One-Component Nanocomposite Membranes from

Polymer Grafted Cellulose Nanocrystals

Harrison R. Paul’, Matthew V. Tirrell™'3 and Stuart J. Rowan™"?*
! Pritzker School of Molecular Engineering, University of Chicago, Chicago, IL 60637, USA
2 Department of Chemistry, University of Chicago, Chicago, IL 60637, USA

3 Materials Science Division and Center for Molecular Engineering, Argonne National Laboratory,

9700 S. Cass Ave., Lemont, 1L 60434, USA

# Chemical Science and Engineering Division and Center for Molecular Engineering, Argonne

National Laboratory, 9700 S. Cass Ave., Lemont, IL 60434, USA

*Email  Addresses for Corresponding  Authors:  stuartrowan@uchicago.edu  and

mtirrell@uchicago.edu



mailto:stuartrowan@uchicago.edu
mailto:mtirrell@uchicago.edu

Abstract

Membrane filtration is an important industrial purification process used to access clean,
potable water. The fabrication of the membranes used in these purification applications often
involves expensive and energy intensive processes that have a large negative impact on the
environment. Sustainable alternatives with high water flux and strong rejection performance are
needed to purify water. The focus of this work was to investigate the use of polymer grafted
cellulose nanocrystals (CNCs) in membrane applications. The impact of the polymer grafting
density and polymer conformation was investigated and showed that by increasing the grafting
density of PEG such that it adopted a semi-dilute polymer brush conformation, the water flux
through the membranes could be increased from 3.5 L hr'! m? to 2900 L hr' m2 for CNC
membranes without and with grafted PEG, respectively. These membranes also exhibited rejection
performances with molecular weight cut-offs between 62 kDa and 100 kDa for all polymer grafted
samples, consistent with the ultrafiltration regime. Thus, the design of these one-component
composite materials can enhance the water permeability of ultrafiltration membranes while
maintaining effective selectivity.
KEYWORDS: Cellulose Nanocrystals, Polymer Grafted Nanoparticles, Water Transport,

Membrane Filtration, Polymer Brush

Introduction

As the global demand for water from industrial processes, agriculture, and personal consumption
increases, natural reservoirs are becoming progressively more strained. The regions that rely on
these strained reservoirs are in turn becoming water-stressed, such that their demand for water has,
or soon will, exceed the availability of the resource. The stress on these limited clean water

resources is heightened by increased urbanization, coupled with industrial expansion across these



water-stressed regions.'? As the supply of clean water is decreasing, there is a significant increase
in the need for potable water to be produced from underutilized sources, like contaminated fresh
water and wastewater. Based on reports from the US Environmental Protection Agency (EPA),
only 7 to 8% of the thirty-two billion gallons of waste effluent produced each day are recycled.?
To help address these issues, several technologies like membrane filtration,*’ flocculation,®® and
sorbents!®!! are used to generate potable water.

One of the most common methods of water purification is membrane filtration, as it typically
exhibits a sufficiently high separation efficiency to provide high quality water with low chemical
sludge effluent.* Membrane filtration is a process that separates molecules of different sizes and
characteristics through the use of a pressure differential to drive separation through a specific
membrane. One class of membranes, namely porous films, rely on size exclusion, which depends
on the membrane’s microstructure, or adsorption, and can target specific solutes based on the
surface chemistry of the membrane to separate contaminants from water.*7-!2 Filtration membranes
are classified into different regimes based on their pore sizes, i.e. microfiltration (5 to 0.1 pm),
ultrafiltration (0.1 to 0.01 pm), nanofiltration (0.01 to 0.001 um), or reverse osmosis membranes
(0.001 to 0.0001 pm or nonporous).*!> These pore sizes in turn determine the types of
contaminants that each membrane can remove. For example, ultrafiltration membranes are suitable
for the removal of bio-based contaminants such as viruses or proteins from water. !> However, there
are several challenges that must be resolved in order for membrane filtration technology to fully
meet the growing demand for potable water. Some of these challenges include improved water
permeability, membrane stability, environmental impact, fouling, and water solute selectivity.*!*

Typical materials used for ultrafiltration membranes include inorganic ceramics,'® as well

as organic polymers like polyacrylonitrile (PAN),!¢ polysulfone amides (PSA),* polysulfone



(PSU),'” polyether sulfone (PES),!® and polyvinylidene fluoride (PVDF).*!2!° Many of these
membrane materials are produced using chemicals from petroleum-based sources, often requiring
a significant number of organic solvents and small molecule components to manufacture
functional membranes.?-2!

Natural biopolymers derived from low-cost, renewable bio-sources such as algae, plants, and
microbes represent promising foundations for sustainable membrane alternatives that are
petroleum-free and can be fabricated and modified in aqueous solutions instead of organic

24-26 and cellulose?’ 3! have

solvents.?>?3 In particular, various polysaccharides including chitosan
been utilized in water purification applications.?? Cellulose is a particularly promising material, as
it is the most common biopolymer on the planet with a surface that can be engineered through
facile chemical modification to introduce functional moieties.’?>* In fact cellulose derivatives,
such a cellulose acetate,’>*% are commonly used as membrane materials. However, they are
chemically modified and fabricated into membranes using processes that requires large amounts
of organic solvents and produces a significant amount of waste.’”*® Nanocelluloses, such as
cellulose nanofiber (CNFs) and cellulose nanocrystals (CNCs), have also recently received some
attention as membrane materials. CNCs are highly crystalline, rod-like nanoparticles that can be
isolated from a variety of different bio-sources, like cotton, wood, or fast-growing grasses such as
Miscanthus x. Giganteus (MxG).>>¥*# CNCs make promising candidates for membrane
applications on account of their mechanical strength, chemical stability, and hydrophilic surface
chemistry. Their high mechanical strength is a potential advantage if the material needs to

withstand the high-pressure conditions required for ultrafiltration as well as nanofiltration,*> while

their inherent hydrophilicity is an advantage to reduce the fouling of the membrane surface.*?



Nanocellulose can be used to enhance the water permeability and anti-fouling properties of
membranes by blending them into the polymer matrix and using that two-component
nanocomposite as a barrier layer.*** Additional studies have investigated the potential of
nanocellulose as the sole component of the membrane barrier layer. Many of these membranes
were designed to be affinity membranes focusing on the removal of charged contaminants like
metal ions or organic dyes from solution via adsorption.’?#¢ However, Mautner et al. has shown
that size exclusion based ultrafiltration membranes can be fabricated from nanocellulose without
being blended with a polymer.?’ While these membranes exhibited flowrates comparable to
commercially available membranes, the barrier layers were prone to point defects that could
compromise the selectivity of the membranes. Additionally, the pore sizes were shown to be
dependent on the dimensions of the nanocellulose used in the fabrication of the membrane with
larger diameter nanoparticles leading to larger pore sizes;? therefore, the selectivity of these
nanocellulose barrier layers is limited and these materials cannot be easily tuned to target specific
contaminants.

Thus, the goal of this work is to explore if grafting polymers with different molecular weights
and grafting densities to the CNCs can be used to tailor their performance in membrane
applications. Polymer-grafted CNCs can be processed directly into what has been termed a one-
component nanocomposite (OCNs) film.#”* The covalently linked nature of these materials
prevents phase separation between the nanofiller and the polymer and as such allows access to a
wider range of polymer to nanofiller ratios than traditional two-component composites.*® Prior
work on OCNs of polymer grafted CNCs has shown that such materials exhibit enhanced
toughness and, in some cases, enhanced ion transport over equivalent two-component

composites.*=! Thus, it was of interest to see how functionalization of the nanocellulose with a



polymer impacted the behavior of the resulting OCN membranes. As such, reported herein is the
exploration of poly(ethylene glycol) (PEG) grafted CNCs as the OCN barrier layer for

ultrafiltration membranes (Figure 1). A specific focus of this work is to explore how polymer graft
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Figure 1. Schematic illustration of polymer grafted CNC membranes. The anisotropic thin-film
composite membranes are composed of a one-component nanocomposite barrier layer on top of a
porous membrane support structure. The OCN barrier layer is composed of distinct polymer grafted
CNCs with pores in between the outer edges of their tethered polymer regions.

molecular weight and density impacts the properties of these membranes.
Experimental Section
Materials

Miscanthus x. Giganteus (MxG) pulp was provided by Aloterra Energy, LLC. Sodium
hydroxide (NaOH), sodium hypochlorite (NaOCI), acetic acid, dimethylformamide (DMF)
potassium cyanide (KCN), ninhydrin, butanol, and phenol were purchased from Thermo Fisher
Scientific. Sodium chlorite (NaClOz), hydrochloric acid (HCI), 2,2,6,6-tetramethylpiperidine 1-
oxyl (TEMPO), sodium bromide (NaBr), and N-hydroxysuccinimide (NHS) were purchased from
Millipore Sigma. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) was purchased from
Combi-Blocks. Amine-terminated methoxy poly(ethylene glycol) (PEG-NH2) of various
molecular weights (750, 5k, 10k g mol—1) were purchased from CreativePEGWorks. All water

used was deionized in-house and all chemicals were used as-received without further purification.



Cellulose Nanocrystal Isolation from Miscanthus x. Giganteus
Preparation of the MxG-CNC-COOH

Ground MxG stalks (266.6 g) were soaked in 4 L of 2 wt% sodium hydroxide solution at
room temperature for 24 hrs. The stalks were then treated twice more with 4 L 2 wt.% sodium
hydroxide solutions at 95°C for 24 hours each. After each treatment, the stalks were washed with
deionized (DI) water until the permeate was neutral pH. The pulp was then suspended in 4 L of 2
wt.% sodium chlorite solution and 15 mL of glacial acetic acid and heated to 70°C for 2 hrs. After
the reaction, the solution was vacuum filtered and washed with DI water until the solid was white
with no other color. To isolate the CNCs, hydrolysis was carried out by suspending the bleached
white pulp in 4L of 1M HCI. This slurry was then heated to 75°C and stirred for 15 hrs. The
mixture was then cooled at room temperature before being vacuum filtered and rinsed with DI
water until the permeate was neutral. The solids were then subjected to dialysis with DI water for
5 days with the external solution being replaced twice every day. The solutions were freeze-dried
to obtain the alcohol functionalized MxG CNCs (MxG-CNC-OH) as a white crystalline solid.
Synthesis of MxG-CNC-COOH from MxG-CNC-OH via TEMPO oxidation

In order to synthesize the MxG-CNC-COOH samples, TEMPO oxidation was conducted
following the previously published procedure with slight modifications.?*3? 21.6 g of MxG-CNC-
OH were dispersed into 1500 mL of DI water. Simultaneously, 1.7 g of TEMPO, 16.9 g of NaBr,
and 138 g of NaOCl were dissolved into 500 mL of DI water. These two solutions were then mixed
together and the pH was adjusted to 10 with NaOH and HCI. Once at pH 10, the reaction was
allowed to proceed for 4.5 hrs with the pH being checked every half hour. The reaction was then

quenched with 40 g of sodium chloride before being filtered and washed with DI water. The solid



was redispersed in DI water and dialyzed for 5 days before being freeze-dried to produce MxG-
CNC-COOH.
Grafting PEG-NH: to MxG-CNC-COOH

MxG-CNC-COOH were suspended in DI water at 10 mgmL-!' using a sonic bath to
promote dispersion. Relative to the carboxylate content determined by conductivity titration, PEG-
NH:z (1 eq.) of the desired molecular weight was added to the CNC suspension and allowed to
dissolve. EDC (3 eq.) was added and stirred for 15 min before adding NHS (3 eq.). The reaction
proceeded overnight before centrifuging and resuspending in DI water. This new CNC suspension
was dialyzed in dialysis tubing with a 10k MWCO to remove any remaining EDC, NHS, and free
polymer. The PEG grafted CNC (MxG-CNC-g-PEG) suspension was dialyzed until a Kaiser test
for primary amines confirmed that the free polymer had been removed. To perform the Kaiser test,
three separate solutions were prepared for the testing process: (A) KCN (0.65 mg) was dissolved
in DI water (1 ml) then added to pyridine (49 ml), (B) ninhydrin (1 g) was dissolved in butanol
(20 ml), and (C) phenol (40 g) was dissolved in butanol (20 ml). To conduct a test, sample solution
(1 ml) was placed in a vial on a hot plate at 100°C. Two drops of each solution were added and
allowed to react, shaking occasionally. The color of the test solution was then compared to a
control solution that had no primary amines. Once the test sample did exhibit a color change the
MxG-CNC-g-PEG suspension was deemed to no longer contain a significant amount of free
polymer. After purification, the resulting MxG-CNC-g-PEGs were suspended in water and freeze
dried to obtain a fluffy white powder. To access samples with various grafting density, this process
was repeated with varying amounts of PEG-NH3 (0.5 eq., 1.5 eq., and 2 eq. for MxG-CNC-g-

PEGsk 0.02, MxG-CNC-g-PEGsk 0.07, and MxG-CNC-g-PEGsk o.10, respectively).



Preparation of MxG-CNC-g-PEG Membranes

To prepare MxG-CNC-g-PEG membranes, 100 mg of each sample was suspending in
deionized water at a concentration of 1 mg mL"!. These suspensions were then vacuum filtered
onto cellulose filter paper with an average pore size of 0.2 um. The filtrate was then collected and
passed through the membrane twice more to ensure that any CNCs that passed through the filter
were collected. The membranes were then dried under ambient conditions overnight.
Conductivity Titration

The functional group density of the MxG-CNC-COOH samples was determined by
conductometric titration. 75 mg of the MxG-CNC-COOH were dispersed into 150 mL of DI water
using sonication. 15 uL of 12 M hydrochloric acid was added to 50 mL of the CNC dispersion to
lower the solution’s pH to 2-3. This suspension was then titrated with 0.01 M sodium hydroxide.
In order to determine the charge density on the surface of the CNCs, the volume of 0.01 M sodium
hydroxide used to titrate the weak acid functional groups in the conductometric titration was
determined in Figure S1. The length of the initial trend line represents the volume of 0.01 M NaOH
used to titrate the strong acid functional groups, while the plateau region corresponds to the weak
acid functional groups. From the volume of NaOH used to titrate these functional groups, the
functional group density on the CNC surface can be determined by:

CVNaOH
M

Functional Group Density =

Where C is the concentration of NaOH, VnaoH is the volume of NaOH used to titrate the
functional groups based on the difference between where the trendlines intersect, and M is the

mass of CNCs in kg.



Degree of Crystallinity

Wide angle X-ray scattering (WAXS) conducted at the 12-ID-B beamline at the Advanced
Photon Source at Argonne National Laboratory was used to determine the degree of crystallinity
of the CNCs after hydrolysis and oxidation. The CNCs were packed tightly into a washer and held
in place between two pieces of Kapton tape. The data was then processed using the SAXS GUI
software at the beamline before being analyzed with the SAS Irena package in IGOR Pro 7. The
crystallinity index of the samples was determined with the peak deconvolution method with a
Gaussian fit.
Thermogravimetric Analysis

The total amount of PEG in the MxG-CNC-g-PEG samples was measured using high
resolution thermogravimetric analysis (Hi-Res TGA). The Hi-Res TGA procedure slows the
heating rate when a mass loss event is detected so that the distinction between degradation events
for cellulose degradation and PEG degradation can be improved. For these samples, procedure was
conducted with the default settings (sensitivity = 1, amplitude 5 °C, period 200 s, ramp = 5 °C
min! to 600°C, resolution = 6) in platinum pans. Taking the derivative of the mass loss curve and
fitting with multipeak fitting software, the area under the peak associated with PEG degradation
can be measured to determine the weight fraction of PEG relative to CNC. Based on this analysis,
a polymer grafting density can be obtained. The calculations for these conversions can be found
in the Supporting Information.
Atomic Force Microscopy

Atomic force microscopy (AFM) was conducted on a Cipher ES Environmental AFM.
Samples were prepared on a freshly-cleaved mica surface by first drop-casting poly(L-lysine),

gently rinsing with DI water, then drop-casting the desired CNC sample suspended in DI water at
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0.005 wt.%. The solution was allowed to sit for 3 minutes before once again gently rinsing with
DI water before drying overnight. The samples were imaged in tapping mode with FS-1500 probes
from Asylum Research and data was analyzed with Gwyddion software (Czech Metrology
Institute).
Tensile Testing

Tensile testing was performed on each sample using a Zwick-Roell zwickiLine Z0.5
materials testing instrument. 5 mm wide strips were cut from each sample and strained at room
temperature at a rate of 1 mm per min until break. Each membrane was tested in triplicate.
Scanning Electron Microscopy

SEM images of the cast membranes were taken with a Carl Zeiss Merlin high-resolution
Field Emission Scanning Electron Microscope (FE-SEM). The SEM was operated under the In-
Lens mode with an acceleration voltage of 1.0 kV with a working distance of 2—3 mm. The samples
were placed on copper tape stuck onto stubs, and sputter-coated with with a thin layer (~4 nm) of
Pt/Pd alloy using a Cressington 108 Auto Sputter Coater to reduce electron beam charging and
improve the image quality.
Dead-end Filtration Flux Tests

To prepare samples for flux measurements, 25 mm disks were punched out of each MxG-
CNC-g-PEG membrane. These membrane samples were then placed at the base of an Amicon
Stirred Cell, which was then filled with 10 mL of DI water. As such the duration of each
experiment varied depending on the water flux through each sample membrane. The stirred cell
was connected to a nitrogen tank and pressurized to 2 bar. The permeate was collected in a beaker
on a mass balance that was connected to computer so that the mass flowrate through each

membrane could be measured over time (Figure S2).
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Molecular Weight Cut-Off Measurements
To determine the rejection performance of each membrane, the same experimental set up
from the flux tests was used except the DI water was replaced with polymer solutions. These
polymer solutions were prepared by dissolving PEG with molecular weights of 10 kDa, 35 kDa,
and 100 kDa into DI water at a concentration of 5 mg mL-!. These solutions were then flowed
through each membrane, and the permeates were collected. In order to mitigate fouling, the
solution was stirred for the duration of the test, and the membranes were washed between trials.
Two mL of each permeate was then freeze dried before being resuspended in 2 mL of DMF. The
concentration of these solutions was then determined by RI detection in a DMF gel permeation
chromatography instrument.
Helium Pycnometer Density Measurements
The volume of each MxG-CNC membrane was measured with an Anton-Paar Ultrapyc

5000. In order to calculate density, each sample was weighed before being placed in the sample
chamber of the pycnometer. Each sample was placed into the microcell with filler metal spheres
to reduce the void space of the cell and increase the accuracy of the measurements. The cell was
pressurized to 18 psi with helium at 25 °C for each test. Each measurement was repeated 8 times.

Results and Discussion

Isolation and Functionalization of Cellulose Nanocrystals

Miscanthus x. Giganteus (MxG) is the biosource used access the cellulose nanocrystals and the
MxG-CNC-COOH’s were obtained from this biosource according to established literature
procedures.??>2 The MxG stalks undergo mechanical processing, base washes, and acid washes to
isolate the CNCs. Carboxylate groups are then introduced to the surface of the CNCs through

(2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO)-mediated oxidation in aqueous dispersions
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(Figure 2(a)). These carboxylate groups serve to improve the dispersion of the CNCs in solution
as the electrostatic repulsion mitigates CNC aggregation, while also providing a reactive moiety
for further functionalization. The density of carboxylates on the CNC surface was determined (via
conductivity titration) to be ca. 1000 mmol/kg, which is equivalent to ca. 1.14 carboxylate groups
per nm? (Figure S1). The MxG-CNC-COOH exhibited a crystallinity index of 0.85 as measured
by wide angle X-ray scattering (Figure S3) and the dimensions of the crystals (determined by AFM
with a n=10 for all measurements) had an average length of 300 + 120 nm, a width of 8.5 =2 nm,

and a height of 3.3 = 0.7 nm (Figure 2(b)).
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Figure 2. (a) Synthesis of carboxylic acid functionalized CNCs (MxG-CNC-COOH) followed by
the subsequent grafting reaction to attach PEG-NH: to the CNCs, (b) AFM height image of MxG-
CNC-COOH, (c) AFM height image of MxG-CNC-g-PEGsk 0.10 (PEGsk o.10 refers to 5000 g mol
I grafted using EDC/NHS at a grafting density of 0.10 chains per nm?), and (d) a representative
AFM height profile comparison for an average of 10 measurements between MxG-CNC-COOH
and MxG-CNC-g-PEGsk o.10
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Amine-terminated methoxy poly(ethylene glycol) (PEG-NH2) of various molecular weights, 750
g mol!, 5k g mol’!, and 10k g mol!, was grafted to the MxG-CNC-COOH (Figure 2(a)) using 1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-hydroxysuccinimide (NHS) as
coupling agents in deionized water following literature procedures.’>>* The resulting polymer
grafted CNCs (termed MxG-CNC-g-PEGx, where x is represents the M.Wt. of the PEG graft in
g/mol, 750, 5k, or 10k) exhibit an increase in height from 3.3 = 0.7 nm to 8.8 £+ 1.3 nm after grafting
for MxG-CNC-g-PEGsk, which is consistent with successful covalent attachment of the PEG-NH2
to the CNC surface (Figure 2(c) and 2(d)).*>>? It is worthy of note that the measured increase in
height takes into account the addition of grafted polymer to both the top and bottom surface of the
CNC such that the height of each PEG brush is approximately half of the measured increased
height. MxG-CNC-g-PEGiok also exhibits an increase in height to 5.0 + 0.2 nm, while the MxG-
CNC-g-PEG7s0 shows only a slight change in height (4.2 = 0.5 nm) relative to the height of the
ungrafted MxG-CNC-COOH (Figure S3). The change in height of the grafted polymer is related
to both the molecular weight and density of the grafted polymer (vide infra) - higher grafting
density leads to a more extended polymer conformation and as such larger particles.

To determine the amount of PEG grafted to the CNCs high-resolution thermogravimetric
analysis (Hi-Res TGA) was used. The degradation of the MxG-CNC-g-PEG samples exhibit three
degradation events as observed in the Hi-Res TGA data (a-c in Figure 3 and Figure S5). Based on
the TGA of the MxG-CNC-COOH and the PEG-NH2 the lower temperature degradation events (a
and b) are associated with cellulose degradation, while the higher temperature degradation event
(c) corresponds to PEG degradation. To estimate the weight fraction of PEG in these samples, a

peak deconvolution method with a Lorenztian fit was used to determine the contribution of each
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Figure 3. Hi-Res TGA curves of MxG-CNC-COOH (green), PEG-NH: (blue), and MxG-CNC-g-
PEGsk 0.10 (solid red). The derivative of MxG-CNC-g-PEGsk o.10 is presented to highlight the
degradation events corresponding to cellulose (labeled a and b) and PEG degradation (labeled c).

Table 1. Polymer content and grafting density for MxG-CNC-g-PEG samples with various
molecular weights of grafted PEG.

Grafted Polymer Volume

Polymer Fraction Grafting Density
Sample (Wt%) (%) (Chains/nm?)
MxG-CNC-g-PEG750 14 18 0.25
VMxG-CNC-g-PEGsk 0.02 8 10 0.02
MxG-CNC-g-PEGsk 0.0 17 21 0.05
VMxG-CNC-g-PEGsk 0.07 24 30 0.07
(MxG-CNC-g-PEGsk o.10 31 37 0.10
MxG-CNC-g-PEGiok 32 38 0.05

component to the peaks of the dTG curve (Figure S6). The area under these fits were integrated to
estimate PEG weight fractions, which ranged from 8 to 32 wt.% (Table 1) depending on the
sample, which corresponds to volume fractions from 10 to 38% PEG (Table 1, Section S1). The

weight fractions were used to calculate the grafting density of each sample, which ranges from
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weight fractions were used to calculate the grafting density of each sample, which ranges from
0.02 to 0.25 chains per nm? (Table 1, SI Section S2).%2

It has been shown in the polymer brush literature on planar surfaces that molecular weight and
grafting density each play a role in the nature of the polymer conformation of the grafted brush.>*
In order to explore if the grafted polymer conformation plays a role in the resulting properties of
the PEG grafted CNC membranes, in addition to varying the molecular weight of the grafted PEG,
the MxG-CNC-g-PEGsk material was prepared at different grafting densities. The initially
synthesized MxG-CNC-g-PEGsk has a grafting density of 0.10 chains/nm?. To access samples with
different grafting densities, the same grafting procedure was performed with varying equivalents
of PEG-NH: from 0.5 eq. to 2 eq. The different MxG-CNC-g-PEGsk samples were then purified
with dialysis until amine-sensing Kaiser tests confirmed the absence of unreacted PEG-NH2.> The
resulting samples are labeled MxG-CNC-g-PEGsk y, where the y indicates their relative grafting
densities in chains/nm?, 0.02, 0.05, 0.07, and 0.10, (Table 1). As one might expect the height of
the grafted CNCs as obtained by AFM decreases with grafting density going from 8.8 + 1.3 nm,
5.5+£0.5nm,4.3 +0.1 nm to 3.7 = 0.2 nm for the MxG-CNC-COOHsk y where y=0.1, 0.07, 0.05
and 0.02, respectively. The lower grafting density sample MxG-CNC-COOH:sk 0.02 has a height of
that is statistically equivalent to the height of MxG-CNC-COOH (Figure S4).

The tethered polymer conformations can be divided into three regimes, namely the mushroom
regime, the semi-dilute brush regime (SDPB), and the concentrated brush regime (CPB).49-436-58
The radius of gyration (Rg) and the grafting density of the tethered polymer largely influence which
conformation will be adopted by the grafted polymer.*® The mushroom regime is defined by the
phase space in which the tethered polymers are spread across the surface such that adjacent chains

do no interact with each other.*>? As such, the boundary of mushroom regime is the point at which
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each polymer chain’s conformation would be influenced by its neighbors for a given molecular
weight. As grafting density is increased to the point that neighboring chains are at a distance less
than Rg from each other, the polymers adopt a SDPB conformation.>® In this regime, the polymers
extend away from the nanoparticle surface and deviate from the loose coil conformation seen in
the mushroom regime. As chains are packed more densely on the nanoparticle surface, the
polymers enter the CPB regime, where they elongate to form a stiffer polymer layer. For polymer
grafted nanoparticles that exhibit a CPB, the polymer chains with sufficiently high molecular
weights may transition from a CPB to a SDPB regime at some radial distance away from the
particle’s surface on account of the innate curvature of the nanoparticle causing ¢ the volume to
increase in accordance with predictions by Daoud—Cotton models applied to nanoparticles. 46962

With the grafting densities calculated and the molecular weights known, it was possible to
determine the nature of the grafted polymer conformations by plotting the grafting density and
molecular weight of the grafted PEG onto a tethered polymer phase diagram (Figure 4). The
transition between the mushroom and brush regimes (the red line in Figure 4) was defined by
taking the inverse of the area of a circle defined by the Rg of the grafted polymer that would be
projected onto the surface.*>*2® The concentrated brush to semi-dilute brush transition (the teal
line in Figure 4) was calculated based on work by Hansoge et al. using their model of
polybutadiene, which exhibits a similar persistence length to PEG.>>% Based on this phase
diagram, MxG-CNC-g-PEG7s0, MxG-CNC-g-PEGsk 0.02, and MxG-CNC-g-PEGsk 0.0s each appear
to fall in the mushroom regime, while MxG-CNC-g-PEGsk 0.07, MxG-CNC-g-PEGsk 0.10, and

MxG-CNC-g-PEGiok have moved more into the semi-dilute polymer brush regime.
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Figure 4. Polymer conformation phase space with synthesized MxG-CNC-g-PEG samples plotted.
The concentrated polymer brush to semi-dilute polymer brush transition (teal line) is modeled
based off polybutadiene.®* The mushroom to brush transition (red line) is estimated based on the
grafting density at which circles defined by the Rg of the polymer would start to overlap.

One-Component Nanocomposite Membranes

Membranes were prepared by vacuum casting the different MxG-CNC-g-PEG samples
onto cellulose filter paper, with the MxG-CNC-g-PEG acting as the barrier layer and the cellulose
filter paper providing additional support. This procedure was able to create mechanically robust
membranes as demonstrated via tensile testing (Figure S7 and Table S1). As a control, MxG-CNC-
COOH membrane samples were prepared using the same process. The morphologies of these
membranes were characterized by scanning electron microscopy (SEM), which shows that the
CNC nanoparticles appear to form porous, fibrous networks with individualized particles or

bundles of nanoparticles visible in the images for MxG-CNC based membranes instead of a dense,
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Figure 5. SEM images of MxG-CNC-COOH and MxG-CNC-g-PEG membrane surfaces with PEG
of different molecule weights and grafting densities. (a) MxG-CNC-COOH, (b) MxG-CNC-g-
PEG750, (¢) MxG-CNC-g-PEGsk 0.02, (d) MxG-CNC-g-PEGsk 0.05, (¢) MxG-CNC-g-PEGsk 0.07, ()
MxG-CNC-g-PEGsk 0.10, (g) MxG-CNC-g-PEGiok

solid polymer films (Figure 5). These membranes were tested in a dead-end filtration configuration

to determine the flux of deionized water passing through the membranes under two bars of
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pressure. The MxG-CNC-COOH membrane exhibits a water flux of 3.50 £ 0.10 (

5 ) (Figure

6(a)). The samples in which the graft PEG is predicted to be in the mushroom regime, namely

L L

MxG-CNC-g-PEG750 (3.27 + 0.71 (—— )), MxG-CNC-g-PEGsi 0.2 (3.99 % 0.41 (

> ), and

hrm hrm

L
hr m?2

MxG-CNC-g-PEGsk 0.05 3.76 £+ 0.06 ( )), show no statistical improvement in the flux when

compared to the MxG-CNC-COOH membranes (Figure 6(a) and 6(b)). This data also shows the
polymer volume fraction in these samples, which ranges from 10% for MxG-CNC-g-PEGsk 0.02 to
21% for MxG-CNC-g-PEGsk 0.0, has little-to-no effect on the flux through the membranes.

However, the story appears different as the tethered polymer conformation transitions into the

semi-dilute polymer brush regime. There is a significant increase in the water flux to 6.30 = 0.05

L
(hr m2

(=), 250 £ 5.14 (——) , and 2900 = 290 ) for the MxG-CNC-g-PEGhok, the MxG-CNC-

_L
hrm
g-PEGsk 0.07, and the MxG-CNC-g-PEGsk 0.10 samples, respectively (Figure 6(a) and 6(c)). It is

L
hr m?2

worthy of note that the flux of 2900 (

) for MxG-CNC-g-PEGsk o.10 is significantly higher

L
hr m?2

than the flux of 6.30 ( ) for MxG-CNC-g-PEGiok even though these two samples have similar

volume fractions of 37% and 38%, respectively, suggesting that the volume fraction of PEG in
these composites is not the only driver of the water flux through these materials.

Additional control experiments were conducted with blends of MxG-CNC-COOH and PEG-
NHo: to evaluate the role of covalent attachment between the PEG and the CNC nanoparticles. As

might be expected these tests showed an increase in water flux after each additional test (not
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observed in the MxG-CNC-g-PEG-based membranes) as the free PEG was washed through the

membrane (Figure S8).

a | | | | 1
(@) 3500 - B
® CNC-g-PEGsy pyshroom
3000 -{ ® CNG-g-PEGs gush { B
LI® 2500 B
-
v-ﬁ
& 2000 —
=
L 1500 Mushroom to —
i) Brush
g 1000 Transition B
500 —
->
00— - e —
T T T T T T
000 002 004 006 008 010
Grafting Density, (chains/nm2)
(b) | | ! l | L
5 -
4 } -
o, =
- = 3
=
= 37 B
>
=
[
5 2 B
g
1— ® CNC-g-PEGs pushroom —
CNC-g-PEG7sp, Mushroom
o0 -
T \ T T T T
000 005 010 015 020 025
Grafting Density, (chains/nm2)
(c)
2500 — 1 | L | [
® CNC-g-PEGsy grysn
. 3000 — CNC-g-PEGqk, Brush I B
= | = 2500 —
‘_:t‘
s 2000 —
=
'L 4500 -
9
g 1000 -
500 — —
-
0 =

b d

\ | T | T T
000 002 004 006 008 010
Grafting Density, (chains/nm?2)

Figure 6. (a) Water flux for the MxG-CNC-g-PEGsk y samples as grafting density is increased
from the mushroom regime (black circles) to the semi-dilute polymer brush regime (blue circles)
with the transition point denoted with a solid red line. (b) Water flux of all mushroom regime
samples as grafting density increases. (¢c) Water flux of all semi-dilute polymer brush samples as
grafting density increases.
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In addition to measuring the deionized water flux through these composite membranes, rejection
performance of each membrane was evaluated by determining the molecular weight cut-off
(MWCO) of each sample. The MWCO is defined as the molecular weight at which 90% of a tested
solute is rejected and kept in the retentate and 10% of the solute with that particular molecular
weight passing into the permeate.*>%%* For these studies, aqueous solutions of PEG polymers with
molecular weights ranging from 10 kDa to 100 kDa with concentrations of 5 mg per mL were used
as the solute to test the rejection performance of each membrane. The selectivity of the membranes
was estimated by interpolating between the rejection percentages for PEG solutes with molecular
weights of 35 kDa and 100 kDa for each sample (Figure 7(a)). The selectivity of the membranes
with mushroom regime samples was shown to be 62 kDa for MxG-CNC-g-PEGz7so, 100 kDa for
MxG-CNC-g-PEGsk 0.02 and 97 kDa for MxG-CNC-g-PEGsk 0.05. The selectivity of the membranes
fabricated from the brush regime samples was determined to be 65 kDa for MxG-CNC-g-
PEGsk 007, 82 kDa for MxG-CNC-g-PEGsk o.10, and 85 kDa for MxG-CNC-g-PEGiok. Each of
these membranes exhibited a reduction in the MWCO relative to the MWCO of the MxG-CNC-
COOH samples, which was > 100 kDa (the rejection percentage for 100 kDa solutes was below
90% so an exact MWCO could not be determined). The MWCO is maintained within the low end
of the ultrafiltration regime, namely between 1 kDa and 1000 kDa for all samples (Figure 7(b),
which could have applications for targets in wastewater treatment, water remediation, recovery of
surfactants in industrial cleaning, food processing, and protein separation.* These materials also
compare favorably to some existing commercially available membranes poly(vinylidene fluoride)

based V4 ultrafiltration membranes, which exhibits a MWCO of 70 kDa and a flux of 67 to 104

L
hr m2bar

(

).%5 The selectivity appears to be not significantly impacted by either the amount or the

grafting density of the bound PEG polymer. The tethered polymer morphology also does not seem
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Figure 7. (a) The rejection of PEG is shown for MxG-CNC-COOH (green circles), MxG-CNC-g-
PEG750 (orange plus symbols), MxG-CNC-g-PEG5k 0.02 (brown squares), MxG-CNC-g-
PEGS5k_0.05 (black up triangles), MxG-CNC-g-PEG5k 0.07 (periwinkle down triangles), MxG-
CNC-g-PEG5k _0.10 (blue diamonds), and MxG-CNC-g-PEG10k (cyan thin rhomboids). The
MWCO is the point at which 90% of the solute is rejected (red line). (b) The molecular weight
cutoff (open diamonds for the mushroom regime samples and open squares for the brush regime
samples) of MxG-CNC-COOH and MxG-CNC-g-PEG membranes and the water flux of the
membranes with membrane regime samples denoted with black diamonds and the semi-dilute
brush regime samples denoted with blue squares as a function of the amount of grafted polymer.

to change the selectivity of the membranes. This consistency may be expected for the samples in
the mushroom conformation based on the previously observed flux trends for these materials.
However, this result is perhaps a little surprising for the semi-dilute polymer brush regime samples
since the water flux through these materials is drastically higher when compared to other samples,

while the MWCO remains similar to the other grafted CNCs (Figure 7).
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Based on literature precedent, MWCO data is commonly used to estimate pore size in
ultrafiltration membranes using measured relationships between the MWCO and known pore size.*
According to these comparisons, the MWCO data indicate that the pore sizes within these materials
remain on the order of a few nanometers.* This pore size measured by MWCO likely correlates to
the space between the polymer-grafted CNCs (labeled as “Pore” in Figure 1). The presence of
these pores is consistent with the SEM images, which show that the MxG-CNC-g-PEG
nanoparticles remain distinct from one another with spaces in between their cylindrical forms for
each sample (Figure 5). Based on these flux data, the nature of the polymer brush on the samples
can increase the rate of water transport through the membranes while maintaining similar pore
sizes. As such, the structure of the membranes was evaluated with helium pycnometry to determine
the density of these membranes as the polymer conformation shifted (Figure S10). These data
show that the introduction of PEG to the surface of the CNCs leads to a reduction in the density of
the samples. For example, MxG-CNC-COOH has a density of 1.71 + 0.0004 g/(cm?) while the
mushroom regime MxG-CNC-g-PEG7s0 has a density of 1.61 + 0.0002 g/(cm®). A change in
density is also observed with in the MxG-CNC-g-PEGsk series. The density of the two mushroom
regime samples is relatively constant at 1.62 +0.0002 g/(cm?®) and 1.61 £ 0.0003 g/(cm?) for MxG-
CNC-g-PEGsk 0.02 and MxG-CNC-g-PEGsk 0.0s, respectively. However, a decrease in density is
observed as the grafted PEG transitions into more into the brush regime with values of 1.58 +
0.0003 g/(cm?) for MxG-CNC-g-PEGsk 0.07 and 1.44 £0.0003 g/(cm?®) for MxG-CNC-g-PEGsk o.10.
A similar low density (1.53 + 0.0004 g/(cm?)) is observed for the brush regime MxG-CNC-g-
PEGiok. Thus, the introduction of PEG brushes to the surface of the CNCs appears to shift how the
nanoparticles pack together as the membrane is formed such that the structure is less dense, which

correlates with the increased water flux.2%:66:67
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While other studies have shown that controlling the degree of extension for a polymer brush in
situ based on a salt response can restrict pore sizes and thus change the flux and selectivity of those
membranes.® In this system, since the MWCO remains relatively constant, the average pore size
does not appear to be changing significantly, so the introduction of the polymer brush may lead to
an increase in the number of pores that are of similar sizes or potentially a reduction in tortuosity
that leads to an increase in water permeability. It is also possible that the increase in flux for the
brush regime MxG-CNC-g-PEG samples is aided, in part, by the PEG brushes increasing the water
permeability of the membranes. For these brush samples, which are on the boundary of the
mushroom to semi-dilute brush regimes, the PEG brush on the surface of the nanoparticle
presumably remains water permeable, thus potentially increasing the effective radius of the pores
to water,*”7? increasing the water flux. While the PEG brush on the surface of the nanoparticle
should remain water permeable, the brush may sterically hinder transport of macromolecules
through the membrane.®~7! This would then result in the water permeable volume of the membrane
being larger than the effective pore size for macromolecules.

Irrespective of the exact mechanism, it is worth noting that for the materials in the CPB/SDPB
regime, the flux increases with increasing grafting density. For these CPB/SDPB samples, higher
grafting densities will lead to a larger fraction of CPB before the tethered polymer transitions to
the SDPB phase. Based on the model from Hansoge et. al (Figure 4), the CPD/SDPB samples have
CPB regime fractions of 27.5%, 60.0%, and 65.5% for MxG-CNC-g-PEGiok, MxG-CNC-g-
PEGsk 0.07, and MxG-CNC-g-PEGsk .10, respectively. As the flux through these samples is MxG-
CNC-g-PEGiok < MxG-CNC-g-PEGsk 007 < MxG-CNC-g-PEGsk 0.10, this data suggests that the
CPB regime may be more favorable to water transport than the SDPB.70-72

Conclusions
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A series of PEG grafted MxG-CNCs have been synthesized and membranes consisting of
one-component nanocomposite barrier layers on top of cellulose-based support layers prepared.
The water flux and selectivity of these composite MxG-CNC-g-PEG membranes were evaluated

by stirred cell flux test and MWCO measurements. In particular, it was shown that the water flux

L
hr m?2

through the membranes could be increased by orders of magnitude from 3.5 ( ) to 2900

L
hr m?2

( ), while maintaining a MWCO under 100 kDa, through the addition of grafted PEG at a high

enough grafting density such that the polymer graft adopted a CPB/SDB polymer conformation.
This polymer-grafted CNC-based membrane appears (at least to some extent) to be able to
decouple the traditional tradeoff between flux and selectivity. This system can also be synthesized
and fabricated entirely in aqueous solutions removing the need for large volumes of organic
solvents used to fabricate commercially available ultrafiltration membranes. This methodology
could provide a modular platform for the design of higher-efficiency polymer grafted CNC
membranes that are capable of selective removal or recovery of target contaminants by modifying
the grafted polymers to include specialized functional groups. As such, studies of these materials’
resilience under industrial membrane filtration conditions, exploring their long-term stability, anti-
fouling properties, and chlorine resistance may be of interest. Additionally, studies of alternative
grafting materials like phosphate binding proteins for the selective recovery of dissolved solids
may also be of interest.
Supporting Information

Conductometric titration and WAXS of MxG-CNC-COOH samples, AFM and Hi-Res
TGA of MxG-CNC-g-PEG samples, additional details of multipeak fitting for TGA of PEG grafted
CNC samples, methods used to calculate volume fraction and grafting density of MxG-CNC-g-

PEG samples, and water flowrate through non-grafted PEG CNC membranes.
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