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Abstract: Cellulose nanocrystals (CNCs) are attractive for use in polymer composites, biomedical
applications, and barrier packaging. In all of these applications they are mixed with other components
and compatibility is a major design consideration, as CNCs naturally have a high density of surface
hydroxyl groups and primarily disperse well in polar media. Numerous surface modification
approaches have been used to address these issues, but challenges remain due to the variability
in the commercially available CNC materials. CNCs can be produced from biomass using several
extraction methods, most notably acid hydrolysis and biomass extraction, also known as the American
Value Added Pulping process. The production method of the CNC material has an impact on
both physical and surface properties of CNCs, including size, shape, crystal structure, and zeta
potential. In addition, post-treatments can be used to purify the CNC material and further alter these
properties. This work studies the properties of CNCs from three different commercial suppliers and
after conducting three different post-treatments: dialysis, Soxhlet extraction, and acetone washing
to understand the effect of the commercial source and purification on CNC surface properties and
modification via 2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) mediated oxidation. We show
that there is significant variation in CNC physical and surface properties between different commercial
suppliers before and after purification. Importantly, we show that for CNCs produced through
acid hydrolysis, acetone washing or Soxhlet extraction in ethanol decreases the achievable degree
of TEMPO modification, but makes it more consistent between the different commercial suppliers.
This has important implications for improving reproducibility in CNC research as well as aiding the
expanding fields of applications.

Keywords: cellulose; nanocellulose; surface modification; purification; TEMPO oxidation

1. Introduction

Cellulosic materials can be extracted from a variety of natural biomass sources including trees,
grasses, hemp, and tunicate [1-3]. They show low toxicity [4,5] and their fibers are naturally high in
strength and stiffness, making them suitable as reinforcement materials in textiles and composites [6-8]
as well as attractive for biomedical and pharmaceutical applications [6,8,9]. Particularly promising
forms of cellulose are nano-sized crystals and fibers. A number of researchers have investigated
cellulose nanofibers (CNFs) and cellulose nanocrystals (CNCs), taking advantage of the small size
for enhancing mechanical properties and the high specific surface area for chemical interactions and
modifications. Applications of cellulose nanomaterials range from reinforcing composites [10,11] to
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drug delivery and crystallization systems. [12-15]. Due to the variety of promising applications for
cellulose nanomaterials, an understanding of the variability in CNC properties due to commercial
supplier and purification is essential.

A powerful property of CNCs is the large specific surface area containing a high density of
hydroxyl groups, which can be modified through various chemistries. This can be done using
surfactants [16,17], molecular grafting [18,19], or polymer grafting [20,21]. Other surface modifications
are used to improve gelation in water and organic solvents [14,22]. In many of these cases, the
surface reaction begins by converting the hydroxyl groups to more reactive carboxyl groups via
2,2,6,6-tetramethylpiperidine-1-oxyl radical (TEMPO) mediated oxidation [23-25]. The carboxyl
groups on oxidized-CNCs (O-CNCs) can be used to form films with barrier properties [26,27], to
enable crosslinking in alginate solutions [28] or as a starting point for further modification, such as
polymer grafting [23] or carbodiimide coupling [24]. Though this is a crucial surface modification in
the CNC field, the effect of CNC commercial supplier and purification method on the extent of TEMPO
oxidation has not been previously studied.

Cellulose nanomaterials do not occur at their small size in nature but are instead extracted from
bulk sources such as trees, plants, or tunicates [3,29]. They have a hierarchical structure, forming
fibers on the largest scale, which are composed of microfibrils made from crystalline and amorphous
cellulose regions (Figure 1) [3]. Disruption of the microfibril structure enables the removal of all or
parts of the amorphous regions of the material, leading to the nanoscale forms of cellulose, CNFs, and
CNCs, with CNCs resulting from removal of a majority of the amorphous regions [3,30]. Breaking the
cellulose structure down into smaller components requires harsh extraction methods such as the use of
strong acids or enzymatic systems [31-33], which can modify the surface chemistry of the CNCs and
CNFs, leading to strong dependencies of material properties on the commercial source and extraction
method [3,34]. This has been recognized recently in the community and new efforts have emerged to
develop benchmarking standards for CNC materials [35,36]. The effect of batch-to-batch variation and
purification for a single CNC source on reproducibility of surface modification has also been studied
in this context [37,38]. Here, we use these principles on a wider variety of commercially available
nanocelluloses, including one that is expected to have no surface charge. We use three different
purification methods with these CNCs and extend our analysis to understand how TEMPO oxidation
of these CNCs is affected by differences in the commercial source and purification method.

Cellulosic fibers

Biomass/cellulose source

(CNC)
5.30nm I ———— Microfibrillated cellulose
—
100-500nm
Amorphous
Crystalline
CNF OH OH
(CNF) e ol o
I(l-l(lOnmI HO. \w‘ HO it 0
OH
OH o
1nm Cellulose chemical structure

Figure 1. Schematic representation of nanocellulose showing the hierarchical structure.
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Two of the main producers of nanocellulose in North America, the Forest Products Laboratory (FPL)
and Celluforce (CF), use sulfuric acid hydrolysis to produce CNCs from wood pulp. After hydrolysis,
FPL sells the material as an aqueous dispersion with a 11.8 wt% solids content, while CF sells the
material as a suspension or a spray dried powder. Lately, there has also been the development of a
biorefining process by GranBio, which first chemically pretreats biomass with sulfur dioxide (SO;) and
ethanol to remove lignin and the amorphous parts of the cellulose microfibrils and then mechanically
extracts CNCs from the treated biomass [39,40]. These preparation methods are extremely important
when considering CNCs or CNFs for commercial products, especially in delicate application areas
such as healthcare or electronic materials.

Since the commercial CNCs are produced from natural cellulose with minimal clean-up,
post-treatments such as dialysis, washing with acetone, and Soxhlet extraction can be used to
provide more uniform surface properties [36,37]. Dialysis can be used to remove water soluble salts
that may be in the CNC suspension (Figure 2a) [41,42]. Extraction with solvents (Figure 2b) and simple
solvent washing (Figure 2c) can be used to dissolve and remove other organic impurities that can alter
the properties of the CNC surfaces [36,37]. Impurities may include hemicelluloses, lignin, and various
other mono and disaccharides as well as other extractives that are in plants including vanillic acid and
plant metabolites. These three post-treatments are expected to modify the CNC particles and their
dispersion in water and improve the overall consistency and predictability of the materials, which
we will investigate through their effects on the surface modifications of CNCs, specifically TEMPO
oxidation, which is a commonly used CNC modification [24,43,44].

Dialysis
membrane

Cellulose

Cellulose

Extraction ‘
solvent I

o 3
Acetone

Figure 2. Schematics of post treatments on cellulose nanocrystals (CNCs)—(a) dialysis, (b) Soxhlet

extraction in a solvent, and (c) washing with acetone.

In this work, we examine three commercially available batches of CNCs, obtained from FPL,
CF, and GranBio and three different purification methods, dialysis, Soxhlet extraction, and acetone
washing. We characterize the CNC particle size, crystal structure, and surface charge and perform
TEMPO-oxidation on each of the materials. We show how the different post-treatments affect the
physical and surface properties of CNCs and use this information to understand the impact of CNC
commercial supplier and post-treatment on the extent of surface modification via TEMPO-oxidation.

2. Materials and Methods

CNCs were obtained from three different commercial suppliers: an 11.8 wt% slurry of CNCs
in water was produced by the US Department of Agriculture FPL, (Madison, WI, USA—Lot#
2014-FPL-CNC-064) and distributed by the University of Maine Process Development Center, a spray
dried powder was obtained from CF (Windsor, Quebec, Canada), and a slurry of 3.27 wt% BioPlus®
CNC (denoted BP in this work) in water was generously donated by GranBio (Atlanta, USA), which
was produced using their American Value Added Pulping (AVAP) process [39]. We used one batch of
each supplied material for these studies and did not examine batch-to-batch variation in this work. We
use the terminology “cellulose nanocrystal” to describe all three supplied materials for consistency
with commercial terminology and clarity in working with these materials, but do not claim that all
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of the supplied materials conform to ISO or CSA standards for CNCs. Both of the acid hydrolyzed
CNCs were received in their sodium form. TEMPO was obtained from TCI. Sodium bromide (NaBr)
and sodium hypochlorite (NaOCl) were obtained from Alfa Aesar. Ethanol was obtained from Acros
Organics. Acetone was obtained from Fisher Chemical. FPL and BP CNCs were used as received
or freeze dried in our lab using a FreeZone 2.5 L freeze dryer (Labconco, Kansas, USA). All other
materials were used as received. Dialysis membranes were obtained from Ward’s Natural Science and
were made of regenerated cellulose from cotton linters.

2.1. Cellulose Nanocrystal Production Methods

CNC extraction was not performed in our lab as we obtained the pre-made CNCs from the three
vendors. Briefly, their production methods are described here. FPL starts with strip-cut dissolving
pulp and performs sulfuric acid hydrolysis to obtain CNCs with sulfate ester groups on the surface.
The CNCs are then fractionated and concentrated into an aqueous dispersion [31]. CF starts with
bleached Kraft pulp and uses a similar sulfuric acid hydrolysis process to obtain CNCs with sulfate
ester groups on the surface. After hydrolysis, the CNCs are diluted and neutralized using sodium
hydroxide. For the material we used, this is then spray dried and sold as a powder [36,45]. GranBio
uses their patented AVAP process to produce BP CNCs. This is done using acidic sulfur dioxide
and ethanol to fractionate biomass and remove lignin and the amorphous portions of the cellulosic
materials. The CNCs are then mechanically treated to separate the CNC particles. This process leaves
the CNC surface charge-free [39,46].

2.2. Cellulose Nanocrystal Purification Treatments

For the dialysis purification, aqueous suspensions of CNCs were dialyzed against deionized
water. The water-to-suspension volume ratio was 100:1 and, over the course of dialysis, the water was
changed five times at a rate of once per day for 5 days.

Prior to Soxhlet extraction, the CNCs were freeze dried. The extraction was then performed on
the CNCs (1 g) with ethanol in a 500 mL vessel for 48 h. The resulting CNCs were left to dry overnight
before using. For the acetone washing, the CNCs were freeze dried and then suspended in acetone and
stirred for 10 min. They were then centrifuged for 10 min at 10,000 RPM using an Eppendorf centrifuge.
The supernatant was removed, and the wash and centrifuge steps were repeated three times for each
sample. The resulting washed CNCs were left to dry in air overnight before using.

2.3. Cellulose Nanocrystal Characterization

Dynamic light scattering (DLS) provides an approximate size of particles by estimating objects
as spheres. Even though CNCs are rod-like particles, DLS can provide a good relative indication of
the apparent particle size of different CNCs, especially at low CNC concentrations where aggregation
is minimized [35]. DLS was used to obtain the approximate particle size of the CNCs. Solutions of
1 wt% dried CNCs in water were diluted down to 0.001 wt% and sonicated with a probe sonicator for
complete dispersion. These suspensions were measured at 21 °C on a Zetasizer (Malvern Instruments,
Ltd., Worcestershire, UK) using polystyrene cuvettes. Three measurements of each type of CNC were
taken with five runs on each sample. Averages and standard deviations were calculated from these
15 values. The error bars represent the standard deviation.

Transmission electron microscopy (TEM) was used to observe the approximate size and shape of
the CNCs using a JEOL100 CX-II TEM instrument (JEOL, Akishima, Tokyo, Japan) with an operating
voltage of 100 kV. Samples were prepared by drop casting 10 uL of 0.5 wt% CNCs in water onto
carbon coated TEM copper grids placed on filter paper. This was followed by dropping 10 uL of a
0.1% uranyl acetate solution to stain the sample; excess liquid was removed by dabbing with filter
paper. The sample was allowed to further dry overnight before imaging. Images obtained from TEM
were analyzed using Image] to measure the size of individual CNCs. A total of 30 crystals from
three different images of each CNC type were measured and the average and standard deviation were



Processes 2020, 8, 698 50f 14

calculated. The aspect ratio of the CNCs were calculated from length versus width of particles and the
uncertainty was determined via propagation of error.

X-ray diffraction (XRD) was performed to obtain the crystal structure and percent crystallinity of
the CNCs. This was done using a Panalytical X'Pert Pro Alpha-1 XRD (Malvern Panalytical, Malvern,
UK) operated at 40 mA. The range of scanned angles was 5° to 35° using a 1/4° anti-scatter slit and a
0.04 radian soller slit. These scans were done on the FPL and BP CNCs after freeze drying and on
the CF CNCs as received (spray dried powder). Percent crystallinity of the CNCs was determined
using two methods. First, the XRD data was analyzed using PeakFit v4.12 software to perform a
deconvolution of the amorphous and crystalline peaks. It was assumed that the amorphous content
was the only factor contributing to peak broadening, and an amorphous hump at 21.4° was used as
a reference to determine the crystallinity indices [47-49]. The second method used to measure the
crystallinity index (CrlI) was the peak-height method developed by Segal et al. [49,50] and is given
by Equation (1) [50,51]. Iam is the intensity minimum between the 110 and 200 peaks for cellulose I,
which occurs at around 20 = 18.7° and the Igg is height of the 200 peak at 26 = 22.6°. The intensity was
averaged for 20 + 0.05°. Standard deviations were also calculated from these values and measured as
a percentage of the average. The higher of these values was taken as the uncertainty [50,52,53].

Crl = [1 — (Iam/I200)] % 100 1)

Zeta potential measurements of the CNCs were taken using a Zetasizer Nano Z (Malvern
Instruments, Ltd., Worcestershire, UK) with a dip-cell setup. The instrument temperature was set to
25 °C. Approximately 800 uL of 0.001 wt% CNC solutions was measured in optically clear cuvettes.
The Smoluchowski equation was used to calculate the zeta potential. Three samples of each type were
measured with five runs on each sample. Averages and standard deviations were obtained from these
measurements, and the error bars represent the calculated standard deviations for each type of CNC.

2.4. Surface Modification—TEMPO Mediated Oxidation

Oxidation of CNCs was done using the procedure by Habibi et al. [44]. Briefly, about 1 g of freeze
dried CNCs was suspended in 150 mL water and stirred for 10 min. TEMPO (0.035 mol/mol CNC)
and NaBr (0.5 mol/mol CNC) were added and the suspension was further stirred for 10 min. NaOCl
(8 mol/mol CNC) containing 11-15% active chlorine was added in a dropwise manner to start the
oxidation procedure. The pH of the mixture was kept between 10.5 and 11.5 with the addition of 0.5 M
NaOH. The oxidation was deemed complete after 4 h of stirring when the pH of the mixture stopped
decreasing rapidly. The reaction was terminated by adding 5 mL ethanol and stirring for another
30 min. The final product was centrifuged to separate the solids and finally, the oxidized nanocellulose
(O-CNC) was freeze-dried to obtain a white powder. Three oxidations were performed on each type of
CNC before and after the purifications.

The degree of oxidation was quantitatively measured using acid-base conductometric titrations
following the procedure by Araki et al. [23]. Approximately 50 mg of the freeze-dried O-CNC was
suspended in 100 mL water and stirred. A total of 2 mL of 0.1 M HCI was added to the suspension to
obtain the carboxylic acid form of O-CNC. This was titrated against 0.1 M NaOH and Equation (2)
was used to calculate the amount of carboxyl group per gram of CNC, where Vpjateau is the volume
of NaOH corresponding to the plateau of the conductometric titration curve, which is attributed to
neutralizing the CNC carboxyl groups, Cn,or is the NaOH concentration, and Wen is the weight of
O-CNCs used for the titration. Titrations were performed on three separate oxidized samples of each
type of CNC and averages and standard deviations were calculated.

Degree of oxidation (mmol/g) = (Vplateau X CNaoH)/WeNe 2)
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3. Results and Discussion

3.1. Physical Properties of as Received CNCs

CNCs were characterized to determine the physical properties, including size, shape, and
crystallinity, of the materials. For the as received material, the average “apparent particle size” as
measured via DLS was 125 + 6 nm for the FPL CNCs, 92 + 6 nm for the CF CNCs, and 152 + 38 nm
for the BP CNCs (Figure 3, blue bars). The variation in the diameter of FPL and CF CNCs was low,
indicating narrow distribution of CNC sizes and low aggregation, which is attributed to the colloidal
stability of CNCs produced by sulfuric acid hydrolysis. This method of CNC preparation leaves sulfate
half ester groups on the surface of the CNCs, which are charged at neutral pH and provide colloidal
stability [54-56]. The DLS measurements for BP CNCs showed a much wider distribution of particle
sizes as seen from the high standard deviation. Examination of the particle size distribution indicated
the existence of a large number of aggregates with around 50-60% of each sample having a diameter of
400 nm or higher. This higher level of aggregation is due to the lack of sulfate ester groups on the BP
particles, which are produced without acid hydrolysis, and subsequent low surface charge and low
colloidal stability in water [40,46].

400

B As received M Dialyzed M Soxhlet B Acetone

360 F

320 f

el
[+:2]
o

ro
(5]

Diameter (nm)
= ]
g 8

120

80

a0 |

FPL CF BP
Source of CNC

Figure 3. Diameter of all CNCs from dynamic light scattering (DLS) measurements indicating size
as received and after post-treatments. Blue bars are for as received, green bars are for dialyzed
post-treatment, red bars are for Soxhlet extraction post-treatment, and purple bars are for acetone
wash post-treatment.

To complement the DLS results, which treat the particles as spheres, the size and shape of CNCs
were observed using TEM (Figure 4). The average lengths of the CNCs were 133 nm + 34 nm,
79 £ 30 nm, and 194 + 32 nm for those from FPL, CF, and BP, respectively. Overall, these size values
agree with the pattern seen from the DLS results, indicating that the sizes obtained from DLS are
reasonable estimates of the approximate CNC whisker sizes and their trends. The sizes obtained from
TEM are larger than for DLS for BP, probably due to poorer dispersion in the 0.5 wt% solution used for
TEM imaging, indicating that some of the particles in the TEM images are probably aggregates. Based
on the CNC shape, it was determined that the aspect ratio of the BP-CNCs were the highest at 34 + 7
followed by FPL-CNCs at 18 + 5 and CF-CNCs at 8 + 3.
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Figure 4. Transmission electron microscopy (TEM) images of as received CNCs: (a) Forest Products
Laboratory (FPL), (b) Celluforce (CF), and (c) GranBio BioPlus (BP).

The crystal structure and percent crystallinity of CNCs from the three different commercial
suppliers were determined using XRD analysis (Figure 5). It was observed that CNCs from BP and CF
contained only cellulose I crystals, which have a monoclinic crystal structure. Peaks for BP CNCs
were observed at 15.8, 22.8, and 34.7° corresponding to known crystal planes for cellulose Ig. CNCs
from CF show these peaks and an additional peak at 20.7, which corresponds to the 102 plane [52,57]. In
addition to peaks at 15.2, 17, and 22.8, FPL CNCs presented with peaks at 12.2, 19.9, and 21.9. The first
set are indicative of the presence of the monoclinic crystal structure of cellulose Ig and the second set
is indicative of cellulose II peaks [3,36,58]. The crystallinity of the material determined using PeakFit
was based on an underlying amorphous hump at around 21.4° (not seen in the figure). This method
showed that FPL CNCs had the highest total crystallinity at 97%, CF CNCs were 87% crystalline and
BP CNCs were found to have the lowest crystallinity at 68%. The Segal method, which is a good
indication of relative crystallinity, gave a Crl of 83.9% =+ 5% for FPL CNCs, 76.8% =+ 3% for CF CNCs,
and 75.2% + 1% for BP CNCs. Unfortunately, this method does not account for all of the cellulose
II present in FPL CNCs since the Segal method needs to be modified to use I, at 26 = 16° [49,50];
however, this minimum cannot be separated from the 15.2° and 17° peaks from the cellulose Ig present
in the sample. As such, the crystallinity of the FPL CNCs is probably higher than found by this method.
While the two methods provide different values of Crl, the relative trend is the same FPL CNC > CF
CNC = BP CNC. The Segal method was intended as a relative measurement so these variations are
understandable [49,50]. The lower crystallinity of the BP CNCs could arise from some of the cellulose
nanocrystals being damaged during the mechanical extraction process used by GranBio; however,
since we have limited knowledge of their process, it is hard to conclude this definitively.

The zeta potential of the CNCs was also measured (Figure 6, blue symbols). Zeta potential is a
measure of the electrical potential at a solid/liquid interface, and it is a function of the surface charge
and surrounding suspension medium. We use it here as an indicator of the relative particle surface
charge as we maintain a consistent suspension medium (DI water), but it is not a specific measure of
the surface charge. Based on typical characterizations of zeta potential, we consider all zeta potential
values lower than —30 mV to be strongly negatively charged (red zone), zeta potential values between
—15 and —30 mV to be moderately negatively charged (yellow zone), and zeta potential values between
0 and —15 mV to be low to no surface charge (blue zone). We compare samples by zone due to high
variation in specific zeta potential values, particularly for non-spherical particles such as CNCs [59].
It was observed that both CF and FPL had similar, highly charged surfaces with zeta potential values of
=37 + 3 mV and -39 + 3 mV, respectively. BP, obtained from the AVAP process of GranBio, presented
with a much lower zeta potential value of =12 + 1 mV, indicating low to no surface charge, as expected
from that process.
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Figure 5. X-ray diffraction (XRD) powder patterns from the three different sources indicating cellulose
I for CF and BP CNCs and cellulose Ig and cellulose II for FPL CNCs. Miller indices of the peaks are
shown on the graph (ClIg = Cellulose Ig—purple lines; CII = Cellulose Il—green lines).
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Figure 6. Zeta potential values of CNCs (squares are FPL, crosses are CF, and circles are BP), as received
and after post-treatments (blue is as received, green is dialyzed, red is Soxhlet extracted, and purple is
acetone washed). Regions are colored to highlight amount of charge—blue is low to no charge, yellow
is moderately charged, and red is highly charged.

3.2. Physical Properties of Purified CNCs

After examining the as received CNCs, we performed three different post-treatments on the
materials in order to observe how purifying the different as received CNC materials affected their
physical and surface properties. The average size of each of the different CNCs did not significantly
change after 5 days of dialysis (Figure 3, green bars). The dialyzed CNC DLS measurements were
within error of the as received material. Dialysis removes residual salts and free acid molecules that
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might have been left over from the hydrolysis steps. These salts would cause minor particle aggregation
by reducing surface charge [60] or can be present near the CNC particles, which would increase the
observed diameter from DLS measurements; however, these results show that this was not significant
for these materials and the dialysis purification treatment did not have an effect on CNC sizes.

Soxhlet extraction with ethanol was performed for 48 h on freeze dried samples of CNCs in
order to remove impurities present on the surface. It has been noted previously that extraction with
ethanol is able to remove xylobiose, 1,6-anhydroglucose, vanillic acid, and 3,4,5-trimethoxyphenol
from the surface of CNCs obtained from bleached cotton [19,37]. This results from the slightly alkaline
nature of ethanol, which can be used to hydrolyze, dissolve, and remove the impurities on CNCs [61].
A significantly large reduction in the size of CNCs was seen after this purification treatment (Figure 3,
red bars). The diameter of FPL CNCs after Soxhlet extraction with ethanol was reduced to 73 + 2 nm
as compared to 125 + 6 nm for the as received material. This could indicate that extraction with a
polar solvent may enable the removal of some amount of impurities from the surface, which could
decrease the particle size directly or improve dispersion by removing impurities that cause attractive
interactions between particles.

CNC samples were also washed with acetone and a large decrease in the average diameter of the
CNCs was observed after the acetone wash treatment (Figure 3, purple bars). For acetone washed
FPL CNCs, the diameter was 65 + 18 nm as compared to 125 + 6 nm for the as received material.
This indicates that a large amount of organic material on the CNC surface was removed by dissolving
in acetone, which is a good solvent for many organic impurities. Again, removal of impurities may
decrease the particle size directly or reduce aggregation of the particles, leading to lower measured
apparent particle sizes.

The zeta potential of each type of CNC remained approximately the same before and after dialysis
(Figure 6, green symbols). The zeta potential for dialyzed FPL CNCs was —36 + 1 mV as compared to
the =37 + 3 mV for as received, for dialyzed CF CNCs was —47 + 5 mV as compared to —39 + 3 mV for
as received, and for dialyzed BP CNCs was —13 + 1 mV as compared to =12 + 3 mV for as received.
These results indicate that dialysis does not have a strong effect on the surface charge, likely due to
most of the charged impurities being hydrogen bonded with the CNC surfaces and not being removed
from the surface through this purification method.

After Soxhlet extraction (Figure 6, red symbols), the FPL CNCs showed a reduced zeta potential
value of =23 + 2 mV as compared to the =39 + 3 mV from the as received material and the CF CNCs
also showed a smaller decrease in zeta potential value from —37 + 2.5 to —28 + 3.5 mV. This indicates
that removing some impurities by Soxhlet extraction also removed some charged species that were
adsorbed onto the surface of the CNCs. For the BP CNCs, extraction does not significantly change
the surface charge properties, and the zeta potential value after extraction is —17 + 2.5 mV, which is
within error of the as received material at —12 + 3.5 mV. The lack of effect from ethanol extraction for
Soxhlet extracted BP CNCs can be attributed to the fact that the BP CNCs are produced using ethanol
as the solvent to dissolve the biomass. The material has therefore already been altered by ethanol and
additional ethanol does not strongly affect it.

After acetone washing, both FPL CNCs and CF CNCs showed a strong decrease in the zeta
potential (Figure 6, purple), with acetone washed FPL CNCs having a zeta potential value of =13 + 1 mV,
and acetone washed CF CNCs having a zeta potential value of —18 + 4 mV, leaving the CF CNCs
and FPL CNCs slightly charged after the washing. This indicates that a significant amount of organic
impurities was dissolved and removed by acetone, which would account for the reduction in the zeta
potential. Similar to the extraction process, acetone washing does not significantly alter the BP CNC
surface charges. The zeta potential value for acetone washed BP CNCs was —17 + 3 mV, which is
within error of the as received material.
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3.3. Surface Modification of CNCs

The degree to which the CNCs could be oxidized via a TEMPO catalyst mediated oxidation was
evaluated at 4 h, which is a typical amount of time used for TEMPO oxidation and leads to mostly
complete oxidation [44]. The indication that CNCs were fully oxidized was taken as when the pH of
the oxidation reaction stopped dropping [44,62]. The oxidized CNCs were then characterized using
acid-base conductometric titrations to determine the degree of oxidation, reported in mmol/g of CNC.
This is a common method of determining carboxyl content for oxidized CNCs and measures the
conductivity of a solution as a titrant is added. A plateau in the titration curve corresponds with the
amount of carboxyl groups [13,28,62].

When performing a TEMPO oxidation for 4 h and keeping all oxidation conditions constant, with
a 3-molar oxidant to CNC ratio, it was observed that FPL CNCs were oxidized to 1.54 mmol/g, CF
CNCs were oxidized to 1.36 mmol/g, and BP CNCs were only oxidized to 1.05 mmol/g. These are
typical values found for cellulose nanomaterials produced from wood pulp [63,64].

Each of the post-treated CNCs was also subjected to TEMPO oxidation (Table 1) and the effect of
purification on the amount of oxidation possible was measured. Dialysis minimally decreased the
degree of oxidation for all of the CNCs, which is expected given the particle size and surface charge
results, since removing inorganic residues or salts does not significantly change a material’s ability to
react chemically and oxidize. Soxhlet extraction, however, decreased the degree of oxidation reached
for FPL and CF CNCs. This is surprising, as one might expect the removal of impurities to improve
surface modification for typical materials. However, these results indicate that some of the oxidation
that was observed on the as received material could be from oxidation of the impurities rather than
the cellulose molecules. Additionally, it has been suggested previously that there could be charged
oligosaccharides and carboxylic acid impurities adsorbed onto the surface of the CNCs, which are
removable by Soxhlet extraction [36,37]. These impurities would artificially increase the degree of
oxidation observed and their removal, thus, lowers the degree of oxidation calculated. Similarly, for
acetone washing, a decrease in the degree of oxidation for FPL and CF CNCs was observed. Acetone
would also be successful in dissolving inorganic impurities on the surface of the CNCs, which could be
driving the degree of oxidation higher. As such, washing in acetone would remove these impurities
and produce a lower degree of oxidation for just the CNC material. This purification treatment leads to
a greater uniformity of the degree of surface modification across commercial sources, with the degree
of oxidation of as received FPL and CF CNCs being 48% and 27% higher than BP CNCs, respectively,
but only being 14% higher after acetone washing.

Table 1. Degree of oxidation for CNCs (using 3 moles of NaOCI oxidant per mole of cellulose) before
and after post-treatments.

Post Treatment FPL (mmol/g) CF (mmol/g) BP
None 1.54 £ 0.10 1.36 + 0.08 1.04 £ 0.07
Dialysis 1.47 £0.10 1.24 +0.02 0.98 = 0.06
Soxhlet extraction 1.28 + 0.07 1.09 £ 0.01 1.01 + 0.04
Acetone washing 1.14 £ 0.13 1.14 £ 0.01 1.03 £ 0.07

A lower amount of inherent impurities on the surface of BP CNCs would therefore also account
for the lower initial degree of oxidation achieved by BP CNCs. Additionally, after purification using
Soxhlet extraction and acetone washing, the degree of oxidation achieved by BP CNCs remained the
same as the original material, indicating a lower amount of impurities on the surface that could be
removed by the solvents. This supports the results obtained using zeta potential measurements shown
in Figure 6. The results in Table 1 show that as received CNCs obtained from acid hydrolysis (FPL and
CF CNCs) have a much higher degree of oxidation than as received BP CNCs; however, this is likely
due to the presence of surface impurities, which inflate the degree of oxidation values. After washing
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with acetone or Soxhlet extraction with ethanol, FPL-CNCs show the highest degree of oxidation
indicating the highest amount of surface modification possible.

4. Conclusions

In this work, we studied the physical and surface properties of CNCs from three different
commercial suppliers before and after three different post-treatments: dialysis, Soxhlet extraction,
and acetone washing. We studied the effect of the CNC supplier and post-treatment on surface
modifications of CNC using the degree of substitution possible via TEMPO oxidation as a model
reaction. We found that dialysis does not significantly impact the properties of CNC materials nor
affect the surface modification abilities of CNCs regardless of the source. The degree of oxidation
before and after dialysis remained the same for each type of CNC. Soxhlet extraction had a small effect
on the physical properties, especially the particle size, of acid hydrolyzed CNCs produced by FPL
and CF, indicating the removal of a few surface impurities, but not on the BP CNCs produced via
GranBio’s AVAP process. Washing CNCs with acetone produced the largest impact on the physical and
surface properties of the CNCs. The sizes of FPL and CF CNCs were significantly reduced, as were the
measured zeta potentials of the particles. The degree of oxidation for FPL and CF were also significantly
lower, indicating that surface impurities may have been inflating the degree of oxidation calculated for
the untreated CNCs, or the impurities themselves were being oxidized. Overall, it is clear from this
work that there is significant variation in CNC physical and surface properties for different commercial
suppliers, but that the surface charges and achievable degree of oxidation can be made more uniform
across sources by using Soxhlet extraction in ethanol or washing with acetone prior to modification.
This has important implications for transitioning CNCs to commercial products for a wide variety
of applications where surface modifications, particularly those that rely on a TEMPO-oxidation step,
are essential.
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