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ABSTRACT: Nanocellulose extracted from wood pulps using TEMPO
(2,2,6,6-tetramethylpiperidine-1-oxyl radical)-mediated oxidation and sulfuric
acid hydrolysis methods was characterized by small-angle neutron scattering
(SANS), small-angle X-ray scattering (SAXS), and dynamic light scattering
(DLS) techniques. The dimensions of this nanocellulose (TEMPO-oxidized
cellulose nanofiber (TOCN) and sulfuric acid hydrolyzed cellulose nanocrystal
(SACN)) revealed by the different scattering methods were compared with
those characterized by transmission electron microscopy (TEM). The SANS
and SAXS data were analyzed using a parallelepiped-based form factor. The
width and thickness of the nanocellulose cross section were ~8 and ~2 nm for =T
TOCN and ~20 and ~3 nm for SACN, respectively, where the fitting results o001 - o
from SANS and SAXS profiles were consistent with each other. DLS was g (A
carried out under both the Vi, mode with the polarizer and analyzer parallel to
each other and the Hy mode having them perpendicular to each other. Using
rotational and translational diffusion coefficients obtained under the Hy mode yielded a nanocellulose length qualitatively
consistent with that observed by TEM, whereas the length derived by the translational diffusion coefficient under the Vy mode
appeared to be overestimated.

)

01

Intensity ( cm

0.0

H INTRODUCTION ratio. However, microfibrils can aggregate into larger ribbon-
like entities, forming cellulose nanofibers in a hierarchical
manner, and they can further crystallize into cellulose
nanocrystals with higher crystallinity during the extraction

Characterization of nanocellulose (NC), comprising a wide
range of nanoscale cellulose entities, has attracted a great deal
of research interest recently. These nanomaterials share a

common molecular backbone (i.e., cellulose), but their process.

morphology such as size and shape and properties such as In varying nanocellulose extraction processes, sulfuric acid
surface charge and solution phase behavior can vary greatly hydrolysis is a common method that can produce cellulose
depending upon the material source and the extraction method nanocrystals. The method was first reported in the 1950s," "%
used. There are many promising applications of these and has been investigated quite extensively since the
nanomaterials, including nanocomPosites,l_é water purifica- 1990s."°7*" Although several variations in processing con-
tion,””””'? and clinic treatment,'""* whereas the potential of ditions have been demonstrated, this method is generally based
their usage will grow very rapidly when cheaper fabrication on the dissociation of microscale celluloses in concentrated
processes are discovered and low valued biomass sources are sulfuric acid (mass fraction of ~60%) for a short period of time
used. (e.g, an hour) at mild temperatures (e.g,, ~40 °C), followed by

It is known that cellulose microfibrils are the major
component in plant cell walls, serving as the basic building
block for providing a cell's mechanic strength. In a cell
membrane, cellulose macromolecules are synthesized through
cellulose synthase complexes, with the repeating unit being
cellobiose (glucose dimer),"*™"" where these polymeric chains
are self-assembled into microfibrils by complex molecular
interactions involving hydrophobic1 laﬁggregation, hydrogen

several post-treatment steps, such as centrifugation, dialysis, and
ultrasonication. This method can produce cellulose nanocryst-
als with a length of ~100 nm and a characteristic cross-sectional
dimension of ~20 nm. Due to the sulfuric etherification
reaction, hydroxyl groups on the surface of cellulose crystals are
randomly replaced by sulfate ester groups, where the resulting
system can form a stable colloidal suspension.

bonding, geometric confinement, etc.”~ Cellulose microfibrils

typically contain only tens of cellulose chains with a cross Received: November 13, 2016
section in a near square shape, whereas the corresponding Revised:  January 11, 2017
crystallinity is relatively low due to the large surface to volume Published: February 2, 2017
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In the 1990s, a new method was introduced to produce finer
cellulose nanofibers using the TEMPO (2,2,6,6-tetramethylpi-
peridine-1-oxyl radical)-mediated oxidation approach.”””>° The
TEMPO oxidation can selectively oxidize hydroxyl groups at
the C6 position on the cellulose surface and create carboxylate
groups, where the dispersed nanocellulose particles can also
form a colloidal suspension in an aqueous environment. The
resulting cellulose nanofibers usually have smaller cross-
sectional dimensions (2—8 nm) and longer length. The length
can vary significantly, depending on the cellulose sources and
processing conditions, such as TEMPO agent concentration,
reaction time, ultrasonication interval, etc. Due to the
electrostatic repulsion, a stable nanocellulose suspension can
be maintained for several months. In addition, the much larger
aspect ratio of TEMPO-oxidized cellulose nanofiber (TOCN),
as compared to that of sulfuric acid hydrolyzed cellulose
nanocrystal (SACN), can enable the TOCN suspension to
form a gel at much lower concentrations (typically at a mass
fraction of ~0.2%).

Due to the increasing interests in nanocellulose research, it
has become necessary to find ways that can rapidly determine
the dimensions of nanocellulose in the dispersion state
considering the very large amount of potential samples from
different biomass resources and fabrication methods one can
use. The conventional microscopic techniques such as trans-
mission electron microscopy (TEM) and scanning electron
microscopy (SEM) are time-consuming and do not always
reveal the desired information. This is because, for EM
measurements, suitable samples must be prepared on special
supports/grids. The sample preparation process always involves
a drying step, in which the nanocellulose particles can aggregate
into larger sizes due to the hydrophobic interactions.

The purpose of this paper is to demonstrate that varying
scattering techniques can be used to determine the dimensions
of nanocellulose, from nanoscale to submicroscale, in the
dispersion state. In this study, small-angle neutron scattering
(SANS), small-angle X-ray scattering (SAXS), and dynamic
light scattering (DLS) were used to determine statistically
averaged dimensions of individual nanocellulose. The results
were carefully compared with those typically observed by TEM.
SANS and SAXS experiments were carried out as static
measurements, where the corresponding structural information
was extracted via modeling of a suitable form factor of
nanocellulose particles. For DLS experiments, the estimated
particle size was determined by examination of hydrodynamic
properties of the suspension, including translational and
rotational diffusions. These three scattering methods are very
different from each other in terms of experimental protocols
and data interpretation. We demonstrate that all scattering
techniques are useful to extract relevant dimensions of
nanocellulose, providing that careful considerations of experi-
ment procedures, data reduction, and numerical modeling in
data analysis can be applied.

B EXPERIMENTAL SECTION

Materials and Sample Preparation. Two types of
nanocellulose, namely, TEMPO-oxidized cellulose nanofiber
(TOCN) and sulfuric acid hydrolyzed cellulose nanocrystal
(SACN), were chosen for this study. Details of the TEMPO-
oxidation processing can be found elsewhere,”® where the
major steps taken are outlined below. A 2 g portion of dry
wood pulp cellulose was first soaked in 200 mL of water
overnight, into which 0.2 g of sodium bromide and 0.04 g of
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2,2,6,6-tetramethylpiperidine-1-oxyl were subsequently added.
The oxidation reaction was initiated by adding 30 g of sodium
hypochlorite (mass fraction between 10 and 13% aqueous
solution). The mixture was stirred at room temperature for 24
h, with the pH value being maintained between 10.0 and 10.3.
The reaction was terminated by adding 10 mL of ethanol to the
mixture. The resulting cellulose product was washed by
centrifugation at a speed of 9000 rpm (1 rpm = 1/60 Hz)
for 10 min three times. The oxidized cellulose slurry was then
homogenized using ultrasonication (Cole Parmer, VCX-400)
for 10 min, to produce a well-dispersed TOCN suspension (see
Product Disclaimer).

Sulfuric acid hydrolyzed cellulose nanocrystal (SACN) was
obtained from Alberta Innovates Technology Futures (see
Product Disclaimer). The processing condition for fabricating
SACN has been well documented,"” " where the typical
procedure is as follows. A 90 g portion of sulfuric acid (mass
fraction of 64%) was added to 10 g of wood pulp. With
continuous stirring, the reaction was kept at 70 °C for 1 h. After
that, 1 L of deionized water was subsequently added to quench
the reaction, followed by washing and centrifugation. The
resulting nanocellulose suspension was dialyzed using deionized
water until the pH of the surrounding water became neutral.
The suspension was then spray-dried to form the cellulose
nanocrystal powder.

Small-Angle Neutron Scattering. The small-angle
neutron scattering (SANS) experiment was carried out at the
NG7-30m SANS beamline’” in NIST Center for Neutron
Research (NCNR), National Institute of Standards and
Technology (NIST). Three instrumental configurations, with
sample-to-detector distances (SDD) being 1, 4, and 13 m,
respectively, were used to cover a broad g-range (g is the
modulus of scattering vector; q = (47/1) sin(6/2), with A being
the neutron wavelength and 0 being the scattering angle) from
~0.003 to ~0.5 A™". A 6 A neutron wavelength was used, and
the wavelength spread was ~13%. The transmission coefficient
of the sample was determined by taking the ratio of the incident
neutron beam (attenuated) intensities measured with and
without the sample. 1D SANS curves were normalized to
produce absolute scattering intensity.

Demountable titanium cells were used as the sample holders.
Cell windows were made of quartz, and the window aperture
had a diameter of 19 mm to allow the neutron beam (diameter
= 12.7 mm) to pass through. The sample thickness varied: 2
mm thickness cells were used for TOCN suspension samples,
and 1 mm thickness cells were used for SACN samples. The
accurate thickness of all cells was calibrated by measuring the
neutron transmission of cells containing only deionized water.

To increase the scattering contrast, nanocellulose were
dispersed in D,0. For TOCN, the D,0O/H,0 exchange was
carried out in suspension after TEMPO oxidation, where the
suspension was repeatedly centrifuged followed by washing for
three times. As SACN samples were more hydrophilic due to
the charged sulfate ester groups on the nanocellulose surface,
dry powders were directly dispersed in D,0O. All nanocellulose
suspensions were ultrasonicated for 10 min after solvent
exchange, and were centrifuged at 12,000 rpm for 20 min
before loading into sample cells. The scattering data from
empty cell and cell filled with only D,O were measured for
background subtraction purposes.

Data reduction involving averaging 2D data into 1D curves
and construction of a single SANS curve from data measured at
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Figure 1. Schematics of extrusions with rectangular-shaped cross section: (a) parallelepiped model where thickness a and width b could take
arbitrary values; (b) ribbon model where b > a; the ribbon model produced the same small-angle scattering curve as that modeled using the cross

section of the rectangle with semicircle ends, shown in part c.

three different SDDs was carried out using the IGOR macro
(available from NCNR) developed by S. Kline.”®

Small-Angle X-ray Scattering. The small-angle X-ray
scattering (SAXS) experiment was carried out at the beamline
7.3.3* in Advance Light Source (ALS), Lawrence Berkeley
National Laboratory (LBNL). The chosen X-ray energy was 10
keV (4 = 1.2398 A). The SDD was 2.789 m, which covered a g-
range from ~0.006 to ~0.28 A™'. A Pilatus 2 M 2D detector
was used to capture the scattering images (see Product
Disclaimer). Both the beam center and SDD were calibrated
using a silver behenate standard. The X-ray exposure time was 5
min for each sample.

It was critical in solution-SAXS experiments to maintain all
unwanted background static and the same. A custom-built flow-
cell was used as the sample holder, which ensured the correct
capturing of sample and background scattering images. The
chosen diameter of the capillary was 2 mm. For our aqueous
suspension samples, the X-ray beam was attenuated by about
70%. Two ionic chambers were installed before and after the
flow cell to determine the beam attenuation by the sample.
Scattering from pure water and the empty cell was also
measured to ensure correct background subtraction. Con-
version of 2D data to 1D profiles was carried out using the Nika
IGOR macro developed by J. Tlavsky.”

Dynamic Light Scattering. Dynamic light scattering
(DLS) experiments were carried out using a Brookhaven BIC
multiangle light scattering apparatus (see Product Disclaimer).
The laser wavelength was 532 nm. Two scattering modes were
used. In the first mode, the polarizer and analyzer before and
after the sample were arranged in a parallel fashion (both were
perpendicular to the scattering plane), denoted as the Vy, mode.
To investigate the rotational diffusion of anisotropic particles,
the depolarized mode was also used where the polarizer was
positioned perpendicular to the scattering plane but the
analyzer was parallel to the scattering plane, denoted as the
Hy mode. Scattering measurements were performed at multiple
angles from 30 to 140°.

Suspension samples were centrifuged at 12,000 rpm for 20
min before DLS experiments. In the Vi mode, samples with
four concentrations were measured, where the diffusion
coefficient was obtained by concentration extrapolation,
which will be described later. The typical counting time in
this mode was ~10 min. However, in the Hy mode, the sample
at only one concentration (mass fraction of 0.2% for TOCN
and of 0.1% for SACN) was measured, as the detector count
rate was significantly lower than that in the Vy, mode: ~3 h was
needed in the Hy measurement to produce a correlation
function with acceptable statistics.
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The theoretical background in DLS can be briefed as follows.
In self-beating mode, DLS measures the second-order
correlation function G®(g, 7), namely, intensity—intensity
correlation function. At a given g value, it is defined as”!

G?(q, 7) = ADI(t + 7)) (1)

where (I(t)I(t + 7)) is the intensity correlation function and 7 is
the decay time. The Sergiet relation correlates G®(g, 7) with
the first-order correlation function g"(g, t)

G™(q, 7) = a0 + Blg"(q, OT) @)

where A is the baseline and f is the beating efliciency
depending on optics and alignment. After normalization, eq 2
can be written as

g?(q, 7) — 1= plgW(g, 0 3)

In DLS, dynamic information on particles (colloid, polymer
coil, etc.) is included in g(l)(q, 7), which often shows an
exponential decay

g"(q, 7) = G exp(~Tx) )

where G is simply a proportional factor and I" represents the
line-width, which is related to the particle diffusion coefficient,
D. For a polydispersed system, the correlation function is a
linear summation of multiple exponential decays, each
corresponding to a diffusion coefficient due to the motion of
particles with different sizes. Hence,

§a 0= [ G) exp(-To) dr

0 (s)
where G(I) is related to the particle size polydispersity. G(I")
can be obtained by applying the Laplace inversion of eq S,
which was done by using the CONTIN program®>*® in this
study. In this case, the mean value of I', written as (I"), can be
used to calculate diffusion coeflicients, which will be described
later.

Transmission Electron Microscopy. Transmission elec-
tron microscopy (TEM) was used to provide direct visual-
ization of the nanocellulose. The sample preparation procedure
is as follows. TOCN and SOCN suspensions were first diluted
to a mass fraction of 0.01%, sonicated for 10 min, and
subsequently coated on the TEM grid. Before drying, a mass
fraction of 2.0% uranyl acetate aqueous solution was deposited
on the grid and was left for 30 s to stain the sample, where the
excess liquid was absorbed by filter paper. The TEM
measurements were performed using a FEI Bio TwinG2
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microscope equipped with a CCD camera operated with an
accelerating voltage of 120 kV (see Product Disclaimer).

SANS and SAXS Data Modeling. The shape and size of
nanocellulose can be modeled using a rod-like particle with
appropriate cross section. However, it has been found out that
the subtle details in SAXS profiles for dilute TOCN
suspensions could not be fitted by a simple rigid rod model
with consideration of polydispersity.”**° Instead, the paral-
lelepiped model with three characteristic lengths: particle
length L, thickness a, and width b (see Figure 1a) appeared to
be suitable. This model, having a rectangular-shaped cross
section, is consistent with typical crystallographic packing of
cellulose chains. Specifically, natural crystalline cellulose can
exist in I, and I; polymorphs, possessing triclinic and
monoclinic unit cells, respectively. The oblique angles in
those unit cells are both close to 90°.

The scattered intensity from the form factor of the
parallelepiped model can be given by eq 6,** which contains
three characteristic lengths, a, b, and L, in double integral over
polar angle (¢) and azimuthal angle (y) in the spherical
coordinate. This operation is generally computationally
expensive.

L 2 2r n
I(q) = (af:—) f / sinc?A sinc®B sincC sin ¢ d¢ dyr
v o Jo

A =gqasin¢ cosy/2, B=qbsin¢ siny/2, C = qL cos ¢/2
(6)

When the particle length (L) is much larger than the cross-
section dimensions (a and b), two angular averaging can be
decoupled,” and the polar-angle average of the term involving
the particle length can be reduced to 27/(gL). Consequently,
eq 6 can be rewritten as

(ab)*L 1

0
2 f sinc’X sinc’Y dy

2r

I(q) =

where X = qa cosy /2, Y = qb sin /2 (7)

Su et al.** made a further approximation that b >> a (see Figure
1b), and eq 7 could be further simplified to

2 2n
WILL Gncqara) [ ine(ah sin /2) dy
q 0

(8)

The integral in eq 8 can be expressed in the form of a
hypergeometric function, so that the final formula becomes the
expression for the so-called ribbon model (b > a), given as

follows.
B q2b2 ]
4 ©)

Equation 9 is equivalent to the solution derived by using the
cross section having two ends of semicircles, as shown in Figure
1¢.** Therefore, it deviates from the ideal parallelepiped model,
when the values of a and b become close.

In this study, we used a different approach to approximate eq
7. We note that the squared sinc function can be approximated
using a Gaussian function, namely, sin® x/x*> ~ exp(—«*/f). In
this case, eq 7 can be rewritten as follows.

I(q) =

I(q) = (ab)anl sincz(qa/Z)le(%; %, 2;
q
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_ 2 lex _‘1_2 2 N ‘1_2 2_ 2
1(9) = s(arL p[ o +b>]10[8ﬂ<b >]
(10)

where Ij[x] represents the modified Bessel function of the first
kind of zeroth order. The numerical constant f = 2.59 was
chosen so that the Gaussian function and the squared sinc
function possess the same height and same area within [—7, 7].
In this scenario, eq 10 is termed the Gaussian-approximated
parallelepiped model (GAP).

A comparison of the scattered intensity profiles calculated
using three selected models is shown in Figure 2. All three
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Figure 2. Comparison of scattering curves produced using the
parallelepiped model, ribbon model, and Gaussian-approximated
parallelepiped model (GAP). A constant baseline was added to all
curves. An assumption of L >> 4, b was made. The width b and
thickness a of the cross section were set as 2 and 8 nm, respectively.
See text for details.

models yielded similar scattered profiles. The low-q curves
show an ~q " asymptote, which is due to the assumption that L
> a, b. At large-q values, all profiles exhibit an ~q~* asymptote,
which can be explained by the presence of a sharp interface
(cross section). It is seen—unlike the parallelepiped model and
the ribbon model—that the scattering profile derived from the
GAP model lacks the fine feature of oscillation in the large-q
regime. However, notice that, in SANS/SAXS practice, one
always needs to handle a finite background. Particularly at high-
q regime, scattering from solution (including solvent)
approaches that from pure solvent. Due to addition of variances
(of data points of scattering from solution and solvent), large-q
data is usually flooded by noise. In general, about 4 decades of
decay in scattering intensity (after solvent background
subtraction) can be observed. The GAP model behaves well
within this range, and it is computationally much faster, as
compared to the other two.

It is worth mentioning that, in eqs 8—10, the fiber length L
appears in the prefactor; it is theoretically possible to extract
length information through fitting, as absolute intensity can be
measured experimentally (particularly, this is a common
practice in SANS). However, this method is practically not
reliable, at least for the nanocellulose system, for the following
reasons. First, the scattering intensity level is concentration
dependent, which can be clearly seen from Figures 3 and S,
which means an extrapolation of derived L to zero
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Figure 3. 1D SANS (a) and SAXS (b) curves of TOCN solutions at
mass fractions of 0.1 and 0.2%. Solid lines show fitting using the GAP
model. Error bars represent one standard deviation of the means (the
same applies to other figures).

concentration is needed. However, it turned out the SANS/
SAXS experiment for nanocellulose suspensions could only be
carried out in a narrow concentration range, specifically
between ~0.1 and ~0.2% (mass fraction). The lower
concentration limit is determined by the scattering signal
level, and the higher limit is due to overlap concentration
(scales as 1/L*). This fact makes concentration extrapolation
unreliable. Second, the scattering length density is not precisely
known, as it is determined by crystallographic packing details,
which is uncertain due to polymorphism and disorder (in
cellulose packing). Moreover, due to the complex oxidation
process, the nanocellulose surface is decorated with functional
groups. Consequently, L information is “buried” in the fitting
parameter of the prefactor. A feasible scattering method to

determine this parameter would be to explore the Guinier
regime which could appear in even lower g. This is out of the
scope of the present Article.

B RESULTS AND DISCUSSION

Static Measurements Using SANS and SAXS. 1D SANS
and SAXS profiles of TOCN suspension samples taken at two
concentrations are illustrated in Figure 3, where the fitted
curves using the model are also included. Ideally, one would
prepare a suspension that is sufficiently dilute, so that
interparticle scattering does not play a role. However, in
practice, the scattering signals can be very low with dilute
suspensions. For TOCN samples, we found a mass fraction of
~0.1% was the lowest concentration limit that could still yield
scattering data with acceptable statistics. As a result, only two
concentrations, namely, mass fractions of 0.1 and 0.2%, were
used for SANS measurement.

The fitting results using the GAP model, containing two
cross-sectional dimensions, a and b, are summarized in Table 1.
It is seen that both SANS and SAXS methods yielded similar
results; i.e., the TOCN particles possess an average thickness of
~2 nm and average width of ~8 nm. From the biosynthesis
standpoint, these results may indicate the following. As
cellulose chains are synthesized from the terminal complex,
they can aggregate and crystallize into elementary microfibrils,
containing only a few unit cells in the cross-sectional plane.
Elementary microfibrils, together with other components such
as hemicelluloses, can further assemble into nanocellulose
particles. The TEMPO-mediated oxidation method effectively
“disintegrates” large cellulose aggregates (e.g, macrofibers),
producing finer nanocellulose units. The flat shape of
nanocellulose particles, as revealed by both SANS and SAXS
data, suggests that the attack of TEMPO oxidant on the
crystalline cellulose aggregates must have a preferred direction.
This is reasonable, as cellulose chains, unlike starch molecules,
possess a sheet-like configuration in the crystal form. As a
result, the molecular interactions along the different crystallo-
graphic planes are expected to be different. For example,
Langan et al”’ ™ have carried out the complete crystal
structure determination of I, and I3 polymorphs in cellulose
crystals, using X-ray and neutron fiber diffraction methods. In
their study, the hydrogen bonding networks in two crystal
forms were mapped out using the deuterium replacement
technique. It turned out hydrogen bonds exhibited strong
directionality in both polymorphs: They were in the plane of
110 for I,-crystal and the plane of 100 for Ij-crystal. It is
conceivable that the exfoliation of nanocellulose in macroscale
aggregates is associated with the dissolution of hemicellulose
chains and the directionality of the hydrogen bonding plane
where the attack of oxidant molecules may be the easiest.

In Figure 3, the scattering data in the low-q regime of both
SANS and SAXS profiles exhibited a q~' asymptote. SANS
measurement could probe a slightly lower g-range; a slight
intensity bend-over is observed when g < ~0.005 A™". Owing to
fiber length polydispersity, it is possible that a population of

Table 1. Cross-Sectional Dimensions of TOCN Derived from SANS and SAXS Methods (Standard Deviations of Each
Parameter Generated by Fitting GAP Model Were Given in Parentheses)

mass fraction a (nm)/SANS a (nm)/SAXS b (nm)/SANS b (nm)/SAXS
0.1% 1.7 (0.15) 1.7 (1.0 X 107%) 8.2 (0.17) 7.7 (4.4 X 107%)
0.2% 1.7 (7.8 X 107%) 2.3 (7.3 X 107%) 8.0 (9.1 x 1072) 7.8 (1.3 X 107%)

1344

DOI: 10.1021/acs.jpcb.6b11425
J. Phys. Chem. B 2017, 121, 1340—1351


http://dx.doi.org/10.1021/acs.jpcb.6b11425
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcb.6b11425&iName=master.img-003.jpg&w=239&h=388

The Journal of Physical Chemistry B

short fibers can cause scattering intensity to reach the Guinier
regime at low q. However, we also need to be aware that the 13
m SDD instrumental configuration in SANS, which is
responsible for low-q data, had much lower neutron flux as
compared to that in 4 and 1 m SDDs. Thus, inaccuracy in
solvent background subtraction near the beam stop also needs
to be considered.

It is noted that the low-q data in Figure 3b deviate slightly
from the model. This is due to residual aggregates in
suspensions. It does not influence fitting results of cross-
sectional dimensions, as they are mainly determined by
intensity transition occurring in mid-q after ~q~' scaling.

In Figure 4, the theoretical small-angle scattering profiles of
parallelepipeds with different lengths in the g-range between

L = 300 nm
200 nm
150 nm
" 100 nm -
10000 ¢ 80 nm
50 nm
3
&
=]
~~ 1000
o
—_—
100 SANS limit SAXS limit F
0.001 0.01 0.1
A —1
g (A

Figure 4. Calculated 1D scattering curves in the mid- to low-q regime
by using the parallelepiped model with different lengths. The cross
section width b and thickness a are fixed at 2 and 8 nm, respectively.
Low-q detector limits in SANS and SAXS experiments are indicated in
shaded areas.

0.001 and 0.1 A™", calculated using eq 6 with the cross-section
dimensions fixed at @ = 2 nm and b = 8 nm, are shown. When
the particle is short (for instance, L = S0 nm), the scattering
profile shows a clear Guinier region at g < ~0.004 A™". As the
particle length increases, the Guinier regime moves toward a
lower g value. When L > ~150 nm, the Guinier regime is less
than 0.002 A™!, which cannot be observed in our SANS data.
All calculated scattering profiles are consistent after the low-q
regime. This indicates that, by selecting scattering data in an
appropriate g-range, the structural information on particle
length and cross-section dimensions can be decoupled. In our
detection ranges of SANS and SAXS experiments, the length
information for both TOCN and SACN (shown later) cannot
be unambiguously determined. Nevertheless, we note that the
lower limit of the lengths should be ~150 nm.

We need to point out that, when fitting SANS and SAXS data
using different models, size polydispersity was not considered,
yet the data can still be fitted satisfactorily. This does not
necessarily mean that our systems are monodispersed; rather,
the possible reasons are as follows. When a and b are small (in
the order of a few nanometers), the effect of polydispersity is
mainly manifested in the high-q regime, specifically after the q~*
scaling. As the scattered intensity spanned over three decades in
our measurements, the slower intensity decay at the high-g
region (>0.1 A™') was partially flooded by the finite

1345

background level. In other words, in SANS measurement, we
need to consider the effect of instrumental smearing, whereas,
in SAXS measurement, the high-g data are truncated due to the
limitation of our scattering geometry. Because of these facts,
especially of the absence of slower intensity decay at large g,
our fitting is not sensitive to size polydispersity.

Figure 5 shows SANS and SAXS curves of SACN samples at
three concentrations. The scattering profiles were also fitted
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Figure 5. 1D SANS (a) and SAXS (b) curves of SACN solutions at
mass fractions of 0.0, 0.1, and 0.2%. Solid lines show fitting using the
GAP model.

using the GAP model, and the fitting results are shown in Table
2. As compared to TOCN samples, SACN has larger cross-
section dimensions: The sizes of a and b are approximately
doubled. Notice that, in parallelepiped-based models, there is a
prefactor term containing (ab)L. Thus, the increase in cross-
section dimension has a strong effect of increasing the scattered
intensity. This was confirmed by the SANS measurement (its
absolute intensity was measured), as the low-q intensity of
SACN solution (Figure Sa) was about 10 times higher than that
of TOCN solution (Figure 4a). The different results in the
cross-section dimension of nanocellulose prepared by the
different methods might be explained by the following reasons.
Sulfuric acid hydrolysis is a vigorous reaction. The use of high
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Table 2. Cross-Sectional Dimensions of SACN Derived from SANS and SAXS Methods (Standard Deviations of Each Parameter
Generated by Fitting GAP Model Were Given in Parentheses)

mass fraction a (nm)/SANS a (nm)/SAXS b (nm)/SANS b (nm)/SAXS
0.05% 2.7 (0.18) 3.5 (045) 220 (0.37) 223 (0.40)
0.1% 2.7 (92 x 1072) 3.1 (0.36) 208 (021) 240 (031)
0.2% 2.9 (3.9 X 1072) 3.0 (0.31) 19.4(0.12) 24.8 (0.27)

Figure 6. Transmission electron microscopic images of TOCN (a) and SACN (b).

concentration sulfuric acid (64 wt %) at an elevated
temperature (45 °C) is known to be able to decompose
some cellulose chains, where the process also appears to cause
cellulose microfibrils to aggregate and form large cross sections.
The degradation of cellulose chains (or degree of polymer-
ization) would lead to shorter nanocrystal length, which was
confirmed by the TEM measurement. In contrast, the TEMPO-
mediated oxidation, taking place in a relatively mild chemical
environment (pH = 10), selectively converts the hydroxyl
groups into the carboxylate groups at the C6 position and
results in a negatively charged cellulose surface. The TEMPO-
mediated oxidation process thus can enable nanocellulose
particles to be gently exfoliated with less aggregation and chain
degradation. As a result, the TOCN particles have smaller
cross-section dimensions (and longer length due to the lesser
tendency for polymer degradation) than SACN particles.
Despite the difference in sizes, both SACN and TOCN
samples exhibit the same characteristics of a flat cross section.
This is consistent with the nature of crystallographic packing of
cellulose chains.

TEM images of both TOCN and SACN samples are shown
in Figure 6. Distinct size and length differences between the
two nanocellulose particles are evident. However, quantitative
analysis of TEM images remains difficult, as aggregates were
formed during the drying process in sample preparation. Fibers
in TOCN seem to be well separated (Figure 6a), while those
for SACN tend to form small stacks (Figure 6b). For cross-
section dimensions, present TEM images only allow probing
size in one of the directions. Therefore, only qualitative
agreement between results from TEM experiment and those
from SANS/SAXS experiments can be reached. The average
length of SACN particles was estimated, which was between
100 and 150 nm. The average length of TOCN particles was
significantly longer, and the length distribution seemed to be
broad (polydispersed). Because of the small cross-sectional
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dimensions and possible sample damage due to electron beam,
the TOCN particle ends could not be definitely determined.
Nevertheless, it was clear that most of them were in the order
of several hundred nanometers in the view field. This
observation is consistent with the notion that TEMPO-
mediated oxidation is able to produce very long particles with
length in the order of microns or submicrons; however, the
resulting length is also dependent on the chosen cellulose
species and processing conditions.

Hydrodynamic Properties Revealed by DLS. DLS is a
technique that probes the quasi-elastic light scatting due to
particle motion, by resolving the intensity—intensity correlation
function. This method relaxes the dust-free requirement for
sample preparation because micron-sized dust can be
considered immobile as compared to nanoparticles that are of
interest. Depending on the cellulose species and processing
conditions, the length of nanocellulose particles can reach the
submicron or even micron scale. For these samples, both DLS
measurement and data interpretation become challenging. In
our analysis, the length of SACN particles was in the range
from ~100 to ~200 nm, and the average length of TOCN
particles was shorter than ~500 nm in general, based on the
TEM measurements (Figure 6). Both suspensions were
transparent, and no precipitation was observed after the
centrifugation step.

A remark needs to be added in terms of carrying out DLS
instead of conventional static light scattering (SLS) through, for
example, Zimm-plot-type analysis. SLS has a very high
requirement for a sample’s “cleanliness”; even a light
contamination by foreign dust present in the solution can
easily ruin a measurement. This is because that SLS measures
averaged intensity, and the intensity of the scattered lights
scales as ~r° (r refers to the particle diameter, assuming
spherical). Therefore, it is critical to carry out a dust-freeing
step before measurement, which is usually realized through
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filtration. Unfortunately, this cleaning method is not applicable
to dispersions containing highly asymmetric particles. Our
nanocellulose suspension samples did not reach the quality as
required by rigorous SLS study. DLS is feasible for not-so-clean
samples due to the fact it concerns only particle dynamics,
where dust particles and nanoparticles are significantly different.
The scattering signal due to the unwanted event of dust
entering the scattering volume can also be rejected in the data
collection step through the program (of course the sample
cannot be too much contaminated; this is the reason
centrifugation was carried out in this study).

A relatively simple way to analyze the data from anisotropic
particles is to use a thin rigid rod model, in which the decay of
the first-order correlation function under the Vy, and Hy, modes
can be written as”"***!

g"(q, v x exp(—¢"D,r) + 7 exp[—(¢’D, + 6D,)7]
(11a)

gV, Dy « exp[—(g°D, + 6D)7] (11b)

where D, and D, are the translational and rotational diffusion
coefficients, respectively, and y is a constant related to the
particle anisotropy. The exponential decay of g")(g, t) can be
fitted using one or multiple exponential functions, depending
on the system’s polydispersity. D, and D, can be derived by
plotting the line width, (I'), against ¢>, and by examining the
slope and the intercept. In eq 11a, at lower scattering angles,
namely, gL << 1 (L is the characteristic length; in our case, the
length of nanocellulose), the term in the right-hand side of the
equation containing D, vanishes, and the g(g, t)yy term
becomes proportional to exp(—g°Dyt). In this case, D, can be
directly obtained from the slope of the (I') ~ g* plot in the Vy,
mode. However, for nanocellulose particles, this means that the
scattering angle should be at least less than ~30°, as their
lengths usually exceed 100 nm.

In a conventional DLS device, it is typically difficult to probe
the angular regime < ~30° because of the stray light due to
optical alignment and defects in optical devices (such as defects
in sample holders containing the index-matching fluid). The
stray light can behave as a local oscillator causing heterodyne
beating that will severely distort the correlation function. Due
to these considerations, our DLS experiment was only carried
out in the range of 30° < @ < 140°. Due to the fact that the gL
< 1 requirement does not hold, the (I') ~ g* plot in the Vy
mode produces an apparent value of D, which can be
significantly deviated from D, determined in the Hy mode, as
will be shown later. An example (I') ~ ¢* plot of TOCN and
SACN suspensions (mass fraction of 0.025%) under the Vy
mode is shown in Figure 7 (selected autocorrelation functions
and fitting results produced using CONTIN can be found in
Figure S1 in the Supporting Information). Both data exhibited a
linear relationship, where the apparent D, was derived from the
slope. Figure 8 shows the concentration dependence of D,
under the Vy, mode. By extrapolating to zero concentration, D,
at infinitely low concentration (D{°) can be obtained. They are
DX =3.3 X 107"* m?/s and D{° = 4.4 X 107> m*/s for TOCN
and SACN particles, respectively.

DLS experiment under the Hy mode was challenging in
practice because of the weak signal level. For our TOCN and
SACN samples, the counting rate under the Hy mode was
~1000-fold lower than that under the Vy, mode. As a result, we
typically need ~3 h to produce a correlation function at one
scattering angle. For this reason, measurements were only
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Figure 7. (I') ~ ¢ plot of TOCN and SACN solutions at a mass
fraction of 0.025%. Data was collected under the Vy mode of DLS.
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Figure 8. Translational diffusion coeflicients of TOCN and SACN
solutions derived under the Vy mode of DLS at different
concentrations.

carried out for one concentration at six scattering angles. Figure
9 illustrates the (I') ~ ¢* plot of TOCN and SACN samples. It
is seen that the Hy mode data has strong angular dependence.
The advantage of using the Hy mode, as indicated in eq 11b, is
that D, and D, can be fully decoupled. The D, values for TOCN
and SACN samples are 3.0 X 10° and 4.0 X 10° s7,
respectively. Compared to D, values derived under the Vy
mode, those derived from the Hy mode were ~50% higher,
namely, D, = 4.9 X 107> m?/s for the TOCN suspension and
D, = 6.6 X 107> m*/s for the SACN suspension (Figure 8). As
discussed before, it is clear that, under the Vy mode, the
apparent D, derived from the (I') ~ g* plot slope could be
significantly influenced by the particle rotational diffusion. It
will be shown later that this effect has a direct consequence,
which is responsible for producing an overestimated particle
length.

It is desired to correlate the diffusion coefficient to particle
geometry, which can be done by adopting an appropriate
hydrodynamic model. For spherical particles, the Stokes—
Einstein relationship has been widely used to derive the
hydrodynamic radius (denoted as r) of particles, where the
diffusion coefficient is D = kT/(67nr); kg is the Boltzmann

DOI: 10.1021/acs.jpcb.6b11425
J. Phys. Chem. B 2017, 121, 1340—1351


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.6b11425/suppl_file/jp6b11425_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcb.6b11425
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcb.6b11425&iName=master.img-007.jpg&w=239&h=184
http://pubs.acs.org/action/showImage?doi=10.1021/acs.jpcb.6b11425&iName=master.img-008.jpg&w=226&h=176

The Journal of Physical Chemistry B

14.0 1
TOCN —Sp—
Dy = 6.6 x 1012 s !

120 | SACN - N

7

Dy =49 x 102 % |

D, =40x10Ps !

\
/

) x 10° (s71)
=)

Fi
\

D, =30 x10°s ! 1

0.0 2.0 4.0 6.0 8.0 10,0

g* x 107* (nm™2)

Figure 9. (') ~ g* plot of TOCN and SACN solutions (mass fraction
of 0.2%). Data was collected under the Hy mode of DLS.

constant, T is the temperature, and # is the viscosity of the
solvent.*' For rigid rods, several diffusion modes are possible.
As shown in Figure 10a and b, rods are able to translate along
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~ k.- B el

G i) 1<)

Figure 10. Ilustration of different modes of motions for rod-like
particles.

directions that are parallel or perpendicular to their long-axis;
they are also able to rotate around axes that are perpendicular
to the long-axis.

Followed the pioneering work by Kirkwood,"* the
hydrodynamics of a rigid rod in dilute solution has been
extensively studied.”* " This approach was also used as a guide
for our analysis. The exact analytical expression of D, and D, in
terms of particle length L and diameter d is not available.
However, with the long rod approximation, D, and D, can be
expressed by the following forms:**~>*

D, = XL in(L/d)

3, L (12a)
D = 2 a(w/a)

mh,L (12b)

where p is the aspect ratio equaling L/d. As discussed earlier,
both SANS and SAXS analyses revealed the rectangular-shaped
cross section for nanocellulose particles. To use the hydro-
dynamic model for a rigid rod, we employed the radius of
gyration of the rectangular cross section to approximate the rod
radius. For a rectangle with the width and thickness of b and g,

its radius of gyration R is equal to y/(a® + b”) /2+/3. Table 3
gives the lengths of TOCN and SACN calculated using eq 12.
The cross-section dimensions derived from the SANS and
SAXS analysis (values at different concentrations were
averaged) were used for calculation. If we directly use D,
obtained under the Vi, mode, the corresponding lengths for
TOCN and SACN are 755.4 and 375.0 nm, respectively. These
values are much larger than those observed in the TEM images.
One of the major reasons for this overestimation is due to the
particle anisotropy, causing the correlation function being
influenced by the rotational diffusion at large angles. For long
particles (length exceeding ~100 nm), the data collection in the
g-range that can satisfy the gL < 1 criterion becomes
challenging in conventional DLS devices. 2Rgl’ of a rectangle
is an approximation for its “effective diameter”; the hydro-
dynamic model for rectangle-shaped extrusion is quite complex;
and it is uncertain if it can bring new insights for a nonideal
system such as a nanocellulose suspension. In Figure S2 (in the
Supporting Information), L values are computed using different
d ranging from 1 to 25 nmj; this is done by solving eq 12
numerically. The variation of fiber length with its diameter can
be looked up.

After decoupling the contributions from rotational and
translational diffusions, using the D, values under the Hy mode,
the resulting particle lengths for TOCN and SACN became
458.8 and 205.1 nm, respectively. The calculated particle length
dropped by ~40%, as compared to the values derived under the
Vy mode. Lengths calculated by using D, derived under the Hy
mode are 174.6 and 137.6 nm for TOCN and SACN,
respectively. Combined with TEM data, we believe the particle
lengths derived under the Hy mode data were closer to the real
condition. However, there was still a significant difference
between the values derived using D, and those using D,. The
discrepancy might stem from several sources, due to the nature
of our suspension sample and the validity of the adopted
hydrodynamic model which are elaborated as follows.

Table 3. Lengths of TOCN and SACN Derived Using Translational and Rotational Diffusion Coeflicients, Based on the

Kirkwood Model”

TOCN (2R = 4.7 nm)

SACN (2R? = 13.0 nm)

diffusion mode D, (m*s™!) or D, (s7") L (nm)
Vy, translation 3.3 x 1072 7554
Hy, translation 49 x 1072 458.8
Hy, rotation 3.0 X 10° 174.6

dy (nm) D, (m*s™") or D, (s7%) L (nm) dy; (nm)
148.7 44 x 10712 375.0 1115
100.2 6.6 X 10712 205.1 74.4
40 x 10° 137.6

“The rod diameter was approximated by 2Rgb, where Rgh is the radius of gyration of a rectangle of thickness a and width b. Averaged a and b values
derived from SANS and SAXS were used for qualitative analysis purposes. dy; = 2r, where r is the hydrodynamic radius derived using the Stokes—

Einstein relationship. See text for details.
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First of all, the Kirkwood model (in fact, most hydrodynamic
models) does not consider the polydispersity in particle
dimensions, which certainly adds complexity to our nano-
cellulose suspensions. Also, as indicated by our SANS/SAXS
experiment, nanocellulose particles possess a rectangular-
shaped cross section. This indicates that the rotational diffusion
around the particle long axis might start to play a role in line-
broadening in quasi-elastic scattering (Figure 10c). Moreover,
an important factor can arise from interparticle interaction. For
rod-like particles, the overlap concentration scales with ~1/L3,
which is usually much lower as compared to flexible polymers.
Hindrance in particle motion in nondilute solution tends to
cause diffusion coefficients being underestimated. The diffusion
behavior in the semidilute regime is very different from that in
the dilute regime, mainly because of the restricted particle
motion and translation—rotation coupling. Furthermore, other
factors associated with our TOCN and SACN samples, such as
the existence of aggregates, particle flexibility (especially
important for long particles), and surface charge, can all
complicate the correlation between particle dimensions and
hydrodynamic properties.>

Therefore, though DLS is sensitive to rod-like particles, the
complexity of nanocellulose particles in suspension makes it
challenging to be utilized as a robust measure for quantitative
determination of particle sizes. We also want to point out that,
by directly applying the Stokes—Einstein relationship to the
translational diffusion coefficient derived under the Vy mode, a
characteristic length, dy (hydrodynamic diamteter for a
spherical particle), can be obtained. These values are also
listed in Table 3. dy can be interpreted as the diameter of a
spherical space a rod-like particle can effectively occupy. Using
this value tends to produce an even more underestimated
physical particle length. However, interestingly, dy; values in
Table 3 are fairly close to those derived from rotational
diffusion coefficients. Thus, DLS can serve as a convenient

check of the length of a rod-like particle.

B CONCLUSIONS

Nanocellulose particles prepared by TEMPO-mediated oxida-
tion and sulfuric acid hydrolysis methods were characterized
using different scattering (neutron, X-ray, and light) and
microscopy techniques. The SANS and SAXS measurements
were able to produce consistent information about the cross-
section dimensions of the particles. Specifically, SANS and
SAXS data could be modeled using the rigid parallelepiped
form factor, with the assumption that the fiber length was much
larger than characteristic lengths of cross section. The thickness
and width of the particle cross section were ~2 and ~8 nm for
TOCN and ~3 and ~20 nm for SACN. The low-resolution
small-angle scattering results were consistent with the packing
of natural cellulose chains in crystals, as reported in existing
crystallographic studies.

DLS experiments, under both Hy and Vy modes, revealed
that TOCN had larger diffusion coefficients than SACN. The
Kirkwood model was used to correlate the hydrodynamic
properties to the length dimensions; however, achieving
quantitative characterization was challenging. The translational
diffusion coefficient D, derived under the Vy mode over-
estimated the lengths of the nanocellulose particles consid-
erably, as the correlation function under the Vy mode was
severely influenced by the rotational diffusion at large angles.
Carrying out the DLS experiment under the Hy, mode was able
to decouple rotational and translational diffusion modes. The
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derived particle lengths were closer to the results revealed by
TEM studies. There was still a significant difference between
the lengths derived using the rotational diffusion coefficient and
those using the translational diffusion coefficient. The reason
might be due to the complexity of the systems, where the size
polydispersity, rectangular-shaped cross section, solution
concentration, and particle surface charge could all cause
deviation from the hydrodynamic model.
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