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Abstract. We present a time-resolved investigation of the natural drying process of microbial cellulose (MC)
by means of simultaneous small-angle neutron scattering (SANS), intermediate-angle neutron scattering
(TANS) and weighing techniques. SANS was used to elucidate the microscopic structure of the MC sample.
The coherent scattering length density of the water penetrating amorphous domains varied with time
during the drying process to give a tunable scattering contrast to the water-resistant cellulose crystallites,
thus the contrast variation was automatically performed by simply drying. IANS and weighing techniques
were used to follow the macroscopic structural changes of the sample, i.e., the composition variation and
the loss of the water. Thus, both the structure and composition changes during the whole drying process
were resolved. In particular, the quantitative crosscheck of composition variation by IANS and weighing
provides a full description of the drying process. Our results show that: i) The natural drying process could
be divided into three time regions: a 3-dimensional shrinkage in region I, a 1-dimensional shrinkage along
the thickness of the sample in region II, and completion in region III; ii) the further crystallization and
aggregation of the cellulose fibrils are observed in both the rapid drying and natural drying methods, and
the rapid drying even induces obvious structural changes in the length scale of 7-125 nm; iii) the amount of
“bound water”, which is an extremely thin layer of water surrounding the surfaces of cellulose fibrils, was
estimated to be ~ 0.35 wt% by the weighing measurement and was verified by the quantitative analysis of
SANS results.

1 Introduction vector, ¢, obey the power law behavior, owing to the mass
fractal due to the distribution of the center of mass for

Microbial cellulose (MC) synthesized by bacteria Acetor-

bactor Xylinum' is reported to be exceptionally pure con-
taining no additional components of hemicellulose, lignin
or other substances [1-3]. It is a supramolecular system,
absorbing large amount of water up to ~ 99% by weight.
This high water-holding ability is closely related to its
hierarchical structures. In our previous study [4,5], we
examined the hierarchical structure in water-swollen MC
membrane over a wide range of length scales from 7nm
to 10 pm by using an ultra-small-angle neutron scattering
technique.

Our study showed that the scattering intensity of the
MC membrane, I(q), and the magnitude of the scattering
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! A typical Hestrin-Schramm culture medium (pH ~ 6.0)
was used in this study (%, w/v): glucose, 2.0; peptone, 0.5;
yeast extract, 0.5; disodium phosphate, 0.27; citric acid, 0.115;
H-20, 96.615.

the cellulose crystallites in the amorphous phase swollen
by water. As g increases, the power law exponent, «, takes
the values of 2.5, 1, and 2.4, corresponding to a gel net-
work composed of bundles, a bundle composed of cellulose
ribbons, and concentration fluctuations in a bundle. From
the mass fractal g-behavior and its length scale limits, we
obtained the following pieces of evidence: The network
contains 75 vol. % of water and 25 vol. % of the bundles;
the bundles contain 91 vol. % of water and 9 vol. % of
ribbons; and the ribbons contain 95 vol. % of water and
5 vol. % of microbial cellulose fibrils. In this work, we
advance this study and aim to investigate the hierarchi-
cal structure and structural change in the MC membrane
during the drying process.

As we know, MC exhibits many well-known unique
physical properties such as high elasticity, high crys-
tallinity in the dried state, and superior mechanical
strength [6-8]. Due to these features, MC is used as
electronic paper display [9], metal catalysts carrier [10],
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acoustic membranes in speakers [11], artificial blood ves-
sels [12,13] and wound dressing [14-20]. Up to now, there
have been plenty of reports on the physical and mechan-
ical properties of MC membranes in both wet and dried
states [9-22]. Particularly, studies aiming to investigate
how the structure of MC membranes changes by dry-
ing and whether the change can be properly controlled,
have attracted much attention lately because such infor-
mation is very crucial for the structure, performance and
applications of MC membranes [21,22]. Clasen et al. [21].
have studied morphologies of the dried MC membranes
via different drying methods (slow evaporation or freeze-
drying), by using IR-spectroscopy and scanning electron
microscopy (SEM) techniques. They pointed out that the
porous network structure of MC membranes is destroyed
in the slow evaporation process due to the aggregation of
cellulose strands, whereas the structure can be maintained
in the freeze-drying process. These results were confirmed
in a recent report by Zhang et al. [22], where they also
found that when compared with the hot air drying, freeze-
drying shows reduced strength of hydrogen bonds between
cellulose macromolecules and the degree of crystallinity of
the dried MC membranes, but had little influence on the
crystal structures, hence the mechanical properties of MC
membranes prepared by freeze-drying are lower. Studies
on other sources of cellulose whiskers prepared from wood
or cotton showed that though the drying method slightly
influences the crystal structure and the crystallinity, it
does affect the nanoscale structure considerably [23].

In this work, we investigated in situ the drying pro-
cess of MC membranes. The original wet MC samples were
prepared by the standard Hestrin-Schramm (HS) method
(see footnote 1) as will be detailed in the Experimental
section, then they were dried in a silica gel desiccator (nat-
ural drying) or in a vacuum oven (rapid drying) under con-
trolled conditions. We follow the natural drying process by
time-resolved weighing and neutron scattering techniques.
The weighing technique is used to measure the remaining
weight of the sample during the drying process, reflecting
the macroscopic structural changes. Neutron scattering is
used to detect the scattering intensity, I(g), as a function
of ¢, which is defined by ¢ = (47 /) sin(6/2), with A and 6
being the wavelength and scattering angle, respectively. In
a single scattering measurement, the small-angle neutron
scattering (SANS) intensity profile at small ¢ range and
the intermediate-angle neutron scattering (IANS) inten-
sity profile at large ¢ range are obtained simultaneously.
The SANS profile is g-dependent and used to elucidate the
microstructure of MC. Note that the water can penetrate
and swell the non-crystalline cellulose regions, therefore
the averaged scattering length density of the water pene-
trating amorphous regions changes when water evaporates
during the drying process. Therefore, the scattering con-
trast between cellulose crystallites and amorphous regions
varies upon drying, and offers an automatically simple
way of contrast variation to clarify the microstructures.
The TANS profile is g-independent and used to describe
the incoherent scattering intensity of the sample, which is
similar and complementary to the result obtained by the
weighing technique and represents the macroscopic struc-
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tural changes. Since the incoherent scattering intensity is
proportional to the number of hydrogen atoms irradiated
by neutrons in the scattering volume, it is affected by any
changes in the number density of hydrogen atoms in the
system, such as the dimensional change of the sample and
the evaporation of the protonated water (H2O) from the
sample.

It is worthy to note the unique points of using neutron
as a probe in this study as follows: i) the scattering con-
trast between the cellulose crystallites and the amorphous
regions is tunable due to the decrease in water concentra-
tion caused by drying. Thus the contrast variation can
be easily achieved without any extra procedures. Further-
more, the pathway of the change in the scattering con-
trast depends on by using either protonated water (HoO)
or deuterated water (D2O) as the solvent. ii) The cross-
check of both IANS and weighing techniques enables us
to quantitatively interpret the composition change during
the whole drying process.

2 Experimental
2.1 Sample preparation

A MC pellicle (the continuous film formed on the sur-
face of the culture solution) with a thinness of ~ 10 mm,
was cultivated in the HS culture solution with a quies-
cent condition (see footnote ). The detailed cultivation
process can be found elsewhere [4,5,24,25]. The MC pel-
licle contains dry cellulose fibrils of ~ 1wt% and water
of ~ 99 wt%, which was estimated by the weight measure-
ments of the same piece of sample in the original wet state
and in the completely vacuum-dried state. MC membrane
samples used in this study were prepared by cutting the
pellicle on the air side of the culture solution into square-
shaped slices of 40 x 30 mm?. The thickness of the sample,
g, is ~ 2.6 mm, which was calculated from the weight,
height and width measurements?. We studied three pieces
of samples in this work, designated as samples 1-3. Sample
1 was used directly in the following experiments without
washing, whereas samples 2 and 3 were pretreated by im-
mersing and washing in a large amount of D3O for a week
in order to completely replace free protonate water (Hy0)
with D2O and to remove the organic compounds and salts.

Samples 1 and 2 were dried naturally in a desiccator
filled with silica gel at room temperature for 10 hours
(natural drying method) as shown in fig. 1, the process

2 It has been confirmed that a MC gel contains ~ 99 wt%
water and ~ 1wt% dried cellulose fibrils [26,27]. Thus it is
reasonable to assume that the density of a swelling MC gel
is equal to that of water, i.e., duc ~ 1.0 g/cm3 for sample 1
and dyc ~ 1.1g/cm® for samples 2 and 3, respectively. Since
the across area (A) of each specimen is prescribed to be 3 X
4cm?, the original thickness (xo in cm) of the sample can be
estimated from the original weight of the sample (W, in g)
as follows: g = Wo/(dmcA) = Wo/(12dmc). Note that Wy is
3.1279, 3.4119 and 3.4261 g for samples 1, 2 and 3, respectively.
Therefore, xo for samples 1, 2 and 3 is ~ 0.26 cm.
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Fig. 1. Schematic illustration of simultaneous time-resolved
SANS, TANS and weighing measurements for one MC sample.
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of which was investigated by simultaneous time-resolved
techniques of weighing and neutron scattering. Sample 3
was dried in the vacuum oven (rapid drying method) at
room temperature, and its microstructure before and after
drying was investigated by the neutron scattering tech-
nique.

2.2 Time-resolved neutron scattering at small angle
and intermediate angle

The MC sample was placed on the frame in such a way
that the normal vector of the sample was parallel to the in-
cident neutron beam, and on the stage of the weighing bal-
ance where time-resolved neutron scattering and weighing
measurements can be performed simultaneously (see fig. 1
and the details described below). SANS and TANS mea-
surements were performed on a focusing ultra-small-angle
neutron scattering (USANS) instrument, SANS-J-II, at
research reactor JRR-3, JAEA, at Tokai, Japan [28]. The
incident neutron beam is mono-chromatized by a veloc-
ity selector to have average wavelength A = 6.5 A and the
wavelength distribution, AN/X ~ 12%. The scattered neu-
trons were detected with two 2-dimensional *He position-
sensitive detectors: one is for SANS equipped at § = 0°,
covering scattering angles at 0 < 6 < 6.4°, and the other is
for TANS equipped at § = 31°, covering scattering angles
at 23.6° < 0 < 38.4°.

The 2-dimensional SANS pattern was circularly av-
eraged to obtain the scattering intensity profile, I(q), as
a function of ¢. I(q) was corrected for background scat-
tering, electronic noise of the detector, and for detector
sensitivity. After calibration by the secondary standard
sample of porous aluminium and the transmission, I(q)
was in the absolute unit (cm~1) [28].

In an TANS measurement, the circular-averaged scat-
tering intensity was found to be g-independent, and be-
lieved to be the incoherent scattering intensity domi-
nantly. To simplify the discussion, we hereafter used the
total counts of neutrons which arrived in the TANS detec-
tor per unit time, N, to represent the incoherent scattering
intensity, line. IV is proportional to I, and describes the
number of hydrogen atoms in the scattering volume.
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Note that SANS-J-II has both conventional pinhole
SANS collimation which covers 0.003 < ¢ < 0.1 A~! and
focusing USANS collimation which is achieved with MgFs
lenses and covers 3x107* < ¢ < 3x 1072 A=, In order to
reach a g-region of 107> A~ order, double crystal (Bonse-
Hart) USANS spectrometer @ PNO in JRR-3 was also
utilized in this study [29], where ¢ could be extended to
the range of 3 x 1075 ~ 3 x 107* A~ by using grooved
perfect silicon crystals and thermal neutrons with A =
2A. The combination of SANS-J-II and PNO offers us a
chance to observe the entire hierarchical structures of an
MC sample.

2.3 Time-resolved weighing measurement

In order to follow the weight loss during the drying pro-
cess, a weight module (Mettler Toledo, WXSS205DU) was
placed on the neutron beam line, so that the neutron scat-
tering and weighing measurements could be performed
simultaneously. Figure 1 schematically shows the exper-
imental setup schematically, where both the MC sample
and the weight module were sealed in the desiccator, where
windows for the neutron beam to pass through were made
of thin aluminium sheets to minimize the noise level in
the scattering measurements.

A residual weight fraction, W(t), is defined by W (¢) =
m¢/mo, where m; and mg represent the weight of the sam-
ple at time ¢ and 0, respectively. Using W(0) = 0.99 and
W.(0) = 0.01 as the weight fractions of the solvents and
dry cellulose fibrils at ¢ = 0, W () is related to the resid-
ual weight fraction of the solvents, Wy(¢), and the volume
fraction of the solvents, ¢s(t), at a given ¢, as follows:

W (t) = Wa(t) + We(0) = ds(t)ds +0.01, (1)

where dy is the mass density of the solvents. Since water
is the dominant component in the culture solution, it is
reasonable to assume that ds = 1.0g/cm? for sample 1
(in Ho0) and ds = 1.1g/cm? for sample 2 (in D20), thus
¢s(t) is deduced from eq. (1) as below:

os(t) = W(t) —0.01 (2)
for sample 1, and
o4(t) = [W(t) = 0.01]/1.1 (3)

for sample 2. ¢5(t) obtained here in egs. (2) or (3) is a key
parameter in calculating the scattering length density of
the amorphous regions (pamo) to be described in the next
sect. 2.4, and to measure the change of N upon drying to
be discussed in sect. 3.4.

2.4 Scattering law and contrast variation due to the
water evaporation

SANS measurements performed at 0.003 < ¢ < 0.1 A1,
correspond to a length scale (= 27/q) of 7 ~ 200 nm, and
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relate to microstructures of MC: the concentration fluc-
tuations of cellulose crystallites in a bundle [4,30]. Let us
consider S(¢q) and F(gq) as the structure factor and the
form factor of cellulose crystallites. Then I(q) is given
by [31,32]

[(Q) = Ap2¢cc[1 - ¢cc]s(q)F(Q)7 (4)

where Ap is the scattering contrast, which is the difference
between the scattering length density (SLD) of the cellu-
lose crystallites (pe.) and that of the amorphous regions

(Pamo) given by
APQ = (pcc - pamo)2a (5)

@cc 18 the volume fraction of cellulose crystallites. Dur-
ing the drying process, both Ap? and ¢ are functions
of time. Since amorphous regions include non-crystalline
cellulose fibrils and solvents, pame is an averaged SLD of
these components, and given by

¢sps + ¢NCPNC
Pamo = 1— ’ (6)
- ¢cc

Here p, and ¢, denote the SLD and volume fraction of
x [x = NC (non-crystalline cellulose), s (solvent)] at a
given time, respectively. ¢ncpnc is negligibly small be-
cause ¢Nc is very small. For a MC sample before drying,
W.(0) = 0.01. If the crystallinity of MC is assumed to be
~ 0.6 [26], the volume fraction of cellulose crystallites at
t =0, dec(0), is estimated to be ¢..(0) = W.(0) x0.6/d. =
0.0038, where d. (~ 1.58 g/cm?) is the mass density of the
dried cellulose [27]. Thus ¢¢. can be calculated in terms
of W as a function of time by

¢CC (t) =

The SLD (p) of a molecule of ¢ atoms may be readily
calculated from the simple expression below

dNa
P:Zbima (8)

where b; is the scattering length of the i-th atom, d is the
mass density of the scattering body, M,, is the molecular
weight, and N is the Avogadoro constant [31,32]. We
consider water as the only solvent swelling samples 1 and
2, thus the pg(x10°cm=2) values for HoO in sample 1
and D50 in sample 2 are calculated to be —0.56 and 6.34,
respectively. Putting these values and egs. (2), (3), (6)
and (7) into eq. (5), we have Ap? as follows:

W.(0) x 0.6/(Wde) = dee (0)/W =0.0038/W. (7)

0.56w(w — 0.01)} (9)

A ? = cc
P [p T w = 0.003%)

for sample 1, and

5.76w(w — 0.01)} (10)

A 2= cc —
P [” (w — 0.0038)

for sample 2.
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TANS experiments were performed at 0.125 < ¢ <
0.205 A=1, where I, is dominant because the intensity
profile is g-independent. Note that the recorded N is pro-
portional to Ij,., thus N is also proportional to the to-
tal volume fraction of hydrogen atoms, ¢y, in the sample
irradiated by incident neutron, and not related to struc-
tures, i.e., N(t) o< ¢ (t). It should be also noted that ¢y is
mainly affected by the amount of protonated water (H30)
but not D3O, hence it is variable due to the evaporation
in the case of sample 1, but no change in the case of sam-
ple 2; ¢y is also affected by the number of the hydrogen
atoms covalently bonded to MC chains, which is variable
as well due to the dimensional shrinkage in both cases of
samples 1 and 2.

3 Results

3.1 Macroscopic shrinkage and time-resolved weighing
measurement

A step-wise shrinking of the sample is clearly observable
to eyes, which allows us to divide the drying process into
three time regions: regions I, IT and III. In region I, 3-
dimensional shrinkage occurs: the height, width and thick-
ness of the sample simultaneously decrease with time. At
the end of region I, the cross area of the sample becomes
36 x 27mm?, and the sample thickness decreases down
to ~ 75% of xg. In region II, 1-dimensional shrinkage
is observed, where the height and width of the sample
are retained, but the thickness of the sample further de-
creases. In region III, the appearance of the sample re-
mains unchanged with time. Note that the boundary be-
tween regions I and II observed here will be confirmed by
the quantitative analysis of N in conjunction with fig. 8b
in sect. 3.4.

Accordingly, time-evolution of W (t) for samples 1 and
2 as shown in figs. 2a and b, respectively, is divided into
three time regions, as designated by broken lines. At the
end of region I, W (¢) of both samples decreases to ~ 60%.
At the end of region IT, W (t) decreases further to ~ 3.5%
for sample 1 and to ~ 1.35% for sample 2, respectively.
In region III, W(t) does not change with time any more,
indicating that the drying is completed.

The end-up time (tend), which is defined as the time
boundary between regions II and III, is different for the
two samples, i.€., tend,1 ~ 450min for sample 1 and
tend,2 ~ H50min for sample 2. However, the residual
weight fraction at the end of region I, Wi (= 60%), is
found to be same for both samples. If we renormalize
time t with tenq by introducing a shift factor (3, which
shifts an observation ¢ relative to sample 1. For sample 2,
B = tend,1/tend,2 = 0.818. W(t) for the two samples are
plotted as a function of a reduced time, ¢, in fig. 2c. The
renormalized two curves superpose to each other, indicat-
ing that the mechanisms of drying for both samples are
identical. Thus W7 is believed to be a characteristic value
independent of the molecular weight of water (either HoO
or D50) rising from the different strength of H-bonding
or D-bonding in the sample, and is determined solely by
the nature of the sample itself.
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Fig. 2. Time dependence of W for (a) sample 1; (b) sample
2, during the natural drying process. The vertical broken lines
indicate the time at the end of region I and II, respectively, as
in later figures. (c¢) Reduced-time dependence of W for sample

1 and 2, respectively. § is the shift factor, defined by § =
tend,1/tend,2 = 0.818, as detailed in the text.
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3.2 Time-resolved neutron scattering

3.2.1 Hierarchical structure of MC at the length scales from
7nm to 10 um

Due to the limitations of the structure probes, the de-
tailed supermolecular structure of cellulose is still open.
The arrangement of the crystalline cellulose microfibrils
in plants has been studied before. For instance, Jakob
and co-workers reported that the wood cell wall of Picea
abies is built with elementary cellulose filbrils with a uni-
form thickness, which was shown by compatible results in-
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Fig. 3. Combined USANS and SANS profiles for sample 3 be-
fore (open squares) and after (solid circles) drying by vacuum.

vestigated by three experimental techniques: transmission
electron microscopy (TEM), wide-angle X-ray scattering
(WAXS) and small-angle X-ray scattering (SAXS) A33
Their SAXS data showed a clear minimum at ¢ ~ 0.3
which in turn gave the size of mean thickness of the ﬁbrll—
lar unit of 25 A. Muller and co-workers reported a nearly
perfect alignment of the microfibrils parallel to the fib-
ril axis in native flax by means of position-resolved mi-
crobeam SAXS [34]. They pointed out that fibril is built
up homogeneously in the sense that mean diameter and
spacing as well as tilt angle of the microfibrils are uni-
form over the whole fibril cross section. Furthermore, they
found a marked difference between SAXS patterns of dry
and wet fibers. In both studies, SAXS intensity profiles
were curved in the instrumentally reachable ¢ range (0.02—
0.45 A1) on the double logarithmic plot with g, and the
shape of cellulose microfibrils was well approximated by a
cylinder with a size distribution.

In the case of MC, we have reported the hierarchical
arrangement of MC microfibrils in a very wide ¢ range [4,
5]. Unlike the previous studies on the plant cellulose sam-
ples, the scattering profile of MC is found to always follow
power law functions at different g-regions. In this section,
we indicate the structural difference between the wet and
dried MC samples according to these power law behaviors.
The combined double-crystal USANS and focusing US-
ANS intensity profiles for sample 3 before (hollow squares)
and after complete drying by vacuum (solid circles) are
shown in fig. 3. I(q) vs. ¢ is given by

I(q) ~q 7, (11)
where « is the g-dependent power law exponent, repre-
senting the fractal dimension at the representative length
scale. The discussion of « at different g-regions has been
detailed in ref. [4], and so here we would like to omit that
part and simply mention the structures it relates to.
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Before drying, the upper and lower cutoffs for the
power laws are denoted as ¢1 ~ 0.1A1 ¢ ~ 1 x
1073A-1 g3 ~ 3x107*A~1" and ¢4 ~ 3 x 1075A-1,
respectively.

Da~24at ¢ < g < aq1 A-1 is due to the con-
centration fluctuations of the cellulose crystallites in
a bundle. The hump appearing at ¢; indicates the
mean dimension of the cellulose crystallites is ~ 70 A
(= 27/q1), in good agreement with the data in the
previous work [35-38], especially corresponding to the
diameter of fibril measured by WAXS and TEM tech-
niques, such as 84 A reported by Haase et al. [37], and
50-90 A reported by Fink et al. [38]. All these data are
found to be larger than the crystallite dimensions of
20-40 A found in wood cells [39-41].

2) a~1latgs <q< g A= is due to the rod-shaped
cellulose bundle; go is the upper ¢-limit for a = 1,
indicating that a cross section size of the bundle is
~ 600nm (= 27/q2).

3) a~25at qu < qg<gs A=1, represents the cellulose
network structure composed of bundles with lower and
upper cutoff size of ~ 2um (= 27/q3) and ~ 20 um
(= 27 /q4), respectively.

The « value and its applicable ¢ range for the completely
dried sample varied from the results of the wet sample
mentioned above. The upper and lower ¢ limits for power

laws are denoted as ¢5 = 5 x 1073 A~ and ¢ = 8 x
1074 AL,

4) a ~ 4.0 at ¢ > g5 A-1 is a typical Porod law expo-
nent [42], arising from a sharp interface between cellu-
lose crystallites and amorphous domains, which is very
different from the g-behavior of the wet sample in the
same ¢ range as described in 1). The lower cutoff size
is found to be ~ 125nm (= 27/¢s5), which is close to
the width of the dried cellulose ribbon reported [27].

5) a ~ 24 at gs < ¢ < g5 A-1 is the same as that of
the wet sample in the same ¢ range mentioned in 1),
implying that the concentration fluctuation of cellulose
crystallites in the bundle, is similar to that of the wet
sample.

6) a ~ 2.5 at ¢ < gs A~', is due to the same network
structure as the structure mentioned in 3) of the wet
sample. But the lower ¢ limit shifted from g3 to ¢ due
to the shrinkage of the network upon drying. This shift
superposes the g-range where we observed a = 1 in the
wet state, hence o = 1 is no longer observed here. If
we compare g3 and g, we obtain a swelling ratio of
sample 3, v = (gs/q3) ~ 2.7.

3.2.2 Structural change induced by drying methods at
q>qg At

The results shown in sect. 3.2.1 reveal that the rapid
drying process by vacuum dramatically changed the mi-
croscope structure at the length scale of 7nm ~ 125nm
(¢ > g5 A=1). In this section, we will focus on this length
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Fig. 4. Highlight of the SANS profiles at ¢ > g5 for naturally
dried sample 2 (open circles) and rapidly dried sample 3 (open
triangles). The red and blue solid lines show the best-fitted
theoretical Guinier curves for these samples, respectively.

scale and elucidate the structural change induced by dif-
ferent drying methods.

Figure 4 highlights the scattering profiles of naturally
dried sample 2 (open circles) and rapidly dried sample 3
(open triangles) at ¢ > g5 A='. I(q) ws. ¢ obeys eq. (11)
for both samples, except for the g-behavior of sample 2 at
q > g, where gz ~ 0.03 A-1 o is 2.4 for sample 2, the
same as the value in the wet state, whereas it is 4 for dried
sample 3, which is the Porod law exponent and has been
mentioned in 4) of sect. 3.2.1.

The scattering profile of sample 2 at ¢ > ¢, reflects
the structure of cellulose crystallite after natural drying.
To estimate the effective size of the cellulose crystallites,
a typical Guinier function [31,32] plot is used to fit the
scattering profile at ¢ > ¢, where

I(q) ~ exp(~R3q*/3), (12)
with Ry being the radius of gyration of the crystallites.
The best fitting result is shown by the solid red line in
fig. 4, and the estimated R, is ~ 25 A.

The Guinier region for sample 3 after rapid drying is
extended to g < g5, which is beyond the SANS set-up in
fig. 4. In order to know the effective size of the crystallites
in the dried sample 3, we analyzed the scattering profile
of the dried sample 3 in fig. 3, where the USANS and
SANS data were combined together and Guinier region
was easily found, and the estimated Ry is ~ 480 A. The
fitting curve is shown by solid blue line in fig. 3 and 4.

Note that for both dried samples, no matter by natural
drying method or by rapid drying method, the observed
size of the crystallites are larger than that in the wet sam-
ple, indicating that the drying induces the further crys-
tallization and aggregation of the cellulose fibrils, hence
bigger crystallites are formed. In contrast to the natural
drying method, the rapid drying method results in even
larger crystallites, possibly because cellulose fibrils stack
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Fig. 5. Time evolution of SANS profiles at representative times
for (a) sample 1; (b) sample 2 during the natural drying pro-
cess.

more quickly in the process due to less help from the pres-
ence of the solvent. The drying-induced crystallization and
aggregation were also confirmed by our preliminary neu-
tron diffraction experiment [30].

3.3 Time-resolved scattering measurement during the
natural drying process

The microstructures of dried MC sample through different
drying methods have been compared in sect. 3.2.2. In this
section, we focus on the time-evolution of the structural
change at ¢ > g5 A~! in the natural drying process. Two
samples swollen in either protonated water(sample 1) or
deuterated water (sample 2) are investigated.

Figure 5a shows the SANS profiles of sample 1 at rep-
resentative time. At 0 < t < 380min, I(q) increases at
¢ < 0.04 A1, while it decreases at ¢ > 0.04 A=1. After
380 min, I(q) at all ¢ suddenly decreases dramatically, and
becomes very weak until the end.

The profiles obey eq. (11) well at ¢ < 0.04 A=, cor-
responding to a length scale from 150 A to 1500 A. The
« value obtained from each profile is plotted with time in
fig. 6a. a equals 2.4 throughout the drying process, except
for the final stage where it drops suddenly to ~ 0, which
is due to the matching effect and will be discussed later
in this section.

Figure 5b shows time-dependent scattering profiles of
sample 2. Similar to sample 1, at 0 < ¢t < 420 min, two
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Fig. 6. Time dependence of « for (a) sample 1; (b) sample 2
during the natural drying process.

opposite changes in I(q) are observed at different ¢ ranges:
I(q) decreases at 0.004 < ¢ < 0.06 A~', but increases
at ¢ > 0.06 A=, After 420 min, I(q) suddenly increases
dramatically, and is finally comparable to the initial state
(i.e., t ~ 10min) in the end. Profiles at 0.004 < ¢ <
0.06 A=* also obey eq. (11), thus o was calculated and
plotted with ¢ in fig. 6b. « is 2.4, except that it drops
suddenly to ~ 1.6 at ¢ ~ 420 min due to the matching
effect.

The results in figs. 5a and b show that the SANS pro-
files of MC swollen by either HyO or DO follow a common
power law function with a = 2.4, which indicates the mi-
crostructure of MC in the bundle is neither affected by
the mass of water nor natural drying treatment.

Now let us consider the matching effect observed in
both samples. Approaching the matching point, where
I(q) or Ap? is minimum, the averaged SLD of the amor-
phous regions matches the SLD of cellulose crystallites. If
the match is perfect, a ~ 0 is observed, this is the case
for sample 1 shown in figs. 5a and 6a. If the match occurs
quickly and Ap? immediately increases across the match-
ing point, a < 2.4 is observed, this is the case for sample
2 shown in figs. 5b and 6b.

In order to quantitatively investigate the time change
in SANS profiles, it is useful to select a proper range
at low ¢ and high ¢ regions, which are designated by
the two arrows labeled @1, and Qy in fig. 5, to evaluate
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Fig. 7. Time dependence of Qr, and Qu for (a) sample 1; (b)
sample 2 during the natural drying process, where Qr, and Qu
are the respective characteristic scattering intensity in the low
and high ¢ regions designated by the two arrows in fig. 5, and
defined in egs. (13) and (14).

a characteristic scattering intensity, defined by

qL2 qr2
Q= [ tade [ (13)

qL1 qL1

qH2 qH2
Qu = I(q)d dg, 14
- /QH1 (q) q/ /QHI ! ( )

where ¢
que = 0.1A

The time dependence of Qr, and Qg is presented in
fig. 7a for sample 1 and fig. 7b for sample 2, respectively.
In fig. 7a, at 0 < t < 380min, @, increases but Qy de-
creases continuously; at ¢ > 380 min, both of them sud-
denly decrease. In fig. 7b, @, decreases smoothly until
400 min, then increases rapidly. However, Qg steadily in-
creases throughout the whole process. We will quantita-
tively discuss @1, and @y in conjunction with fig. 9 in
sect. 4.3.

= @5, QL2 = 0.0lA_l, qu1 = 0.0GA_l, and
1

3.4 Time-resolved incoherent scattering measurement
during the natural drying process

Figure 8a shows the time dependence of N for sample 1
measured by TANS. According to the 3-regions definition
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Fig. 8. Time dependence of N for (a) sample 1; (b) sample 2
during the natural drying process. (¢) N wvs. ¢s for sample 1.
The solid lines drawn in panels (a) and (b) are only for visual
guides, whereas the ones in panel (c) are the best-fitted lines
given by eq. (15).

in the macroscopic observations mentioned in sect. 3.1, N
is found to continuously decrease with time in both regions
I and II, and becomes constant in region III. Note that
although time dependence of N apparently shows contin-
uous change in either region I or II, it does not mean that
the macroscopic shrinkage of the MC membrane during
the drying process is homogenous. The change of N with
time is generally complicated and varies case by case. How-
ever, since N represents the relative incoherent intensity,
it is always proportional to the volume fraction of hydro-
gen, ¢y, of the system [31,32]. Thus the plot between N
and ¢y is believed to be linear and their slope enables us
to estimate the rate of evaporation of water (or change of
¢u) at different time regions.
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In the case of sample 1, the decrease in N should be at-
tributed to two factors as we mentioned in sect. 2.3: i) the
loss of HoO upon drying; ii) the 3-dimensional shrinkage
of the sample. Factor i) decreases N, due to the reduced
number of hydrogen atoms when HyO evaporates, whereas
factor ii) increases N, due to the more hydrogen atoms co-
valently bonded on MC being brought up in the beam by
shrinkage. Note that 1-dimensional shrinkage along the
sample thickness has no contribution to N. Since factor i)
is dominant and outweighs factor ii) because of the large
weight fraction of HoO in the sample, it is reasonable to
assume that ¢y is the volume fraction of the solvent: H5O,
i.e., orr ~ s, where ¢ has been estimated by eq. (2). Thus
N can be given by

N = A+ Boy ~ A+ Bos, (15)
where A and B are fitting parameters, representing N
of the residual MC sample at the end of each time re-
gion and the decrease rate of N with ¢, respectively. In
fig. 8¢, we plot N as a function of ¢5. Equation (15) works
well in both regions I and II. The best fitting results show
A = 2868, B = 39.5 in region I, and A = 695, B = 78.5
in region II. The B value in region I is found to be about
half of that in region II, because in region I, 3-dimensional
shrinkage occurs and the effect of factor ii) increases the
effective N and retards the effect of factor i), consequently
decreases the rate of N; while in region II, 1-dimensional
shrinkage occurs instead and only the factor i) itself de-
termines N, hence B is larger. It should be noted that
the linear relationship in eq. (15) is simply based on the
scattering theory, but is not related to the heterogeneity
in the macroscopic shrinkage of the MC membrane.

Figure 8b shows the time change in N for sample 2
by drying. Unlike that in fig. 8a, IV increases continuously
with time in region I, and then shows a constant value in
both regions IT and III, though the weight loss in sam-
ple 2 is continuous until the end of region II. Since D2O
makes no contribution to N, the change in N is practically
caused by the effect of factor ii) only. The 3-dimensional
shrinkage leads to the increase in IV in region I, but in re-
gion II, 1-dimensional shrinkage does not affect N. Thus
a clear cut between regions I and II defined by the macro-
scopic observation is evidenced by the quantitative change
in N here. Note that sample 1 contains non-evaporated
hydrogen-rich organic compounds, which gives a slightly
larger N than that of sample 2 at the end of the dry-
ing process, though samples 1 and 2 are regarded to be
biologically identical.

4 Discussion

In this section, we will first quantitatively calculate Qr,
and Qg based on the scattering theory, then will compare
two cellulose samples 1 and 2 and summarize the similari-
ties and difference between them, and finally will combine
all quantities and analyze the changes according to the
same time span from region I to III.
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4.1 Quantitative calculations of Q. and Qu

In the ¢ region at ¢ < 0.06 A=! in fig. 5, the microstructure
of MC does not change with time, therefore, S(q) and
F(q) in eq. (4) are time-independent, the change in the
scattering intensity is only attributed to the front factor
given by

QL x AP2¢cc(t)[1 — Pec(t)]-
Bringing eqgs. (7), (9) and (10) back to (16), we have

(16)

0.56w(w—0.01)

2
(w—0.0038) ] (W—0.0038) /W2

(17)

@1, x0.0038 x [pcc +

for sample 1, and

5.76w(w — 0.01)]° )
(11)—0.0038)] (W—0.0038)/(114;)

for sample 2. We theoretically calculate @1, as a function of
time by using egs. (17) and (18) with p.. being the only
unknown parameter, and compare the theoretical curve
(shown in solid red lines) with the experimental Qr, data
in figs. 9b and d. The best fit of the experimental data
to the theoretical equations yields pec ~ 0.9 x 10*° cm—2.
This will be discussed in detail in conjunction with other
parameters together in sect. 4.3.

QL x0.0038x |:pcc —

4.2 Similarities and difference between two cellulose
samples

Since samples 1 and 2 were cut from the same pellicle, it
is believed that the arrangement of cellulose microfibrils
is biologically identical. This is evidenced by the universal
curve shown in fig. 2c and the same g-behavior in figs. ba
and b, revealing the same nature of the cellulose fibrils
in both samples. However, the different residual weight
at the end of the drying process indicates the main dif-
ference between two samples: some organic molecules in
the culture solution remained with sample 1, but were
removed for sample 2. On the other hand, before dry-
ing, sample 1 contains lots of hydrogen atoms rising from
H5O solvent, but sample 2 contains deuterium atoms in-
stead, since H,O has been replaced to D>O in the sample
preparation step. The hydrogen-rich components such as
organic compounds and HoO molecules on one hand in-
fluence N in IANS measurements; on the other hand the
non-evaporable organic compounds even affect the match-
ing results, i.e., a value when approaching the end of the
drying process, because these components have the similar
SLD as the cellulose and their existence makes the scat-
tering contrast close to 0. Consequently, « has a discrete
jump to 0 in sample 1 when drying is over as has been de-
scribed in sect. 3.3 in conjunction with fig. 6a. Based on
the discussion above, the similarity and difference between
two samples are summarized in table 1.
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Fig. 9. Summary of time dependence of the characteristic pa-
rameters plotted on the common time scale. (a) W and N, (b)
Qu and Qu for sample 1 and (¢) W and N, (d) Qu and Qu for
sample 2, respectively. The time dependence of theoretical Qr,
(red solid lines) calculated by egs. (17) and (18) is also shown
in panel (b) and (d), respectively.

4.3 Various quantities displayed on a common time
axis

In this section we discuss in detail how the drying process
influences the structure of the MC samples in two length
scales:

i) macroscopic structure of the MC sample in terms of
. W and IV, :
i) microscopic structures of the MC sample in terms of

@1, and Qy.
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Comparisons of the time changes in all the parameters
on the common time scale are indispensable to gain deeper
understandings of the structures mentioned above, and
thus they are shown together in fig. 9a-d without regard
for redundancies.

Region I. Figures 9a and ¢ show the time dependence
of W and N for samples 1 and 2. W decreases with time
for both samples. N decreases with time for sample 1 due
to the loss of H2O, but increases for sample 2 due to a
3-dimensional shrinkage of the sample.

The opposite changes in @, and Qg are shown for
the two samples in figs. 9b and d, respectively. On one
hand, the best fit of the experimental data to the the-
oretical eqs. (17) and (18) yields pec ~ 0.9 x 100 cm =2
as mentioned above in sect. 4.1; On the other hand, the
calculated SLD of cellulose crystallites by eq. (8), pec,cals
is estimated to be ~ 1.87 x 10'° cm~2, about two times
larger than the fitting value pe.. Note that there exists
the bound water layer surrounding the surfaces of cellu-
lose fibrils, hence the best-fitted pe. is the averaged SLD of
the “bound water-cellulose crystallites complex”, denoted
by “complex” hereafter. Since HoO was supplied in the
original culture solution, the bound water would be HyO,
which is proved to be unreplaceable by the D>O used for
washing or removed by the drying treatment [30]. Thus
Pec 18 given by

Pcc = fccpcc,cat + szoszo (19)
where fec+ fu,0 = 1, with f.. and fu,0 being the volume
ratio of cellulose crystallites and water in the “complex”,
respectively. Hence, fcc ~ 0.6 and fu,0 ~ 0.4 are de-
duced from eq. (19). Taking the original volume fraction
of cellulose crystallites in the wet sample ¢..(0) = 0.0038
into account, the original volume fraction of bound wa-
ter of the “complex” in the wet sample, @pw-com(0)
[= ¢cc(0) X fr,0/ fec], is estimated to be ~ 0.0025. Since
both non-crystalline cellulose and crystalline cellulose fib-
rils have “bound water”, the total amount of “bound wa-
ter” in the wet sample, ¢pw (0), is estimated to be ~ 0.004,
according to the assumption of the cellulose crystallinity of
60%. This value is consistent with the value (~ 0.35 wt%)
obtained from the weight measurement to be discussed in
region III later. The consistent results from two different
experiments evidenced not only the existence of the bound
water layer, but also the validity of egs. (17) and (18).

A deviation between the fitting line and experimental
data of @, is observed at the late stage of region II in
fig. 9b because of the “matching effect” of the organic
compounds to cellulose crystallites, and will be discussed
in detail in region I1.

Note that incoherent scattering intensity of sample 1 is
very strong and dominantly responsible for the high Qy in
fig. 9b. The loss of HoO with time leads to the decrease in
Qu. However, the incoherent contribution of D5O in sam-
ple 2 is negligible [31,32], therefore, the increase in Qg in
fig. 9d reflects the possible structural change: more cellu-
lose crystallites are formed during the drying process. This
result is in good agreement with our preliminary WAXS
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Table 1. Similarities and difference between two cellulose samples 1 and 2.

Arrangement of |Solvent

cellulose microfibrils

contribution to /N |compounds|compounds on «

Solvent Organic | Effect of organic

Sample 1 same H2O

yes yes yes

Sample 2 same D50

no no no

result that an increase of the crystallinity was founded [30]
and also with the previous report by Zhang et al. [22].

Region II. W further decreases. N also decreases for
sample 1 due to the continuous loss of HoO, but has no
change for sample 2. The constant N value for sample 2
means the total number of hydrogen atoms in the given
scattering volume does not change any more. We there-
fore conclude that the shrinkage across the neutron beam
stops, but that the shrinkage along the beam does proceed.

The same arguments of @, and Qg in region I are
positively applied here in region II as well, because of the
continuous change across the boundary between regions I
and II. However, in the late stage of region II, except Qy
for sample 2, a discrete decrease commonly appears in
QL or Qg in figs. 9b and d, indicating an approach to the
matching point, where Ap is near zero, therefore either Qr,
or @y is very small. Basically, across the matching point,
Ap increases again, thereby raising the scattering inten-
sity, as 1, does in fig. 9d, however, @, or Qy of sample 1
never increases beyond the matching point, and a big devi-
ation between the theoretical curve and the experimental
data is observed. This is possibly due to the fact that the
organic compounds left in the solvent of sample 1, such
as glucose, yeast and peptone, stick on the cellulose fibrils
and become trapped in network meshes upon drying. Ap
between the cellulose crystallites and organic compounds
is presumed to be very small because of the similar chem-
ical structures, hence a match between them leads to a
small Qr, or Qg in sample 1. The organic compounds are
non-evaporable, therefore, ()1, or Qg never increases.

A continuous increase in Qg is observed in fig. 9d,
even across the matching point, because the intensity en-
hancement due to the growth of crystallites overweighs
the intensity decrease due to the matching effect. As a
consequence, matching effect was not observed in Qy.

Region III. In this region, all the parameters are in-
variable, indicating the drying process is over. W ends up
at ~ 3.5% for sample 1, but ~ 1.35% for sample 2. We as-
sume the evaporation mechanisms for HoO and DO are
identical, thus the different residual weight fraction is due
to the contribution of the residual organic compounds,
which do not evaporate under the current experimental
condition. The organic compounds weigh considerably in
sample 1, while they are negligible in sample 2 because of
the long time spent washing.

Considering the weight fraction of a completely dried
sample of ~ 1% wt [43,44], sample 2 still contains
0.35wt% water after drying, which is believed to be

“bound water”. This result is consistent not only with
the calculation of ¢pw(0) in region II but also the early
reports [43,44].

5 Conclusion

The structure and structual change in the microbial cel-
lulose sample during the drying process were investigated
by a simultaneous measurement of time-resolved small-
angle neutron scattering (SANS), intermediate-angle neu-
tron scattering (IANS) and weighing techniques. Differing
from the conventional studies, the scattering contrast be-
tween the cellulose crystallites and the amorphous regions
automatically varied upon drying, allowing us to perform
contrast variation without any extra procedures. The com-
bined time-resolved studies enabled us to elucidate the
structure and structural change of the MC sample in two
different length scales on a rigorously common time scale:
microscopic structure as shown by the parameters Qr, and
Qu obtained by SANS, and the macroscopic structure as
shown by the parameters N and W obtained by IANS and
weighing measurements.

Owing to this unique experimental methodology, all
the experimental findings as described in the discussion
section may be directly observed unequivocally. The re-
sults imply the following: the natural drying process in-
volves three time regions: 3-dimensional shrinkage in re-
gion I, 1-dimensional shrinkage along the thickness of the
sample in region II, and the completion in region III. The
transition from 3-dimensional shrinkage to 1-dimensional
shrinkage upon drying is evidenced by the change of N in
TANS measurement for DyO-swollen sample (sample 2),
and attributed to the characteristic layer-by-layer struc-
ture of the cellulose network. In region III, “bound water”
is found to be ~ 0.35 wt% in the weighing measurement,
which has been also confirmed by the quantitative analysis
on (1, in SANS. In contrast to the natural drying process,
the rapid drying by vacuum leads to crucial structural
changes in a length scale of 7 ~ 125 nm.
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