modified-PVDF (described
by the manufacturer) possibly with the amine groups (as seen by the N-H peak at 1560 cm™ in the
FTIR spectrum, Fig. 6a), this membrane exhibited a positive zeta potential value at neutral pH [63].

The negative zeta potential of the fouled PVDF-V6 membranes indicated the deposition of foulants
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such as biomacromolecules and hydrophobic organic matter in wastewater are all negatively
charged, which has been reported previously [64, 65]. It was interesting to note that the pristine,
fouled and cleaned cellulose membranes exhibited similar negative zeta potential values (Fig. 6b),
which implied that only minor fouling occurred on the cellulose membrane surface. This could be
explained by the weak interactions between the foulants and nanocellulose, as the charge repulsion
would hinder the already weak hydrophobic aggregation, resulting in less adhesion/adsorption of
biomolecular contaminants on the cellulose membrane surface [18]. Although electrostatic
repulsion might also exist between the foulants and negatively charged PVDF-A6 and PES-LX
membranes, the stronger hydrophobic-hydrophobic interactions would dominate the fouling
process. Meanwhile, the zeta potential of all NaCIlO cleaned polymeric membranes was altered

probably due to the occurrence of the reaction between the polymeric scaffold and NaClO [54, 66].
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The fouling resistances parameters, such as total membrane resistance (R;), intrinsic
resistance (R») and fouling resistance (Ry) were characterized using the resistance-in-series model
to reveal the mechanism of membrane fouling [27]. As illustrated in Fig. 7a, the cellulose
membrane and modified PVDF membrane (PVDF-V6) exhibited lower R; and R;, while the
conventional PVDF-A6 and PES membranes showed more severe total fouling. Detailed analysis
in Fig. 7b indicated that cellulose and modified PVDF membranes possessed a high reversible
fouling percentage (R./Ry) and a low irreversible fouling percentage (R,/Ry). This implied that the
removable cake layer fouling dominated the total fouling during wastewater filtration. The results
can also be specified by their high flux recovery ratio after NaCIO or hydraulic cleaning (Fig. 5d).
Based on the contact angle and zeta potential results, the low R; and R,/R. values of cellulose
membrane could be attributed to the integration of negatively charged and hydrophilic CNF, which
has been shown to decrease the irreversible fouling and increase the antifouling property of
membranes [18]. On the other hand, the low fouling tendency of modified PVDF membrane could
be attributed to the usage of zwitterionic polymer, as indicated by the FTIR and zeta potential

results from the PVDF-A6 membrane (Fig. 6a and 6b) [67].

To further understand the fouling mechanism during wastewater filtration, the
accumulative permeate volume versus time data of cellulose (CL 50-0.85), PVDF (V6 and A6),
and PES membranes was fitted with three combined models: cake filtration-complete blockage
model (CFCBM), cake filtration-intermediate blockage model (CFIBM) and cake filtration-
standard blockage model (CFSBM). The best fit was determined by comparing the difference
between the data points and model’s prediction values, when the smallest sum of squared residuals

(SSR) value was reached [27, 31]. As demonstrated in Fig. 7c, 7f and Table S3 (Supporting
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Information), the combined CFCBM was in good agreement with the experimental data for all
tested membranes, regarding the lowest SSR and highest R? values. While the membrane
encountered total resistance from both cake layer and complete pore blocking, the CFCBM model
specified that the formation of foulant cake layer and complete membrane blocking could occur
simultaneously rather than independently, as suggested by the single fouling model. While the rate
of foulant precipitation on the membrane surface depended on the adjacent pore blockage, the rate
of complete blocking was lower due to the resistance of foulant formation as a cake layer.
Moreover, we speculate that the rapid flux decay (in a single filtration run) was mainly caused by
cake layer fouling mechanism instead of the complete blocking mechanism because of the lower

K value compared to K. for all tested membranes [31, 68].

32



®
=

400
== Rt 120+
" B Re/Rt
= Rf 100} &= Rp/Rt
% 300 o)
i S ot =
g %
g 200 I £ 6ot &3
g N 5 &3
g \ 5 5
2 \ & 4op K
6 100} N bos
o N o
N 20t 83
0 N i &
4, s P & »
/‘(-60 IOQ tbA QR{ Qﬁ{
%, ¢ 5 T +
25
25F
20}
T20¢F )
E 5
S b
o 15} e
g £
= 10 =10}
© o All-cellulose =) A PVDF-V6
> —CFCBM > —— CMCBM
5 — CFIBM 5f —— CMIBM
CFSBM CMSBM
0 X . . ) Ok . ; ; ; : :
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min)
e f
12
15}
10}
— —~
E E 8
=10} ~ .
o
g E 8
= 2
S .| o PVDF-A6 S 4r © PES-LX
> —— CMCBM 7 —— CFCBM
— CMIBM 2t —— CFIBM
CMSBM CFSBM
ol 0
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (min) Time (min)
577

578 Fig. 7 Mechanism study of membrane fouling by calculating the fouling resistances parameters
579 and fitting with CFCBM, CFIBM, and CFSBM models. (a) Summary of the total resistance (R;),
580 inherent membrane resistance (Ry,) and fouling resistance (Ry), (b) reversible fouling ratio
581  (R¢/Ry) and irreversible fouling ratio (Rp/Ry) of cellulose and polymeric membranes during the
582 flux recovery experiment of wastewater filtration. (c-f) Experimental and predictive permeation
583

volume as a function of filtration time among different combined models of cellulose (CL 50-

33



584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

0.85), PVDF-V6, PVDF-A6, and PES-LX membranes. Bars are presented as mean + SD of n=3

individual tests.

3.5. Reproducibility and Durability of Cellulose Membranes

The unique features of the demonstrated cellulose membranes include good reproducibility
and durability for the successful ultrafiltration process. For example, the normalized permeation
flux (J/J,) at the initial water flux (46.0 LMH) during 16 consecutive wastewater filtration runs
was monitored (Fig. 8a) to illustrate the reproducibility of the representative cellulose membrane
(CL 50-0.85). This membrane exhibited excellent flux recovery and easy to clean properties (e.g.,
using 30-second NaClO cleaning), as indicated by the high flux recovery ratio (> 95%) and high

turbidity rejection ratio (> 99.95%) during the 16-cycle test run (Fig. 8b).

Furthermore, a 12-hour continuous wastewater filtration test was conducted to demonstrate
the long-time stability of this cellulose membrane using an immersed membrane filtration system
(schematically shown in Fig. S2, Supporting Information), which was commonly adopted in
industrial membrane bioreactor. As the flux-time data displayed in Fig. 8c, the permeate flux
declined from the initial value of 58.3 LMH to 37.2 LMH in the first two hours because of the
simultaneous occurrence of cake layer fouling and pore blocking fouling. After 12-hour filtration
under a constant pressure (0.5 bar), both high permeate flux (33 LMH) and good rejection ratio

(>99.95%) were maintained. These results indicated good stability and durability of the
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demonstrated cellulose membrane and its excellent filtration efficiency under a lengthy operation

cycle.

To evaluate this membrane for practical applications, the durability of the cellulose
membrane (CL 50-0.85) was further evaluated at two different pH values (2.5 and 9.0) and elevated
temperature (60 °C) [69]. As illustrated in Fig. 8d, the permeation flux of the cellulose membranes
treated with acid and warm water was similar to the original membrane. As for the membrane
immersed in a pH = 9.0 buffer, the permeation flux increased slightly because the cellulose
component could degrade slowly under alkaline conditions [70]. Regardless of the different

treatment, the turbidity of all permeates maintained a low value (< 0.3 NTU), indicating that the

cellulose membrane was relatively stable for use over a wide pH and temperature range.
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Fig. 8 Reproducibility and durability test of cellulose membrane. (a) Ratio of permeation water
flux (Ji) over initial water flux (J,), (b) flux recovery ratio and turbidity rejection ratio over 16-
cycle wastewater runs of CL 50-0.85 membrane. (c) Long term wastewater filtration of CL 50-
0.85 membrane using the immersed membrane filtration system and the corresponding rejection
ratio in terms of the turbidity. (d) Durability test of the CL 50-0.85 membrane evaluated
regarding two critical pH values (immersed in pH = 2.5 and 9.0 buffer solutions for three days)
and temperature (immersed in 60 °C warm water for 7 days) resistance. Bars presented the
permeation flux data, and the symbols presented the turbidity data (mean + SD of n=3

independent tests).

In the scratch test, the permeability of cellulose (CL 50-0.85) and polymeric membranes
was evaluated prior to and immediately after the damage. After around 10-um wide blade scratch
was applied, the permeability of the cellulose membrane instantly increased to 135 + 5 % and then
returned to 102 £+ 3 % of the starting permeability after a 10-minute distilled water run. On the
other hand, the permeability of polymeric membranes surged after the scratch and could not drop
back to the original values within the testing time (Fig. 9a). Furthermore, the wastewater filtration
test of the scratched cellulose membrane exhibited the same trend observed in the distilled water
run (Fig. 9a and 9b). It was seen that after scratching, the permeate flux and turbidity of the
cellulose membrane increased immediately and then gradually returned to the starting value in
about 20 minutes during filtration. The SEM image of the healed scratch on the used cellulose
membrane verified its self-healing ability (Fig. 9c). The results indicated that cellulose nanofibers
were able to form a new layer to cover the damage on the membrane surface. Similar studies

indicating the self-healing ability of CNF-based hydrogels, such as the chitosan/CNF system or
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nanocomposite/polymer system, have been reported previously [71]. The self-healing ability of
the CNF layer can be explained as follows. When the scratch is form, the high mobility of CNFs
will allow them to migrate towards the damage area and minimize the increased surface tension.
Upon contact, CNFs will aggregate in the wet state due to strong hydrophobic interactions forming
a new layer to hear the damage. The layer can be further stabilized by the formation of hydrogen
bonds between the abundant hydroxyl groups and carboxyl groups on CNFs [72]. Aside for the
above feature, cellulose membrane exhibited another unique feature, that is the superior flexibility
and ductility over polymeric membranes, which is seen in Fig. 9d. When immersed in water, the
twisted (deformed) cellulose membrane could quickly recover back to its original shape without
cracks or deformation. This ensures the practical usage of cellulose membranes when the

membrane needs to be warped, folded, or twisted during manufacturing or handling.
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cellulose membrane by curving and subsequent water immersion. Result presented the mean

value of n=3 independent repeats.

4. Conclusions

A robust and nanostructured cellulose membrane system with high porosity (~ 80%) was
prepared by incorporating CNF into a lyocell microfibrous scaffold following by a crosslinking
reaction among nanofibers. In the multiple-run wastewater filtration test, the optimized cellulose
membrane exhibited high permeation flux (127.6 + 21.8 L m™ h'! bar'!), excellent separation
efficiency (> 99.9%), good flux recovery ratio (> 95%) and self-healing ability. Compared with
commercial polymeric membranes, such as PVDF and PES membranes, the cellulose membrane
showed superior filtration performance after NaClO and pure hydraulic cleaning as demonstrated
by the FTIR, contact angle, and zeta potential characterizations. The polymer membranes suffered
severe irreversible fouling during wastewater filtration. However, the reversible fouling seemed to
dominate the total fouling of cellulose membrane and was revealed by the fouling mechanism
study using the resistance-in-series model and three combined cake-filtration models. In addition,
the cellulose membranes showed excellent flexibility, pH resistance, stability in hot water, and
durability with good mechanical strength (the wet strength was 3.5 - 8.0 MPa). The easy to clean
characteristics of the cellulose membrane could be attributed to the negative charges and
hydrophilic membrane surface because of the presence of CNF. The sustainability, low cost, good
mechanical strength, and filtration performance of cellulose membranes make them promising

alternative for polymeric ultrafiltration membranes in wastewater treatments.
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1. Morpholog

y of CNF

Fig. S1 TEM image of CNF with a degree of oxidation of 1.60 mmol/g.

2. Immersed Membrane Filtration System
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Fig. S2 Schematic diagram of the immersed membrane filtration system.



3. Zeta Potential of Lyocell, CNF, and Mixture Suspensions

o
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Suspension Zeta Potential (mv)

CNF Lyocell Lyocell/CNF

Fig. S3 Zeta potential data of CNF (0.15 wt%), lyocell (0.5 wt%), and lyocell/CNF mixture

suspensions (50-0.85) at pH = 7.



4. Parameters of All-cellulose and Commercial Ultrafiltration Membranes

Table S1 The fouling mechanism study using combined fouling models at constant pressure.

Fitted

Model Expression
parameters

Cake filtration-complete

blockage V= ]—0 1—exp _KZ ( ’1 + 2kcJit — 1) Ke, Ko
Kb Kc]O

(CFCBM)

Cake filtration- 1 K;
V=—In[1+ /1+2KC§t—1 K, Ki
intermediate blockage K; KcJo

(CFIBM)

V_Z 2r 1 @ +1
e PBcos 3 ~garccos(a 3

Cake filtration-standard

8 4K 4KZt
blockage o= 2783 + 383K.J, 3B3K, Ke, K
(CFSBM)
|4 N 4K N 2Kzt
P 9 3K.J, 3K

Table S2 Parameters of all-cellulose and commercial ultrafiltration membranes.

Series PVDE-V6 PVDE-A6 PES-LX All-cellulose
Target Feed Industrial/ Industrial Industrial ~ Wastewater+
Wastewater
MWCO/ Pore size 500 kDa 500 kDa 300 kDa 50 nm
Polymer Modified Conventional Conventional Lyocell/CNF
PVDF PVDF PES
Water Permeation 18.6+22 106+1.3 7.1+13 88=15

Flux (LMH/psi)

Zeta Potential (mV) 55+03 204 +0.7 -10.1+0.8 -16.1+0.6
at pH=7
Contact Angle (°) 63.3+1.5 72.3+1.8 55.0+3.6 ~0




Table S3 The fitted parameters of different membranes using combined fouling models.

Membrane Model R? SSR Fitted parameters
CFCBM 0.9998  0.1214 K=1.9355, Kp=0.7869
All-cellulose CFIBM 0.9862 12.935 K=0.4011, Ki=-0.0662
CFSBM 0.8928 100.244 K=0.1465, K=1.64E-8
CFCBM 0.9994  0.5007 K=2.3503, Kp=0.6233
PVDF-V6 CFIBM 0.9889  9.3449 K=0.4723, Ki=-0.0736
CFSBM 0.8857  96.685 K=0.1665, K=1.5423E-5
CFCBM 0.9963 1.39 K=2.9657, Kpy=1.9399
PVDF-A6 CFIBM 0.9947 1.98 K=0.6991, K;=-0.0766
CFSBM 0.9375 23.60 K=0.3140, K=6.218E-5
CFCBM 0.9998  0.0441 K=11.7761, Kp=0.4067
PES-LX CFIBM 0.9847  3.0477 Kc=2.2219, Ki=-0.1636
CFSBM 0.8674  26.350 K=0.7410, K=9.4514E-5
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