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Abstract Structural changes of cellulose microfib-

rils and microfibril bundles in unmodified spruce cell

wall due to drying in air were investigated using time-

resolved small-angle neutron scattering (SANS). The

scattering analysis was supported with dynamic vapor

sorption (DVS) measurements to quantify the macro-

scopic drying kinetics. Molecular dynamics (MD)

simulations were carried out to aid in understanding

the molecular-level wood-water interactions during

drying. Both SANS experiments and simulations

support the notion that individual cellulose

microfibrils remain relatively unaffected by drying.

There is, however, a significant decrease in fibril-to-

fibril distances in microfibril bundles. Both scattering

and DVS experiments showed two distinct drying

regions: constant-rate drying and falling-rate drying.

This was also supported by the MD simulation results.

The shrinking of the fibril bundles starts at the

boundary of these two regions, which is accompanied

by a strong decrease in the diffusivity of water in

between the microfibrils.
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Introduction

Wood-water interactions are one of the most important

factors in many use-cases of wood and in the

production of advanced bio-based materials from it.

These interactions ultimately derive from the nanos-

cale structure of wood cell wall components interact-

ing with water molecules. However, the exact

structure of the cell wall components remains uncer-

tain due to difficulties in imaging themwhile the cell is

still intact.

The relationship between wood moisture con-

tent (MC) and fundamental nanoscale structural

changes is not yet completely understood (Penttilä

et al. 2021). Water inside wood is currently thought to

consist of free water inside cell lumina and bound

water inside cell walls. When the drying of wood

happens sufficiently slowly, it starts with the removal

of free water and only then continues onto bound

water. However, when the drying rate is fast, both free

water and bound water can be simultaneously

removed from a sample, until no more free water is

left (Penvern et al. 2020).

Small-angle scattering is a non-destructive method

for characterizing the average nanostructure of wood

cell walls and especially the structures formed by

semi-crystalline cellulose microfibrils (diameter 2–3

nm). Small-angle scattering also requires very little

sample preparation compared to other methods. Often

cutting a small piece of material is enough. This means

the wood remains very close to its normal state.

Analysis of wood and its components under various

MCs using small-angle scattering is by no means new

(Jakob et al. 1996; Penttilä et al. 2021). However,

time-resolved measurements remain unexplored,

especially with neutron scattering methods. This is

due to the time required to gather enough scattering

data in a measurement making exploring short time-

scale behavior difficult. Modern neutron sources

(Lindner and Schweins 2010) allow for high fluxes

to be generated and measured in a short amount of

time, leading to much faster gathering of good

experimental scattering data. Larger and more sensi-

tive detectors allow for high resolution measurements

at various length scales.

In this paper, we explore the changes inside the

wood cell wall during the drying of never-dried spruce

wood utilizing small-angle neutron scattering

(SANS). The experimental analysis is supported using

molecular simulations of cellulose microfibril bundles

(Paajanen et al. 2019), redesigned according to recent

information on the molecular architecture of spruce

secondary walls (Terrett et al. 2019). By comparing

the structural changes in a simulated environment to

those determined by experimental means, additional

insight can be provided into how water interacts with

the structure of the wood cell wall (Penttilä et al.

2021).
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Experimental

Sample preparation

Never-dried mature Norway spruce (Picea abies)

containing both earlywood and latewood was cut into

radial longitudinal sections of the dimensions 0:8�
10� 13 mm3 using a sliding microtome. The samples

were then stored in plastic vials filled with D2O for

several weeks.

Small-angle neutron scattering

Neutron scattering measurement. Before the measure-

ment the sample was removed from the D2O vial,

visible excess water on the surface was wiped off and

the sample was then weighed. The wood sample was

inserted partially from one end (a few millimeters) to a

glass cuvette to fix its position during the measure-

ment, leaving most of the sample directly exposed to

the ambient air of the experimental hall. The ambient

temperature and moisture conditions were checked

before and after the measurement using an on-site

hygro thermometer (RS PRO RS1364 Handheld

Hygrometer). The temperature was 24.0�C at the start

of the measurement and 23.9�C at the end. The relative

humidity (RH) of the air was 25.7% at the start and

25.6% at the end. The beamline also measured the

temperature during the experiment which remained at

a stable 24�C with very little deviation. The RH could

not be measured during the experiment, however any

significant changes in humidity seem unlikely.

The quartz cell containing the partially exposed

sample was placed in the D11 beamline of Institut

Laue–Langevin (ILL). Neutron wavelength used was

k ¼ 6 Å with the distance to the detector being 1.5 m,

with two additional measurements at 8 m at the start

and end of the experiment. The neutron beam size was

7 (width)9 10 (height) mm2. The q-range covered was

0.05–0.33 Å-1 at 1.5 m and 0.008–0.06 Å-1 at 8 m.

After the measurement the sample was weighed again

while at equilibrium with ambient air conditions and

then dried in an oven for 40 minutes at 105�C to

determine the dry weight. For each data point trans-

mission at 8 m sample-to-detector distance was

measured 5 minutes before the actual measurement,

except for the second data point, where the transmis-

sion measurement happened 11 minutes before the

measurement.

Data treatment. The SANS data was corrected and

normalized to absolute scale using LAMP (Richard

et al. 1996) and utilizing the transmission measured at

each data point. The equatorial scattering intensity

profile was calculated by integrating symmetric

40-degree-wide equatorial sectors. In order to remove

the isotropic scattering from the anisotropic scattering

of cellulose fibrils, the same symmetric azimuthal

integration was done for 80-degree-wide meridional

sectors and then the isotropic scattering was subtracted

from the equatorial scattering. This integration was

done utilizing the pyFAI Python package (Ashiotis

et al. 2015).

Model fitting. The corrected and azimuthally inte-

grated small-angle scattering patterns were fitted to the

WoodSASmodel developed by Penttilä (Penttilä et al.

2019):

IðqÞ ¼AIcylðq;R;DR; a;DaÞ

þ Bgausse
�q2

2r2 þ Cporodq
�a

ð1Þ

where A, Bgauss, Cporod, r and a are constants. The

IcylðqÞ term represents scattering from a hexagonal

lattice of infinitely long cylinders, which is a mathe-

matically simple approximation for cellulose

microfibrils with R being the mean cylinder radius, a

being the center-to-center distance between two

adjacent cylinders and DR and Da describe the

polydispersity of R and a. The latter two terms

represent scattering from larger structures such as

microfibril bundles (Bgauss-term) and lumina

(Cporod-term) (Penttilä et al. 2020b). The model

fitting was done using the SasView software (Doucet

et al. 2018).

Dynamic vapor sorption

To aid with determining the actual MC of the sample

during the scattering measurement, additional

dynamic vapor sorption (DVS) measurements were

performed on separate but similarly sized never-dried

spruce samples using a DVS apparatus (DVS Elevated

Temperature ET, Surface Measurement Systems Ltd.,

London, UK). Similar to the scattering experiment,

excess moisture was wiped from the surface and the

samples were placed inside the DVS sample chamber.

The DVS environment was setup to match the

experimental conditions with a temperature of 24�C
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and RH of 25.5% at the end. The mass of the samples

was measured for 12 hours after which the temperature

was raised to 60�C and the RH was set to 0% for 6

hours to dry the samples. After drying, the sample was

left to equilibrate at temperature of 24�C, RH 0% for

several hours to get an accurate dry mass in order to

determine theMC of the wood. TheMCwas defined as

follows:

MC ¼ mwater
mdry

¼
mtotal � mdry

mdry
ð2Þ

Three separate measurements were performed on

samples stored in D2O. An additional two measure-

ments were performed on samples stored in H2O to

determine if a measurable difference existed between

the drying of wood containing D2O compared to wood

containing H2O. However, no significant difference

was found between D2O and H2O.

Molecular models

General description of the models and simulations.

Molecular models of cellulose microfibril bundles

were used for two purposes: (1) to visualize changes in

fibril spacing, and (2) to study changes in water

mobility due to a changing MC. The former was

addressed using a model of seven fibrils that form a

close-packed aggregate (non-periodic model), and the

latter using a periodic model of four fibrils in a

hexagonal lattice (periodic model). In bothmodels, the

basic structural unit is a cellulose microfibril segment

with adsorbed hemicelluloses.

The microfibrils consist of 18 cellulose chains

arranged in the 2-3-4-4-3-2 stacking (Yang and

Kubicki 2020). Their internal structure is that of the

cellulose Ib polymorph (Nishiyama et al. 2002). The

cellulose chains of the non-periodic and periodic

models consist of 30 and 34 anhydroglucose units,

respectively. In the periodic model, the cellulose

chains are periodic along their length, and thus

represent an infinitely long fibril.

The hemicelluloses are assumed to reside on the

fibril surfaces, following the conceptual model given

in Terrett et al. (2019). The hemicelluloses consist of

galactoglucomannan (GGM) and glucuronoarabi-

noxylan (GAX) chains of 30 repeat units. The mass

ratio of hemicelluloses to cellulose is roughly 1:4, and

that of GGM to GAX is roughly 2:1, both

representative of conifer secondary cell walls (Schel-

ler and Ulvskov 2010). The chemical structures

correspond to those of spruce hemicelluloses.

Molecular dynamics (MD) simulations were used

to create the non-periodic and periodic bundle models.

In the first stage, hemicellulose adsorption onto a

single microfibril was simulated for eight different

hemicellulose configurations. Four GGM chains and

two GAX chains with different side group configura-

tions were uniformly distributed around a microfibril

segment at a distance of roughly 1 nm from the fibril

surface. The chains were distributed in random order,

and they were initially in the twofold helical screw

conformation and parallel to the fibril axis. After this,

the polysaccharides were embedded in water. The

hemicelluloses were then adsorbed onto the fibril

surfaces in a 100 ns simulation in the canonical

ensemble, at 300 K temperature.

In the second stage, the hemicellulose-coated fibrils

were used to construct the bundle models. In both

cases, the fibrils were arranged in a hexagonal lattice.

In the non-periodic model (see Fig. 1), seven fibrils

were arranged to form a loose cluster with one central

fibril and six peripheral ones. The initial interfibril

distance was set to 4.5 nm. The fibrils were then

aggregated in a 1 ns simulation in the canonical

Fig. 1 Non-periodic fibril bundle model consisting of cellulose

(beige), GGM (green) and GAX (blue)
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ensemble, at 300 K temperature. In the periodic

model, four fibrils were arranged to form an infinite

hexagonal lattice with an interfibril distance of 5 nm.

The interfibrillar cavities were then filled with water to

create a system with a MC of roughly 110%

mwater=mdry.

Two types of production simulations were carried

out. Firstly, the non-periodic bundle was embedded in

water, after which water absorption and changes in the

bundle geometry were followed in a 600 ns simulation.

After this, the water was removed and changes in the

bundle geometry were followed in a 100 ns simulation.

Secondly, the periodic model was subjected to a

drying protocol similar to that used by Kulasinski

et al. (2015a). A sequence of 100 ps simulations were

carried out, and after each simulation 10 randomly

chosen water molecules were removed from the

system. Longer 1 ns simulations were carried out at

an MC interval of 1 percentage point. The protocol

was followed until no water molecules were left in the

system. The sequence of bundle structures with

different MCs were used as a starting point for

50–200 ns simulations to determine the diffusivity of

the inter-fibrillar water. All production simulations

were carried out in the isothermal-isobaric ensemble at

300 K temperature and 1 atm external pressure.

Hemicellulose models. The chemical structures

used to represent spruce GGM and GAX are based

on multiple sources (Terrett et al. 2019; Martı́nez-

Abad et al. 2017; Laine 2005; Willför et al. 2008).

The GGM chains have a random backbone of b-
(1 ! 4)-linked D-glucopyranosyl (Glcp) and D-

mannopyranosyl (Manp) units, with a Glcp to Manp

ratio of 1:4. The Manp C2 and C3 hydroxyls are

randomly acetylated (Ac), with an Ac to Manp ratio of

1:4. The Manp units have random a-(1 ! 6)-linked

D-galactopyranosyl (Galp) side groups, with a Galp to

Glcp ratio of 1:1.

The GAX chains have a backbone of b-(1 ! 4)-

linked D-xylopyranosyl (Xylp) units. The Xylp units

have a regular pattern of a-(1 ! 2)-linked 4-O-methyl

glucuronic acid (MeGlcAp) side groups, with a

MeGlcAp attached to every 6th Xylp unit. The

MeGlcAp to Xylp ratio is thus 1:6. Moreover, there

are random a-(1 ! 3)-linked L-arabinofuranosyl

(Araf) side groups, which only occur two Xylp units

removed from the MeGlcAp groups towards the non-

reducing end of the chain. The Araf to Xylp ratio is

1:12.

Details of the simulation set-up. All simulations

were carried out using GROMACS (Abraham et al.

2015). Interatomic forces were described using the

GLYCAM06H force field (Kirschner et al. 2008). All

bonds involving hydrogen were constrained to a

constant bond length using the LINCS method (Hess

et al. 1997). The TIP3P model was used to describe

water (Jorgensen et al. 1983). Temperature control

was realized using a stochastic variant of the Berend-

sen thermostat (Bussi et al. 2007), and pressure

control using the Berendsen barostat (Berendsen et al.

1984). Time constants of 200 fs and 2 ps were used for

temperature and pressure control, respectively. The

total linear momentum of the system was set to zero at

2 ps intervals. The equations of motion were inte-

grated using the velocity-Verlet algorithm with a 2 fs

time step. GROMACS utilities, the Ovito Open

Visualization Tool (Stukowski 2009) and MDTraj

(McGibbon et al. 2015) were used for trajectory

analysis. The doGlycans tool (Danne et al. 2017)

was used to generate the molecular structures of the

hemicelluloses.

Results and discussion

The neutron scattering from wood generates a scat-

tering pattern based on its inner nanostructure, espe-

cially the structure of cellulose microfibrils. By

investigating how the scattering data changes with

the MC, the changes in the structure of microfibrils

and microfibril bundles can be observed. Azimuthal

integration of the scattering data yields a peak around

q ¼ 0:16Å-1 that corresponds to the microfibril

correlation distance. This peak gets smaller and shifts

to higher q-values as the sample dries, which is

interpreted as a decreased distance between fibrils

(Fernandes et al. 2011).

By fitting the integrated scattering data (Fig. 2a) to

the model (Eq. 1, ‘‘Experimental’’ section) we get the

results shown in Fig. 2b. DR was assumed to be 0.2

based on previous scattering experiments (Penttilä

et al. 2019), additionally the value does not have a

large effect in the measured q-range. The scattering

data from beyond 150 minutes was too weak and noisy

to provide anything useful due to low contrast between

the microfibrils and the dry, compact matrix.
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Both R and Da are relatively unaffected during the

drying. Based on the measured radius, the microfibril

diameter is roughly 2.1 nm, which is very similar to

other measurements (Fernandes et al. 2011; Penttilä

et al. 2019). The center-to-center distance between

microfibrils goes from 3.65 (wet) to 3.45 nm (dry)

after 140min. The fibril-to-fibril distance andmoisture

behavior are roughly similar to those in previous

measurements of softwoods (Plaza et al. 2016; Fer-

nandes et al. 2011; Jakob et al. 1996; Penttilä et al.

2019). However, the fibril-to-fibril distance varies

typically from 4 nm in the fully wet state to 3 nm in the

dry state, which is a more significant change than

observed in our current results. This discrepancy may

be partly due to uneven drying of the sample, with

surfaces drying faster and causing drier regions to

lower the value at the start and wet regions to raise it at

the end. The sample had also dried slightly before the

measurement could be started and was thus not fully

wet at the start. Additionally, due to low contrast later

on, the value for dry wood could not be accurately

measured, and the sample was still above equilibrium

MC when the last data point with successfully

determined interfibril distance (at 149 min) was

measured.

Similar fitting (see Fig. 3) to integrated scattering

data was done for two data points measured with a

sample-to-detector distance of 8 m. These data points

Fig. 2 a Fits of theWoodSASmodel (Eq. 1) to the integrated equatorial, anisotropic SANS intensity of drying wood bThe fitted values
as a function of time
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were acquired at the beginning of the measurement for

wet wood and at the end for dry wood. These were

combined with the first and last data points measured

at 1.5 m to extend the covered q-range to 0.01–0.3

Å-1. This was done to fit the Bgauss-term (Eq. 1,

‘‘Experimental’’ section) to investigate the change in

microfibril bundles during drying. Due to poor data for

dry wood, any values yielded by the analysis are

merely approximate and the values of a and R for dry

wood had to be fixed to 34.5 Å and 11 Å respectively,

for the fitting to provide meaningful results. Regard-

less, there was a clear increase in the value of r from

0.019 to 0.026 Å-1, roughly corresponding to the

bundle diameter shrinking from 15 to 11 nm (Penttilä

et al. 2020a). While the exact value of the shrinking

may not be accurate, evidence for shrinking bundles

was still there.

Peak fitting (Fig. 4) was done on the azimuthal

SANS scattering profile, in order to determine any

changes in the orientational distribution of the

microfibrils. A 180-degree-wide equatorial sector

was integrated over the q-range 0.12–0.30 Å-1

(corresponding to structures between 2 and 5 nm),

which corresponds to the level of individual cellulose

microfibrils. The peak width remains mostly

stable during the drying, possibly decreasing slightly,

but data at later times is not accurate enough to say for

certain. The mostly unchanging peak width suggests

that microfibril angle does not change noticeably

during drying, which is consistent with some earlier

studies on softwood (Rayirath et al. 2008; Hill et al.

2010). However, this measurement could not accu-

rately probe orientational changes at low MC and

other studies have shown both decreasing (Penttilä

et al. 2020b) and increasing (Lube et al. 2016)

microfibril angles for drying wood. The peak heights

show a clear and linear downward trend over the

measurement.

While the exact MC of the sample during the

scattering measurement was unknown, scattering

contrast in the cell wall is proportional to the amount

of water remaining among the microfibrils. This

means that some scattering terms correlate with the

MC of the sample during the measurement. As can be

seen in Fig. 5, both the scaling factor A and the

azimuthal peak height behaved in a similar manner to

the MC of wood measured by DVS. These terms

showed similar linear decrease during the first 150

minutes followed by a slow decay towards equilib-

rium. It stands to reason that these terms can therefore

indirectly tell us about the amount of water in the

sample, especially at the level of the cellulose

microfibrils. The SANS terms have a less steep slope,

indicating that the SANS sample dried slower than

the DVS samples. This could be due to the experi-

mental setup, since the SANS sample was partially

covered by a glass cuvette, reducing the drying

surface. The DVS device also had a N2 flow, slightly

accelerating the drying. The relationship between MC

and the scaling factor A is further complicated by

uneven drying of the sample, which will be discussed

later.

The drying kinetics of porous materials has two

distinct drying regions, a constant rate period (CRP)

where the drying rate of the material remains constant

or almost constant. This is followed by a falling rate

period (FRP) where the drying rate starts slowing

down. Wood is a highly porous material and should

therefore exhibit similar behavior (Coumans 2000).

Indeed, by looking at the MC and its time derivative as

measured by DVS, as seen in Fig. 6, it clearly exhibits

constant rate drying until roughly 100 minutes,

followed by a falling rate behavior afterwards. At

the point where the behavior changes from the CRP-

region to FRP-region, at an MC of roughly 60%, the

interfibril distance also starts to fall rapidly. After

roughly 3 hours, the drying has slowed as the system

approaches the equilibrium MC of around 7%, which

is consistent with previous results for spruce at 25%

RH (Fredriksson and Thybring 2018).

The results are consistent with the interpretation

that during CRP-drying, the water is largely removed

from the cell lumina. Additionally, some water is

Fig. 3 Equatorial, anisotropic SANS intensities from wet and

dry wood, obtained using combinedmeasurements at sample-to-

detector distances of 1.5 m and 8 m
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being lost from inside the cell walls, as can be inferred

from the decreasing A-term and Gaussian peak heights

seen in Fig. 5. The most likely cause for this initial

decrease is the surface drying more quickly than the

bulk. As SANS measures the average over the entire

neutron interaction volume, this water loss does not

substantially affect the fibril-to-fibril distance. Once

the FRP-drying begins, the removal of bound water

from inside the cell walls starts to dominate the drying

and the fibrils start to get closer as water is removed

from between them. This FRP-behavior seems to

happen at an MC value larger than even the most

liberal estimates of wood fibre saturation point (FSP),

which is a value at which the cell wall is fully saturated

Fig. 4 a Gaussian peaks (dashed lines) fitted to the azimuthal SANS intensity profile (solid lines) of drying wood, radially averaged

over the q-range 0.12–0.30 Å-1 b The time evolution of the fitted values

Fig. 5 Moisture content as a function of time measured by DVS and the normalized height of the azimuthal peak and A-term from the

WoodSAS model (Eq. 2) as determined by SANS
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while the lumina are empty (Thybring et al. 2020).

However, FSP is a theoretical value usually measured

at equilibrium, while the spruce sample measured is a

macroscopic object and the drying rate is so fast that

the system is nowhere near equilibrium. In addition to

the faster drying of surfaces, the volume interacting

with the neutron beam contains both earlywood and

latewood, which have different lumen sizes and cell

wall volume fractions. This means that the MC of the

interaction volume will be inhomogeneous. Therefore,

even while the average MC of the sample is higher

than the FSP, some volume fraction of the sample may

be near or below FSP, leading to a decrease in fibril-to-

fibril distance.

The fundamental moisture-related changes in the

microfibril bundles can be visualized with the aid of

atomistic simulations as presented in Fig. 7. When the

MC in the simulated model system increases, the

water molecules go between the individual fibrils in

the bundle and cause the fibrils to drift apart as the

water takes upmore and more space between them. An

equivalent but opposite change happens during drying.

The changes to the structure of single fibrils are minor

due to water’s inability to penetrate into the fibrils. On

the contrary, fibril-to-fibril distance noticeably

decreases during drying, which agrees with the SANS

measurements. Two separate and distinct methods of

SANS and atomistic models provide similar values of

fibril-to-fibril distances and a similar moisture

Fig. 6 Fibril-to-fibril distance compared to moisture content measured using DVS (left) and the time-derivative of moisture content

(right)

Fig. 7 The non-periodic atomistic model illustrates the change in interfibril distance awith changing moisture content. Cellulose fibrils

(beige) surrounded by hemicellulose (green/blue) are farther apart when surrounded by water molecules (not shown)
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response. This suggests that both methods and their

assumptions are valid, and they provide useful tools

for characterizing moisture induced changes inside the

wood cell wall.

Changes in the diffusivity of water as a function of

MC were studied with MD simulations of periodic

microfibril bundles. In Fig. 8, the simulated water

diffusivity determined using the mean squared dis-

placement of the water molecules is compared to bulk

water diffusivity.

The diffusivity remains somewhat stable above MC

values of 40% but starts to greatly decrease at around

30% MC. At this point, the amount of water able to

freely move compared to water bound to cellulose and

hemicelluloses starts to decrease rapidly. This leads to

a much lower diffusion coefficient due to decreased

water molecule mobility. Similar behavior has been

observed before in simulations of crystalline cellulose

surrounded by hemicelluloses (Kulasinski et al.

2015a, b) and its relation to fibril-to-fibril distance

was discussed by Topgaard and Söderman (2001).

The MC values derived from the models are not

directly comparable to experimental values as the

model only contains carbohydrate molecules and the

water molecules surrounding them, while in the

experiments the MC was determined from a macro-

scopic piece of wood. Additionally, with the periodic

model, the change in fibril-to-fibril distance was from

38 to 32 Å while the MC changed from 40 to 5%,

which is a noticeably larger change than during the

current SANS measurements of drying wood. This

could however be explained by the small and

constrained periodic structure that allows more effi-

cient packing of the fibrils than possible in a non-

periodic system. Regardless, both experimental and

simulation results suggest similar behavior due to

moisture changes. Both the models and SANS mea-

surements show decreasing fibril-to-fibril distance as

the system dries with minimal changes to individual

microfibrils. Both also exhibit a period of near

constant-rate drying kinetics at high MC, followed

by a falling-rate at lower MC.

Conclusions

SANS is a valid method for measuring dynamic

moisture related changes inside the wood cell wall.

The changes in the center-to-center distance

between microfibrils could be measured while the

sample dried in air until the scattering signal got too

weak after 150 minutes. Based on both the SANS

measurements and the simulations of cellulose

microfibril bundles including hemicelluloses, the

drying dynamics of spruce wood consisted of two

separate regions. Firstly, the constant rate drying,

where water loss was almost constant as water

primarily left the cell lumina and the cell wall

nanostructure remained mostly unaffected. Lastly,

the falling rate period, where the cell walls started

losing enough moisture to cause the fibrils to get closer

to each other as water was lost from between them.

During this later period, the diffusion of water slowed

down as the fibrils got closer to each other.
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