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Research and development of the renewable nanomaterial cellulose nanofibrils (CNFs) has received con-
siderable attention. The effect of drying on the surface energy of CNFs was investigated. Samples of nano-
fibrillated cellulose (NFC) and cellulose nanocrystals (CNC) were each subjected to four separate drying
methods: air-drying, freeze-drying, spray-drying, and supercritical-drying. The surface morphology of the
dried CNFs was examined using a scanning electron microscope. The surface energy of the dried CNFs was
determined using inverse gas chromatography at infinite dilution and column temperatures: 30, 40, 50,
55, and 60 °C. Surface energy measurements of supercritical-dried NFCs were performed also at column
temperatures: 70, 75, and 80 °C. Different drying methods produced CNFs with different morphologies
which in turn significantly influenced their surface energy. Supercritical-drying resulted in NFCs having
a dispersion component of surface energy of 98.3 + 5.8 mJ/m? at 30 °C. The dispersion component of sur-
face energy of freeze-dried NFCs (44.3 + 0.4 mJ/m? at 30 °C) and CNCs (46.5 + 0.9 m]/m? at 30 °C) were the
lowest among all the CNFs. The pre-freezing treatment during the freeze-drying process is hypothesized
to have a major impact on the dispersion component of surface energy of the CNFs. The acid and base
parameters of all the dried CNFs were amphoteric (acidic and basic) although predominantly basic in

nature.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

Cellulose, as the most abundant biopolymer in nature, is the
most influential material in the history of human culture. Its appli-
cations are diverse, and include housing, paper and textiles, phar-
maceuticals, and chemicals [1-4]. Cellulose is the primary
structural building block of trees and other plants and can be eco-
nomically extracted from woody fibers. Regardless of its source,
cellulose can be characterized as a high molecular weight linear
syndiotactic homopolymer composed of D-anhydroglucopyranose
units (AGU) which are linked together by B-(1 — 4)-glycosidic
bonds [1]. In woody plants, cellulose linear chains aggregate to
highly ordered structures referred to as nanofibrils or elementary
fibrils. These nanofibrils of cellulose are then packed into larger
units to form microfibrils which in turn are assembled into cellu-
lose fibers such as the pulp fibers. Nanofibrils in the woody plant
are nano-scale fibers with average cross-sectional dimensions of
about 10 nm x 3.5 nm. They consist of crystalline and amorphous
domains with cellulose chains parallel to the nanofibril axis [5-
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7]. Nanofibrils are generally produced from wood fiber, plant fiber,
pulp fiber, microcrystalline cellulose (MCC), and microfibrillated
cellulose (MFC) using mechanical or chemical methods. Processing
dilute slurries of cellulose fibers, including wood fiber, plant fiber,
and pulp fiber, by grinding or high-pressure homogenizing action
produces nanofibrillated cellulose (NFC) [2,4,8], while digestion
of amorphous cellulosic domains of the raw materials through an
acid hydrolysis process produces cellulose nanocrystals (CNC)
[4,9]. During the mechanical fibrillation process, the treatment of
the raw materials via oxidation mediated by 2,2,6,6-tetramethylpi-
peridine-1-oxyl (TEMPO) radical facilitates the disintegration of
the materials into individual nanofibrils [4,10]. These nanofibrils
are referred to as TEMPO-oxidated NFCs. NFC can also be utilized
as a raw material for producing CNC. These CNC and NFC suspen-
sions, which are denoted as cellulose nanofibril (CNF) suspensions
in this study, are produced on the pilot scale and are commercially
available in US, Europe, and Japan [4,11-13]. A comprehensive re-
view of the manufacturing processes for NFC and CNC was re-
ported by Dufresne [4].

With the availability of CNF suspensions in pilot-scale quanti-
ties, great opportunities are available for exploring their novel
applications, such as the utilization of CNFs as nano-fillers to rein-
force polymers in the plastics industry [2,14,15] and as novel tablet
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excipients in the pharmaceutical industry [3,16]. For these applica-
tions, drying CNF suspension is a prerequisite. A detailed study of
drying CNF suspensions was conducted by Peng et al. [17-19].
The CNF suspensions, including NFC and CNC suspensions, were
each dried by: air-drying (or oven drying), freeze-drying, spray-
drying, or supercritical-drying. After drying, CNFs with various
morphologies, crystalline structures, residue moisture contents,
and thermal stabilities were produced [17,19]. Knowledge of both
the nature and magnitude of surface energetics of these dried CNFs
is critical in optimizing the process of manufacturing CNF-rein-
forced polymer nanocomposites with desirable properties. The
properties of CNF-reinforced polymer nanocomposites are con-
trolled mainly by: (1) agglomeration of cellulose fibers, (2) interac-
tions between cellulose and the polymer, (3) wetting of cellulose
fibers, and (4) the distribution and dispersion of cellulose fibers
within the polymer matrix. These four properties are directly
determined by surface energetics of dried CNFs. Surface energy
measurements are also critical for using CNFs in pharmaceutical
formulations, especially in the prediction of drug adsorption, cohe-
sion, adhesion, mucoadhesion, dispersion stability, coating perfor-
mance and lubricant sensitivity [3,20].

The surface energetics of cellulosic materials have been investi-
gated intensively using several different techniques: contact angle
analysis of cellulose films, powder contact angle analysis, the Wil-
helmy technique, thin-layer wicking, inverse gas chromatography,
etc. [7]. The surface energy data of various cellulose materials were
summarized by Gardner et al. [7]. Among these techniques, inverse
gas chromatography (IGC) is one of the most widely used methods
and has been successfully employed for characterizing the surface
energies of cellulosic materials [20-35]. Cellulosic materials for
different applications were investigated in the mentioned research
work: (1) microcrystalline cellulose (MCC) for pharmaceutical for-
mulations [20], (2) pulp fibers for paper [23,30], and (3) cotton fi-
bers for the textile industry [35]. The most relevant studies cover
cellulosic fibers for manufacturing polymer composites
[28,29,31]. As cellulose is a highly hydrophilic natural material,
its incorporation into a polymeric matrix should be carried out in
such a way as to avoid the uptake of water from the environment.
At the same time, compatibility between the surfaces of these fi-
bers and that of polymers must be optimized for the improvement
of material performance. When cellulose fiber is used in a polyole-
fin-based matrix, the interactions between the fiber and the matrix
are dominated by the ubiquitous Lifshitz-van der Waals (disper-
sion) forces. However, when cellulose is compounded with hydro-
philic matrices, the Lewis acid-base (specific) interactions must
also be evaluated. Generally, the surface of cellulosic materials is
categorized as amphoteric [23,30,31]. However, Jacob and Berg
[23] indicated that the solid surfaces of cellulose are predomi-
nantly acidic while other research results show higher basicity
on cellulose surfaces [30,31]. The research work conducted by Dor-
ris and Gray [21] showed that the dispersion component (y"V) of
surface energy was (1) 49.9 mJ/m? for cotton cellulose at 40 °C
and (2) 38.8 mj/m? for thermomechanical pulp fibers (TMP) at
30°C. The measurement of the dispersion component of two
MCC samples (Emcocel 50 M and Emcocel HD 90) using IGC was
also conducted [20] at 30 °C and 0% relative humidity (RH) and
the results were 55.5 (0.6) and 45.6 (0.4) mJ/m2 The authors
attributed the lower dispersion component of surface energy of
Emcocel HD 90 to its higher density compared with Emcocel
50 M. Increased RH decreases the dispersion component of surface
energy [20,29]. Different material sources were also observed to
cause significant differences in the dispersion component of sur-
face energy. The dispersion component of surface energy of 14 dif-
ferent cellulosic fibers was examined using IGC and the results
indicated that they differ within a range from 35.5 to 44.2 m]/m?
[32]. Crystallinity also affects the dispersion component of surface

energy. Belgacem et al. [36] demonstrated that MCC has a signifi-
cantly higher dispersion component of surface energy (41.0 mJ/
m?) than that of amorphous cellulose (27.4 mJ/m?).

For CNFs produced by homogenization or acid hydrolysis pro-
cesses, the surface properties may have been significantly changed
during the processes of mechanical fibrillation or chemical treat-
ments. Simultaneously, the fraction of surface functionality
changes as the size of cellulosic material decreases and the hydro-
xyl groups at the surface of cellulosic material is different from the
hydroxyl groups inside the bulk. Moreover, the hydroxyl groups at
surface of crystalline cellulose are different from the hydroxyl
groups in the amorphous region of cellulose. Characterization of
the surface energy of CNFs is necessary. At the same time, the dry-
ing method may further impact the surface properties of NFCs and
CNCs. During drying, cellulose fibrils aggregation occurs [37,38].
The method of drying influences the size of the fibril aggregate
dimensions and the reaction rate of the dried cotton cellulose
[38]. After drying, different morphologies, aggregation degree,
and crystalline structures of NFCs and CNCs are formed [17,39].
Therefore, the effect of drying method on the surface properties
of CNFs needs to be evaluated.

The objectives of this study were to measure the surface energy
of the dried CNFs, including NFCs and CNCs, and to evaluate the ef-
fect of drying method thereof. Samples of NFC and CNC were each
subjected to four separate drying methods: air-drying, freeze-
drying, spray-drying, and supercritical-drying. The morphologies
of CNFs in suspensions and in dry form were examined using a
transmission electron microscope and a scanning electron micro-
scope. The surface energy measurements, including dispersion
component of surface energy and acid and base parameters, on
each dried sample were performed using inverse gas chromatogra-
phy at infinite dilution (IGC-ID) and column temperatures: 30, 40,
50, 55, and 60 °C. The IGC measurement of supercritical-dried NFCs
was also conducted at column temperatures of 70, 75, and 80 °C.
The effect of different drying methods on the morphologies and
surface energies of NFCs and CNCs was determined. Correlation be-
tween morphology and surface energy of CNFs is discussed.

2. Experimental sections
2.1. Suspension preparation and drying

The NFC suspension was a commercial product, ARBOCEL
MF40-10 at 10 wt.% from ]. Rettenmaier & Sohne GMBH+CO.KG,
Germany. The CNC suspension at 6.5 wt.% was obtained from the
Forest Products Laboratory in Madison, Wisconsin. Before drying,
distilled water was added into the original suspensions and mixed
using a Speed Mixer® (Flack Tek Inc., US) for 4 min at 2000 rpm to
obtain final weight concentration of CNC and NFC suspensions at
0.001 and 2 wt.%.

Different drying methods were applied to the CNF suspensions
at 2 wt.%, including NFC and CNC suspensions, just after mixing.
Air-drying (AD) of the two different suspensions was performed
in a conditioning room with relative humidity of 65 + 5% and tem-
perature of 20 + 2 °C. The suspensions were allowed to settle to a
constant weight in plastic containers before collection. Prior to
freeze-drying (FD), CNF suspensions (about 20 ml) were frozen in
vials at a temperature of —80 °C for 24 h. Frozen suspensions were
then transferred to a Virtis Freezemobile 25 SL freeze dryer, which
has a condenser temperature of —80 °C and a vacuum of 11 mTorr.
Lyophilization was allowed to continue for 72 h. Supercritical dry-
ing (SCD) of the prepared suspension was conducted on the Tousi-
mis Samdri PVT-3 Critical-Point dryer. Four steps were involved in
this process: (1) dehydration of CNF suspension with a series of
ethanol solutions (50%, 75%, 95%, and 100%) until water was
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completely replaced with ethanol, (2) replacement of ethanol with
liquid CO,, (3) pressurization and heating of the liquid CO, and the
cellulose mixture to the supercritical conditions, and (4) slow
decompression of the supercritical CO, to atmospheric pressure.
Spray-drying of the CNF suspensions was conducted using a Buchi
Mini Spray Dryer B-290 laboratory spray dryer (New Castle, DE,
USA). High purity nitrogen gas was used as an injected gas to form
the suspension droplets. The spray-drying process is detailed in
Peng et al. [17] and Peng et al. [18]. In this study, CNF suspensions
were dried at an inlet temperature of 175 °C, gas flow rate of 540 1/
h, pump rate of 4.5 ml/min, and drying gas flow rate of approxi-
mately 35 m3/h. The outlet temperatures of the spray-dryer mea-
sured for the NFCs and CNCs were 100 and 93 °C. All the dried
CNFs were put in plastic bags and stored in a desiccator at ambient
temperature for future use.

2.2. Transmission electron microscopy (TEM)

Drops of 0.001 wt.% NFC and CNC suspensions were deposited
on carbon coated electron microscope grids and negatively stained
with 2 wt.% uranyl acetate. The grids were dried in air and ob-
served with a Philips CM10 Transmission Electron Microscope
operated at an acceleration voltage of 80 kV.

2.3. Scanning electron microscopy (SEM)

SEM studies on the morphologies of dried samples were carried
out using an AMR 1820 (AMRay Co.) scanning electron microscope.
All samples were sputter-coated with gold before the microscopic
observations were obtained. SEM images were taken at an acceler-
ating voltage of 10 kV at various magnifications.

2.4. Inverse gas chromatography (IGC) theory

The dispersion component of surface energy and acid and base
parameters of the dried CNFs were measured using inverse gas
chromatography (IGC). Inverse gas chromatography (IGC) is a
technique to characterize dynamic sorption of gas on a solid sur-
face. This differs from analytical gas chromatography. The column
in the IGC is filled with the sample under investigation (adsor-
bent) and the mobile phase consisting of a probe molecule
(adsorbate) with known properties is used to evaluate the surface
of the adsorbent. A pulse experiment is usually conducted to
determine the surface energy of materials. A controllable amount
of the probe molecule is injected and then flows with the carrier
gas (helium) through the adsorbent in the column. At infinite
dilution, the probe molecules are injected at very low vapor pres-
sure which indicates that the adsorption isotherm is located in
the Henry’s Law region. The lateral interactions among the probe
molecules are negligible and the adsorption depends only on
adsorbate-adsorbent interactions [21,40]. At the same time, the
number of injected molecules is unable to form full monolayer
coverage and primarily interacts with high surface energy sites
on the surface. The surface information obtained from IGC-ID
mainly indicates a material presenting the highest activity or en-
thalpy of adsorption [41]. When probe molecules flow inside the
IGC column, equilibrium (or quasi-equilibrium) between adsorp-
tion and desorption of the probe gas on the adsorbent can be as-
sumed to be obtained by adjusting the carrier gas flow rate [42].
After a delay, the probe molecules exit from the column and are
detected by a flame ionization detector (FID) or thermal conduc-
tivity detector (TCD).

The experimental parameter measured in IGC-ID is the reten-
tion time of the probes, which can be converted to the net specific
retention volume by the following relationship [40]:

T
'273.15 M

where Vy is the net specific retention volume per gram of sample
(ml/g), T is the column temperature (K), m is the weight (g) of sam-
ple packed in the column, F is the flow rate (ml/min) of carrier gas,
tr is the retention time (min) of the probe and t; is the retention
time (min) of a reference gas (usually methane), j is the James-
Martin correction, which corrects the retention time for the pres-
sure drop in the column [43]. With the known net specific retention
volume of n-alkane probes, the following relationship can be
applied [40,44,45]:

RT - ln(V;lka"e) =2N.a- (yéW)UZ . (,yll:W)l/Z +C (2)
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m

where V2" is the net specific retention volume of n-alkane probes
on the adsorbent; y' and y:¥ are the dispersion components of
surface energy of the probes and the adsorbent surface; “N” is Avo-
gadro’s number; “a” is the surface area of the probe molecule; “C” is
a constant, depending on the reference state of adsorption. Accord-
ing to the Eq. (2), plot of RT - In(Va*"™) against (a - (y:W)"/?) yields a
straight line with the slope equals to (2N - (y¥)'/?), from which the
dispersion component of surface energy of adsorbent can be deter-

mined. The molecular descriptor (a - (ykw)m) used in this plot is
derived by Schultz et al. [44].

To characterize the Lewis acid-base properties of a solid sur-
face, IGC running using extra polar probes is needed. The free en-
ergy of adsorption caused by the Lewis acid-base interactions
(AGA™®) can be determined by subtracting the dispersion compo-
nent contribution (AG;\Ef) from the total free energy of adsorption
(AGR*™") using the following equation:

_AGQ—B _ _(Acgolar _ AG;\ef)
= —(RT - In(VR"") — RT - In(VR")) (3)

where RT-In(VE") in Eq. (3) is the corresponding value of
RT - In(Va**"®) with the molecular descriptor (a - (y}V)'/?) of the po-
lar probe. With the polar probes running at several different column
temperatures, a plot of AGR® with the Kelvin temperature (T) gen-
erates a straight line with the y-intercept as the enthalpy of adsorp-
tion related to acid-base interaction (AH4®). The acid and base
parameters are then can be calculated using the following equation
[46-49]:

AHAB DN
A — KA( ) +Kp (4)

- AN’ AN"

where AN* and DN are the acceptor number and donor number of
the probes [46,47]; K and Kp are acid and base parameters of the
adsorbent, which can be determined by plotting —AH,Y ®AN" against
(DN/AN"). The linear slope and y-intercept are K and Kp, respec-

tively. These numbers are dimensionless and provide comparative
information about the material surface under investigation.

2.5. Surface property determinations

Air-dried CNF bulk materials (NFCs and CNCs) were ground into
fines using a mortar and pestle. All the other dried CNFs were tested
directly after drying. The IGC experiments were conducted on a
SMS-iGC (Surface Measurement Systems, London, UK). The testing
columns were prepared by filling the dried CNFs into a pre-silan-
ized glass tube 30 cm in length and 4 mm in inner diameter using
an electric vibrator. The ends of the glass tube were plugged with
silanized glass wool. The sample weights packed in the column dif-
fered for various CNFs, ranging from 0.02 to 1.5 g. Helium was used
as the carrier gas, and methane was employed as a reference probe.
The analytical grade probes from Sigma-Aldrich Ltd. (St. Louis, US)
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Table 1
Physical constants for probes used in IGC experiments.*
Probe Surface tension  Cross sectional DN AN*¢
(7Y, mJ/m?) area (a, m?) (kcal/ (keal/
mol) mol)
n-Hexane 184 5.15E-19 - -
n-Heptane 203 5.73E-19 - -
n-Octane 213 6.3E-19 - -
n-Nonane 22.7 6.9E-19 - -
n-Decane 234 7.5E-19 - -
Ethyl acetate 19.6 3.3E-19 171 1.5
(EA)
Tetrahydrofuran  22.5 2.9E-19 20 0.5
(THF)
Acetone 16.5 3.4E-19 17.0 25
Chloroform 25 44E-19 0 54

@ Data from literature [46,50,51].
> DN = donor number.
€ AN* = acceptor number.

used in this study and their physical constants are shown in Table 1.
The values shown in Table 1 were extracted from the literature
[46,50,51]. The retention times of probe molecules and methane
were determined using an FID. All samples were measured under
the same conditions of relative humidity (RH) of 0% and carrier
gas flow rate of 10 standard cubic centimeters per minute (sccm)
at column temperatures of 30, 40, 50, 55, and 60 °C. The evaluation
of supercritical-dried NFCs was performed at temperatures of 70,
75, and 80 °C using the same procedures. The details are discussed
in the next section. Prior to the experiments, the columns were
conditioned in situ for 4 h at a temperature of 30 °C, RH of 0%, and
carrier gas flow rate of 10 sccm. The vapor concentration of the
probe molecules injected into the system was 0.03 p/po (p is the
partial pressure, po is the vapor pressure). Retention time for all
the probes at different temperatures was determined by the peak
maximum method [40]. The dispersion component of surface en-
ergy is then calculated according to the method of Schultz et al.
[44]. The acid-base characteristics of the cellulose materials are
evaluated based on the theories of Gutmann [46], Schultz and Lavi-
elle [49], and Fowkes [51]. Each IGC test for all the cellulose samples
was performed in duplicate.

3. Results and discussion
3.1. Morphology of CNFs in suspension and in dry form

The morphologies of NFCs and CNCs in suspensions were exam-
ined directly using a transmission electron microscope and the ob-
tained micrographs of NFCs and CNCs are shown in Fig. 1. Both NFC
and CNC showed needlelike fibrils. NFCs showed greater dimen-
sions (diameter and length) than those of CNCs. The diameter of
individual NFC is around 10 nm with length ranging from about
100 nm to several hundred nanometers. A portion of relatively
short and large cell wall sections (chunks) in the NFC suspension
which was generated during the mechanical fibrillation process
were also observed (Fig. 1a). The diameter of the large cell wall sec-
tion shown in Fig. 1a is around 250 nm. When compared to NFCs,
CNCs showed more uniform distributed particles, which is the
expectation of manufacturing CNFs using a chemical process. The
diameters are below 10 nm and the lengths are in the range of tens
of nanometers to several hundred nanometers. It is worth noting
that entanglement of NFC and CNC fibrils occurred when air dried
at a concentration of 0.001 wt.%. Simultaneously, NFCs tend to
form significantly more network connections among individual fi-
brils than those of CNCs as shown in Figs. 1.

Morphologies of the air-dried NFCs and CNCs are shown in
Fig. 2a and b. The two suspensions formed solidly packed bulk

materials with different surface morphologies. The water evapora-
tion process was detailed in Peng et al. [17]. Agglomeration of dif-
ferent sizes of NFCs was observed on the surface of air-dried NFC.
Parts of the NFCs were short in length and large in diameter
(Fig. 2a) which is consistent with the observations in Fig. 1a and
b. The surfaces of dried CNCs were much smoother than those of
NFCs, indicating an even denser packing of CNCs than for NFCs.
This is attributed to the much smaller size of CNCs in the suspen-
sions compared to that of NFCs. The morphologies of freeze-dried
NFCs and CNCs are shown in Fig. 2c-f. The dried samples from
the two suspensions formed similar ribbon-like (or platelet) mate-
rials with different sizes, differing from air-dried CNFs. The large
length (several hundred nanometers) and width (tens to hundreds
of micrometers) are the result of the lateral agglomeration of CNFs.
This lateral fibril aggregation was discussed in detail in Peng et al.
[17]. The thickness of these ribbon-like materials can reach nano-
meter scale. A close-up evaluation of the surface morphologies
shows that the freeze-dried NFCs (Fig. 2d and f) are similar to those
that were air dried (Fig. 2a and b). The surface of freeze-dried CNCs
(Fig. 2f) is smoother than that of air-dried CNCs (Fig. 2b). During
the freeze drying process, the nanofibrils were first confined in
the space between ice crystals during the freezing process [52],
increasing the concentration of nanofibrils locally. At this point,
the interaction among cellulose nanofibrils is enhanced and the
nanofibrils form a similar agglomerate structure as occurring in
the case of the air-drying process. Therefore, the surface morphol-
ogy of freeze-dried NFCs is similar with air-dried NFCs. However,
the flow of water vapor from inside of the bulk materials (slow
evaporation of water) during the air-drying process may disturb
the surface morphology of CNC because of its denser packing. This
is not the case for the freeze-dried CNC. No inside water evapora-
tion occurred in the freeze-dried CNCs, forming a much smoother
surface (Fig. 2f) than that of the air-dried CNCs (Fig. 2b).

The morphologies of spray-dried NFCs and CNCs are shown in
Fig. 3a and b. NFCs and CNCs with a size distribution ranging from
nanometer to several microns were obtained. Fibrous NFCs were
formed by attaching small NFC fibrils to longer NFC fibrils during
the spray-drying process. Irregular agglomerates of NFCs were also
obtained. Spray-drying CNCs produced spherical and mushroom
cap (or donut) shaped particles. The detailed information related
to spray-drying is reported in previous papers [17,18]. The mor-
phologies of supercritical-dried NFCs are shown in Fig. 3c and d.
During the process of supercritical-drying, agglomeration of CNFs
was minimized because of the zero surface energy of supercritical
carbon dioxide [17,53,54]. Drying of CNC suspension using super-
critical-drying process was not successful [17]. As seen in the
SEM micrographs of Fig. 3c and d, nano-scale NFCs with diameters
of about 100-200 nm were observed. These micrographs have also
demonstrated the large diameter and short length fibrils which ex-
ist in the NFC suspension. Simultaneously, highly entangled net-
works of fine NFC individual fibrils were observed in the SEM
micrographs (Fig. 3c and d). When compared to the other drying
methods (air-drying, freeze-drying, and spray-drying), supercriti-
cal-drying preserved the original NFC nature to the upmost extent
in surface morphologies, including size and shape.

3.2. Dispersion component of surface energy of the dried CNFs

The adsorption behavior of n-alkane probes on the dried CNFs is
determined by the dispersion component of surface energy. Using
the obtained net specific retention volume of the n-alkane probes,
the dispersion component of surface energy of the CNFs is obtained
using Eq. (2). A typical plot of RTIn V2™ against the molecular
descriptor (a(yV)'/?) is shown in Fig. 4. The dispersion compo-
nents of surface energy as a function of temperature are shown
in Tables 2 and 3. For the various dried CNFs, different sample
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Fig. 1. TEM micrographs of NFCs (a and b) and CNCs (c and d).

masses were needed to conduct the IGC experiments because of
their different morphologies (Figs. 2 and 3) and structures [19].
Calculation of the dispersion component of surface energy gen-
erally requires the retention time of four (or above) n-alkane
probes. During the IGC experiments on the supercritical-dried
NFCs, only the retention times of two probes (n-hexane and n-hep-
tane) were obtained at 30, 40, and 50 °C and three probes (n-hex-
ane, n-heptane, and n-octane) were obtained at 55 and 60 °C. It
was hypothesized that the peaks for the other n-alkane probes took
too long to elute at these measurement temperatures (over 60 min
which is maximum value provided by the equipment) because
they were not observed in the chromatograms of the IGC runs. Un-
der this circumstance, the dispersion components of surface en-
ergy of the supercritical-dried NFC obtained using only two or
three probes were highly variable and were deemed not reliable.
Therefore, the dispersion component of surface energy of the
supercritical-dried NFCs at 30, 40, 50, 55, and 60 °C are not shown
in Table 2. Measurement of the surface energies of the supercriti-
cal-dried NFCs were performed at higher temperatures of 70, 75,
and 80 °C using the same two columns tested from 30 to 60 °C.
The results are shown in Table 3. The dispersion components of
surface energy for the supercritical-dried NFCs are 60.5 + 0.4,
54.9 0.9, and 51 + 1.1 mJ/m? at 70, 75, and 80 °C. The dispersion
components of surface energy of supercritical-dried NFCs de-
creased linearly with increasing temperature. The temperature
coefficients of dispersion component of surface energy (dy"/dT)
are —0.81 and —1.09 mJ m 2 K~! and the linear correlation coeffi-
cients (R?) are 0.99 and 0.98 as shown in Table 3. Based on the lin-
ear relationship between the dispersion component of surface
energy and column temperature, the dispersion component of sur-

face energy of supercritical-dried NFCs at 30, 40, 50, 55, and 60 °C
can be obtained by extrapolation. At 30, 40, 50, 55 and 60 °C, the
dispersion component of surface energy of supercritical-dried NFCs
are 98.3 +5.75, 88.8 4.4, 79.3+3.0, 74.5+2.3 and 69.7 + 1.6 mJ/
m?, which are shown in Table 3.

A comparison of the dispersion components of surface energy
for the dried CNFs at temperatures of 30, 40, 50, 55, and 60 °C is
shown in Table 2 and Fig. 5. Different drying methods resulted in
different dispersion component of surface energy of the dried
CNFs. Supercritical-dried NFCs have the highest dispersion compo-
nent of surface energy when compared to CNFs dried by other
methods. Supercritical-drying formed single NFCs as shown in
Fig. 3c and d. Supercritical-drying preserved the nature of NFCs
with the lowest crystallinity index [19]. A higher dispersion com-
ponent of surface energy of cellulose (116 mJ/m?) at 30 °C gener-
ated by solvent exchange was reported by Lee and Luner [22].
During the supercritical-drying process, the organic solvent etha-
nol was also used to replace the water in the NFC suspension. After
drying, reduced agglomeration of NFCs was observed with presum-
ably more exposed surface hydroxyl groups than those of CNFs
dried by other methods. The supercritical-dried NFCs have the low-
est moisture content of the dried NFCs shown via thermogravimet-
ric analysis [19]. Therefore, more hydroxyl groups which mainly
contribute to the dispersion component of surface energy of cellu-
lose materials [25] are exposed on the surface, resulting in the high
dispersion component of surface energy. Simultaneously, the
highest temperature coefficient of dispersion component of surface
energy (—0.95 + 0.14 mJ/(m? K)) is obtained for the supercritical-
dried NFCs (Table 3) within the temperature range of 70-80 °C,
followed by the air-dried CNCs (—0.60 mJ/(m?K)) within the
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Fig. 2. SEM micrographs of the dried CNFs: (a) air-dried NFCs, (b) air-dried CNCs, (c) and (d) freeze-dried NFCs, and (e) and (f) freeze-dried CNCs.

Fig. 3. SEM micrographs of the dried CNFs: (a) and (b) supercritical-dried NFCs, (c) spray-dried NFCs, and (d) spray-dried CNCs.
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Table 2
The dispersion component of surface energy of the dried CNFs.
Sample Drying method No. Dispersion component of surface energy (75V, mj/m?) dytW/dT (mJ/(m? K)) R
Mass (g) 30°C 40 °C 50°C 55°C 60 °C
AD? 1 0.953 52.0 50.3 47.9 46.3 44.4 -0.25 0.98
2 0.964 52.8 50.9 49.1 47.0 45.0 -0.27 0.95
NFC FD? 1 0.201 431 42.9 39.8 38.5 38.6 -0.18 0.90
2 0.245 45.5 43.6 41.8 39.7 39.6 -0.21 0.98
SD? 1 0.363 53.7 50.9 48.2 46.3 44.8 -0.29 1.00
2 0.257 51.5 49.5 46.9 45.7 43.1 -0.27 0.97
SCD? 1 0.039 - - - - - - -
2 0.024 - - - - - - -
AD? 1 1.228 68.5 61.4 55.6 53.2 50.2 -0.60 1.00
2 1.057 65.3 60.2 534 50.6 47.3 —0.61 1.00
CNC FD? 1 0.228 45.6 42.0 40.5 35.8 35.6 -0.34 0.94
2 0.227 47.3 42.2 41.4 38.0 38.9 —0.28 0.89
SD? 1 0.259 59.7 58.2 55.5 53.2 513 —0.28 0.96
2 0.315 61.2 59.1 55.2 53.8 533 —0.28 0.98
2 AD = air-drying, FD = freeze-drying, SD = spray-drying, SCD = supercritical-drying.
Table 3
The surface energy of supercritical-dried NFCs.
Sample Mass (g) Dispersion component of surface energy y:V, mj/m?) dytW /dT (mJ/(m? K)) R?
30 (°C) 40 (°C) 50 (°C) 55 (°C) 60 (°C) 70 (°C) 75 (°C) 80 (°C)
SCD* NFC 0.039 92.5 844 76.3 72.2 68.1 60.1 55.7 52.1 —0.81 0.99
0.024 104.0 93.1 82.2 76.8 71.3 60.8 54.0 49.9 -1.09 0.98

2 SCD = supercritical-dried.

temperature range of 30-60 °C (Table 2). All the dispersion compo-
nents of surface energy decreased linearly with increasing temper-
ature. The temperature coefficients of dispersion component of
surface energy (dy"V/dT) and the linear correlation coefficient
(R?) for all the other CNF samples are shown in Tables 2. All the
other dried CNFs have much smaller temperature coefficients than
the supercritical-dried NFCs and air-dried CNCs, ranging from
—0.18 to —0.34mJ/(m?K) (Table 2). These values (—0.18 to
—0.34 mJ/(m? K)) are comparable with the temperature coefficient
data reported by other investigators [24,30]. The high temperature
coefficient values of supercritical-dried NFCs (—0.95 mJ/(m? K))
and air-dried CNCs (—0.60 mJ/(m? K)) indicate a much more signif-
icant effect of temperature on the dispersion component of surface

energies of supercritical-dried NFCs and air-dried CNCs compared
to the CNFs dried by other methods. At higher IGC measurement
temperatures, the thermal energy drives greater propensity for
the reorientation of the surface hydroxyl groups for supercritical-
dried individual NFC. In the glassy state of cellulose fibers, local-
ized, thermally activated motions are able to force molecules in
amorphous regions to rearrange [55,56]. Under this circumstance,
hydrogen bonds built among the cellulose chains change with
increasing temperature, forming more inter-chain hydrogen bonds
and more stable sheet structures [57]. The dispersion component
of surface energy of cellulosic materials was observed to depend
mostly on the presence and concentration of free hydroxyl groups
on the surface [25]. Therefore, the effect of temperature on the
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Fig. 5. Comparison of the dispersion component of surface energies of CNFs dried with different methods: (a) NFCs and (b) CNCs.

dispersion component of surface energy of supercritical-dried NFCs
becomes more significant than for the other aggregated CNFs. This
phenomenon may partially explain that the reliable surface energy
data can be obtained at higher measurement temperatures of 70,
75, and 80°C compared to that at the lower temperatures
(30-60 °C). The rearrangement of the hydroxyl groups forming
inter-hydrogen bonds among cellulose fibrils at higher tempera-
tures (70, 75, and 80 °C) eliminates the strong attraction of probes
through van der Waals force in the IGC columns because of the
greater number of free hydroxyl groups on the surface of supercrit-
ical-dried NFCs.

For the IGC measurement of the dried NFCs under the same
temperature, air-drying and spray-drying formed materials that
possessed a similar dispersion component of surface energies.
The dispersion components of surface energy for air-dried NFCs
at 30, 40, 50, 55, and 60 °C are 52.4+0.4, 50.6 £0.3, 48.5 £ 0.6,
46.6 + 0.4, and 44.7 + 0.3 mJ/m? while these values for spray-dried
NFCs are 52.6 £ 1.1, 50.2 £ 0.7, 47.6 £ 0.7, 46 £ 0.6 and 44 + 0.9 mJ/
m?. Air-drying of NFC suspensions was performed at room temper-
ature for several days. The slow drying rate in this process allowed
the proper orientation of the nanofibrils with the establishment of
a hydrogen-bonding network, forming bulk materials (Fig. 2a). The
interactions among nanofibrils through hydrogen bonding may ap-

proach a maximum during the nanofibril position rearrangement.
For spray-drying, the water evaporation rate is higher than that
for air-drying. Increased water evaporation is driven by the rela-
tively higher temperature of spray-drying process (100 °C). When
compared to air-drying, the higher drying rate of spray-drying
may limit the rearrangement of cellulose nanofibrils. Therefore,
the spray-dried NFCs were assumed to form fewer hydrogen
bonds, indicating more exposed hydroxyl groups and higher dis-
persion component of surface energy than that of air-dried NFCs.
However, the possibility of forming denser packing of NFCs at
the drying temperature of 100 °C would lower the dispersion com-
ponent of surface energy of spray-dried NFCs compared to those of
air-dried NFCs. The denser packing of spray-dried NFCs can be
demonstrated by decreased water accessibility, i.e. the less final
moisture content (2.8 wt.%) of spray-dried NFCs than that of air-
dried NFCs (4.1 wt.%) [19]. As a result, the dispersion component
of surface energy of spray-dried and air-dried NFCs were similar.
This was determined by the compounding effects of different
NFC rearrangement and drying temperature in air-drying and
spray-drying processes.

The dried CNCs were different. Air-dried CNC exhibited a higher
dispersion component of surface energy than the spray-dried CNC
at 30 and 40 °C. The dispersion component of surface energy for
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air-dried CNC at 30 and 40 °C are 66.9 * 1.6, 60.8 + 0.6 mJ/m? while
the values for spray-dried CNC are 60.5 + 0.8 and 58.7 + 0.5 mJ/m?.
CNC is much stiffer than NFC because of the digestion of the amor-
phous regions in the manufacturing process of CNC. During the air-
drying process, the effect of CNC rearrangement on the dispersion
component of surface energy is not as significant as that for the air-
dried NFCs. When compared to spray-drying, the smaller size of
CNCs formed less aggregated agglomerates during the process of
air-drying. Evaporation of inside water in the bulk materials may
disturb the connections among CNCs which can be shown by the
rough surface in Fig. 2b. Compared to the spray-dried CNCs, the
higher dispersion component of surface energy of air-dried CNCs
may be partially caused by the greater number of exposed hydro-
xyl groups on the surface. At the same time, spray-drying appears
to promote the formation of inter-molecular hydrogen bonds by
dehydration among CNCs at this relatively high temperature
(93 °C) [57]. The formation of inter-molecular hydrogen bond
would result in a relatively lower dispersion component of surface
energy of spray-dried CNCs than that of air-dried CNC surface. The
assumption of the temperature effect can be validated by the much
higher temperature coefficients of dispersion component of surface
energy during the measurement for air-dried CNCs (0.60 m]/
(m?K)) than those of spray-dried CNCs (0.28) and air-dried NFCs
(0.26 mJ/(m? K)). The less aggregated CNCs have greater freedom
and propensity to rearrange their surface hydroxyl groups under
the effect of thermal treatments, resulting in higher temperature
coefficients of the dispersion component of surface energy. Simi-
larly, higher drying temperature during the spray-drying process
depressed the dispersion component of surface energy of spray-
dried CNCs compared with air-dried CNCs. The hypothesis of the
effect of temperature on dispersion component of surface energy
is further validated by the effect of rising IGC column temperature.
At the IGC column temperatures of 50, 55, and 60 °C, the dispersion
component of surface energy of air-dried CNCs are 54.5*1.1,
51.9 1.3, and 48.8 + 1.5 mJ/m? while the values for spray-dried
CNCs are 55.4+0.2, 53.5+0.3 and 52.3 £ 1.0 mJ/m®. The differ-
ences of the dispersion component of surface energy between
air-dried and spray-dried CNCs decreased from 6.4, 2.1, —0.9,
—1.6, and —3.5 mJ/m? as the IGC measurement temperature in-
creased from 30, 40, 50, 55, to 60 °C (Table 2 and Fig. 5). At the
IGC measurement temperatures above 50 °C, the dispersion com-
ponent of surface energy of spray-dried CNCs is greater than that
of air-dried CNCs. The effect of temperature (IGC column tempera-
ture or drying temperature) mainly dominates the dispersion
component of surface energy of the dried CNCs. Simultaneously,
spray-dried NFCs and CNCs showed practically identical tempera-
ture coefficients (0.28 mJ/(m? K)) of the dispersion component of
surface energy. The spray-drying process diminished the effect of
temperature on the dispersion component of surface energy of
the obtained CNFs. The rearrangement of surface hydroxyl groups
and temperature experience of the cellulose fibers during the
spray-drying process is the main reason for this observation.

A slightly higher dispersion component of surface energy of air-
dried and spray-dried CNCs was observed when compared to the
air-dried and spray-dried NFCs, respectively. However, freeze-
drying produced NFCs and CNCs both with similar dispersion com-
ponents of surface energy and all the dispersion components of
surface energy are lower than those of air-dried and spray-dried
samples (Fig. 2). The dispersion component of surface energy of
the freeze-dried NFCs at 30, 40, 50, 55, and 60 °C are 44.3 +1.2,
433+04, 40.8+1.0, 39.1+06, and 39.1+0.5mJ/m?% The
dispersion components of surface energy for the freeze-dried CNCs
are similar: 46.5+09, 42.1+0.1, 41.0+£0.5, 36.9+1.1, and
37.3 +1.7 mJ/m?. Identical drying methods generated similar sur-
face energies on different materials, indicating the process of
freeze-drying is the dominating factor which impacts the surface

properties of the CNFs. The freeze-drying process consists of three
stages: pre-freezing, primary drying and secondary drying. In the
pre-freezing stage, the cellulose nanofibrils were separated from
water as water changes to ice crystals, thus creating more concen-
trated areas of cellulose nanofibrils. Within the sample, high con-
centrations of nanofibrils enhance the interaction among the
nanofibrils and form different degrees of cellulose agglomerates.
Agglomeration of cellulose nanofibrils blocked the hydroxyl groups
on each nanofibril surface and decreased their exposure density. As
a result, the dispersion component of surface energy decreases. As
freeze-drying proceeds, the bound water left from the primary dry-
ing stage is desorbed from the cellulose nanofibrils and further
agglomeration of cellulose nanofibrils continues. Therefore,
freeze-drying decreased the dispersion component of surface en-
ergy of the dried NFC and CNC more significantly than the other
drying methods. In the case of CNCs, a smoother surface was gen-
erated during the freeze-drying (Fig. 2f) compared to air-drying
and spray-drying, validating that the denser packing of CNCs
caused the lower dispersion component of surface energy. Another
reason is the low temperature treatment on the cellulose
nanofibrils. A study was conducted to investigate the effect of
pre-freezing as a pre-treatment on the surface properties of wood
[58]. Their results indicated that pre-freezing treated wood pro-
duces a lower surface energy than unfrozen samples.

3.3. Acid and base parameters of the dried CNFs

With additional IGC measurements using polar probes, the Le-
wis acid-base characteristics of the dried CNFs can be determined
in the IGC-ID experiments. Four polar probes were used in this
study: ethyl acetate (EA), tetrahydrofuran (THF), acetone, and chlo-
roform. Among the four chemicals, THF is considered a monopolar
basic probe, chloroform is a monopolar acidic probe, and the other
two are amphoteric probes (Table 1). Based on the theory of
Schultz et al. [44], no specific interaction occurs between two acids
or two bases. The free energy of adsorption for the polar probes
caused by acid-base interaction (AQ’B) is calculated using Eq. (3)
and the acid-base components of surface energy are determined
using Eq. (4) over several temperature measurements. The acid
and base parameters calculated for all the dried CNFs are shown
in Table 4. The acid and base parameters indicates that the
dried CNFs were amphoteric (acidic and basic) with dominant
basic characteristic (Kg > Ka). The acid and base parameters for

Table 4
The acid and base parameters of the dried CNFs.

Sample Drying method No. Acid and base parameters
Mass (g) Ka Kg R?
AD? 1 0.953 0.37 0.67 0.98
2 0.964 0.37 0.63 0.98
FD* 1 0.201 0.40 0.64 0.97
2 0.245 0.34 0.51 0.98
NFC SD? 1 0.363 0.45 0.69 0.98
2 0.257 0.38 0.57 0.98
Ne 1 0.039 0.61 1.14 0.99
2 0.024 0.76 1.42 0.98
AD 1 1.228 0.46 0.81 0.98
2 1.057 0.44 1.01 0.98
CNC FD 1 0.228 0.37 0.61 0.98
2 0.227 0.36 0.77 0.97
SD 1 0.259 0.66 1.37 0.98
2 0315 0.66 1.41 0.99

2 AD = air-drying, FD = freeze-drying, SD = spray-drying, SCD = supercritical-
drying.
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supercritical-dried NFCs are calculated based on the IGC measure-
ments at 70, 75, and 80 °C and the values are 0.69 +0.08 and
1.28 £ 0.14 (Table 4). When compared to NFCs dried by other three
methods (air-drying, freeze-drying, and spray-drying), supercriti-
cal-drying produced NFCs with higher acid and base numbers.
However, no significant difference was observed on the ratios of
base to acid numbers for all the dried NFCs, ranging from 1.5 to
1.9. At the same time, no obvious difference was observed among
the acid and base numbers of the NFCs produced from air-drying,
freeze-drying, and spray-drying. The CNC samples show slightly
higher basic numbers (Kg) than the NFCs dried using the same
methods. The ratios of base number to acid number for the CNCs
are also slightly higher than those of the NFCs. Grafting of the sul-
fate group (strong donor group) to the outer surface of cellulose
nanocrystals changes the nature of the CNC surface [59,60].

4. Conclusions

The effect of four drying methods on the surface properties of
CNFs, including NFCs and CNCs, were investigated by scanning
electron microscopy and inverse gas chromatography at infinite
dilution (IGC-ID): air-drying, freeze-drying, spray-drying, and
supercritical-drying. The surface energy measurements, including
dispersion component of surface energy and acid and base param-
eters, were conducted at the temperatures of 30, 40, 50, 55, and
60 °C. The surface energy measurement of supercritical-dried NFCs
was also conducted at column temperatures of 70, 75, and 80 °C.
Each drying method produced unique CNFs with different surface
morphologies and surface energies. Supercritical-drying produced
entangled individual NFCs with the highest dispersion component
of surface energy of 98.3+5.75, 88.8 +4.4, 79.3+3.0, 74.5+2.3
and 69.7 + 1.6 mJ/m? at 30, 40, 50, 55 and 60 °C. Higher tempera-
ture measurement of the dispersion component of surface energy
for supercritical-dried NFCs at 70, 75, and 80 °C decreased the val-
ues to 60.5, 54.9, and 51 mJ/m?. Different degrees of agglomeration
were observed for CNFs produced by air-drying, freeze-drying, and
spray-drying, influencing the surface energies. The dispersion com-
ponent of surface energy of the freeze-dried NFCs (44.3 + 0.4 m]/
m? at 30 °C) and CNCs (46.5 + 0.9 mJ/m? at 30 °C) were the lowest
among all the CNFs. Pre-freezing treatment mainly contributes to
the observed differences in surface energy. The dispersion compo-
nent of surface energy of all the dried CNFs decreased linearly with
increasing temperatures from 30 to 60 °C. This is also true for
supercritical-dried NFCs from 70 to 80 °C. The temperature coeffi-
cients of the dispersion component of surface energy (dy*V/dT) for
supercritical-dried NFCs from 70 to 80 °C (—0.95  0.14 mJ/(m? K))
and air-dried CNCs from 30 to 60 °C (0.61 = 0.01 mJ/(m? K)) were
much greater than for the other drying treatments, indicating a sig-
nificant effect of temperature on dispersion component of surface
energy.

The acid-base components obtained from the IGC measure-
ments indicated that the dried CNFs were amphoteric (acidic and
basic) although predominantly basic in nature. The CNC samples
show slightly higher basic numbers (Kz) than the NFCs using the
same drying methods. The ratios of base number to acid number
for the CNCs are also slightly higher than those of the NFCs. Graft-
ing of the sulfate group (strong donor group) to the CNCs outer sur-
face is probably the reason causing the different acid and base
parameters of CNCs and NFCs.
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