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Effects of Thermal Aging on the Adhesion Forces of Biopolymers of
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ABSTRACT: Wood is the most important, industrially used
renewable resource on the planet, but the aging mechanism of
biopolymers on cell walls is poorly understood. Adhesion
properties are of critical importance for wood and many other
lignocellulosic materials. We used atomic force microscopy and
defined the jump-off force ratio in the retract force—displacement
curve to study the adhesion force phenomenon and the effects of
heat treatments. Here, we identified two sigmoidal curves
describing the shift of the adhesion force and the jump-off force
ratio: the first curve was attributed to the movement of extractives
and the second to the degradation of the hemicellulose—lignin
matrix. We confirmed the hypothesis formulated in this paper by
the cell wall surface topography, the analysis of the treated samples
by Fourier transform infrared spectroscopy, and the analysis of volatiles during heating by headspace gas chromatography-mass
spectrometry.

AFM tip
Wood cell wall
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B INTRODUCTION measurements is limited, at best. This gap is mainly due to the
structural and chemical heterogeneity of natural wood surfaces,
the lack of reliable repositioning techniques, and the small
sample sizes, which prevents drawing statistically significant
conclusions. In the previous study, we proposed a systematic and

Aging is defined as irreversible changes of properties of interest,
under the effect of various factors, such as temperature,
moisture, loading, UV light, or chemical solutions in time. We
are interested in the effect of aging factors (specifically,

temperature) on the surface of wood cell walls. We study reliable repositioning method,” which is a key in studying
wood because of its increasing importance as a structural heterogeneous surfaces of plants such as wood.

material and the lack of understanding of the in situ aging The force—displacement curve shows two discontinuities: a
processes. The temperature influences almost every aging jump-to-contact and a jump-off-contact. These jumps are due to
process in manufacturing and application of wood ranging the inherent stiffness of the tip, the stiffness of the cantilever, and
from wood composite manufacturing to the use of wood in the force gradient between the tip and sample.”” Researchers
construction. Heat is often used as a vehicle to accelerate the have studied the jumps: jump distances, material structural
aging processes of polymers, such as the application of time— transformation, and tip—sample force changes.’’™>* For
temperature superposition.' ® For the wood material, aging example, the atoms in gold samples formed a neck to adhere
under dry conditions at ambient temperature is mainly a mild to the tiP~30’33

oxidation process.7’8 Heat treatments at 100—150 °C were used We believe that the jumps contain material information and
to accelerate the oxidation process and Lo Gavoid dissimilar can help measure material changes in the complex wood cell wall
chemical reactions under natural aging. ~'° However, the system during the aging process. Given the identical tip and

detailed mechanism of thermal oxidation is rarely addressed.®
Wood is a cellular structure composed of biopolymers:
cellulose, hemicelluloses, lignin, and small portions of other
substances, such as extractives. Several studies used atomic force
microscopy (AFM) to visualize the ultrastructure of the cell wall
on transverse cross sections.'’~>' Some studies used adhesion
forces from force—displacement curves to characterize the wood
fine structure nanomechanically'”*>** and to detect whether
adhesion forces on wood surfaces changed with UV light or
heat.”*™*” However, the interpretation of the adhesion force

cantilever stiffness, the jumps reflect the nature of the force
gradient between the tip and the material, thus relating to the
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Figure 1. Diagram of AFM adhesion force measurements. (a) Topography of two adjacent cell walls and a selected area in the red rectangle. (b)
Magnification of the selected area. (c) Measurement points using the force—volume mode.
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Figure 2. Force—displacement curve. (a) Two jumps—AA’: jump-to-contact and BB’: jump-off-contact. (b) Discontinuous “jump-off-contact”:
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material properties. Instead of focusing on the jump distance, we
define the jump-off force ratio in the retract force—displacement
curve.

We asked (a) whether AFM adhesion force measurements
could describe the aging of wood cell wall surfaces; (b) whether
the jump-off force ratio in the retract force—displacement curve
helped identify different chemical components; and (c) whether
migrating extractives affected the adhesion force measurements.

B METHODS

Materials. Norway spruce (Picea abies) wood samples with
dimensions of 3 mm X 3 mm X S mm [radial (R) X tangential (T) X

1602

longitudinal (L)] were cut from an air-dried woodblock with
dimensions of 8 mm X § mm X 50 mm (R X T X L) with a
stainless-steel razor blade. Ten samples were randomly selected for the
AFM measurements, and the radial surfaces were polished with a
diamond knife (histo DH4560, Diatome Ltd, Switzerland) using a
rotary microtome (HM 360, Microm, Germany). The polished samples
were fixed on the AFM sample holder with double-sided tape. The
wood samples in the natural state were stored in a desiccator [relative
humidity (RH) < 10%, 21 & 2 °C] for at least 1 week for stabilization.
Wood slices with a tangential thickness of about 100 ym were cut from
randomly selected samples with the same microtome.

Selection of Treatment Temperature. Based on the literature
review,” ' the temperature of 150 °C was selected as the aging
acceleration factor, expecting to cause measurable changes in the major
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wood chemical components within a reasonable time. The presence of
extractives inevitably plays a role in the measurements of wood surface
properties. Therefore, the thermal treatment was also performed at 70
°C, which induced the migration of extractives toward the sur-
face 10:35-37

Treatment. For AFM measurements, three samples were treated in
an oven with circulating air at 150 °C for an accumulated time of 6, 24,
51,72, 144, 240, 384, and 624 h. Another three samples were treated at
70 °C for the same duration. After each treatment, the wood samples
were equilibrated in the desiccator (RH < 10%, 21 + 2 °C) for at least
24 h and then measured by AFM. For Fourier transform infrared
(FTIR) spectroscopy measurements, the wood slices were treated at
150 and 70 °C for the accumulated time of 6, 72, 144, 240, 384, and 624
h. After each treatment, the wood samples were equilibrated at 20 °C
and 50% RH for 24 h and then measured by FTIR spectroscopy.

Repositioning of the AFM Tip. Identical samples were treated and
measured throughout the entire test, and identical cell wall sections
were scanned after each treatment. We have used the repositioning
method that we developed and validated.”®

Atomic Force Microscopy (AFM) Measurements. Adhesion
force measurements were conducted with an AFM Agilent
Technologies 5500 (Agilent Technologies, Inc., Santa Clara, CA) in
an environmental chamber using the force—volume mode. The
chamber was continuously supplied with nitrogen, and the relative
humidity was below 5%. A silicon Multi7SAL-G tip (Nanoandmore,
Germany) was first blunted to avoid uncontrolled wear. The force
constant of the tip was determined to be 3 N/m using the thermal noise
method, and the deflection sensitivity was 100 nm/V. Our preliminary
tests showed that a blunt tip used for the natural wood cell walls in the
nitrogen gas gave consistent and steady force measurements. A single
AFM tip was used to measure identical samples throughout the entire
experiment to reduce the variations between tips and between wood
samples and wood cell walls. The tip wear was checked frequently using
a silicon surface and wood control samples.

The topography image of the cell wall was obtained by scanning in
the contact mode (256 X 256 pixels), and a rectangular area with
dimensions of 0.65 ym X 1.3 um on the secondary cell wall was
selected. A contact-mode scan was made on the selected area with 256
X 512 pixels. The adhesion force measurements were conducted in the
force—volume mode with 8 measurement points on each line and 16
lines in total. One-hundred twenty-eight adhesion force curves were
collected on each selected cell wall section (Figure 1).

Force—Displacement Curve. The raw curve obtained by AFM is a
force—displacement curve, where the rest position of the cantilever is
recorded. The tip—sample distance is the distance after the subtraction
of the cantilever deflection from the displacement. In this article, we
used the raw curves: force—displacement curves. A force—displacement
curve is shown in Figure 2a. The tip approaches the sample (black
curve), jumps to contact with the surface, and continues to deform to
the predefined load. Then, the tip starts to retract (red curve). When the
tip separates from the surface, the adhesion force (F,4) occurs.

In the force—displacement curves, there are two discontinuities (A—
A’ and B—B’; see Figure 2a): jump-to-contact in the approach curve
and jump-off-contact in the retract curve. The jumps occur when the
tip—sample force gradient, dF/dZ, is larger than the cantilever stiffness,
k.. The jump-to-contact first increases with k. and then decreases; the
jump-off-contact always decreases with k>’

Jump-Off Force Ratio. Instead of the jump distance of the tip in the
Z direction, we are interested in the ratio between the jump-off-contact
force span (Fjoc) and the adhesion force (F,4) in the retract force—
displacement curve. We define the jump-off force ratio as (Figure 2b)

Fjoc

Eq

a

b= 0

where I represents the normalization of the jump-off-contact force span
by the adhesion force so that I lies between 0 and 1. We observed that
some force—displacement curves had no discontinuities when the tip
retracted away from the sample surface, and, in this case, the jump-off
ratio (I]F) was set to zero (Figure 2c).

1603

We used the jump-off force ratio to identify the chemical
components on the surface of wood samples subjected to heat
treatments.

Fourier Transform Infrared (FTIR) Spectroscopy. Fourier
transform infrared spectra of the wood samples were measured with a
Bruker Tensor 25 FTIR spectrometer equipped with the attenuated
total reflection (Bruker Optics, Bremen, Germany). Spectra were
collected in the wavenumber range of 4000—400 cm ™" with a resolution
of 4 cm™" and 32 scans. Three measurements were conducted on each
sample. Spectra were baseline corrected and normalized to the highest
peak so that the absorbance lies between 0 and 1.

Headspace Gas Chromatography—Mass Spectrometry (GC—
MS). Spruce wood sawdust was stored at 20 °C and 65% relative

humidity for one year before tests. As shown in Figure 3, 150 mg of

20°C 10d

Headspace
———p» GC/MS,70°C6h

sawdust

20°C 10 d
—» GC/MS, 150 °C 6 h

—J 150°C 10d
—» GC/MS,150°C6h

Figure 3. Schematic of headspace GC—MS tests.

sawdust was placed in a 10 mL headspace vial with carried-lined screw
caps. Four headspaces with sawdust were stored at room temperature
for 10 days, and two headspaces with sawdust were heated in an oven at
150 °C for 10 days. The samples were then equilibrated at 70/150 °C
for 6 h in the headspace sampler oven (Agilent Headspace sampler
7697A). The analysis was carried out on the Agilent J&W HP-SMS UI
column (I =30 m, LD. = 0.32 mm, film = 0.25 ym) using a GC/MS
system (Agilent GC/MS 7890A/5975C). Identification was based on
spectral libraries (NIST/Wiley).

Boltzmann’s Sigmoidal Equation. Sigmoid functions with the
shape of Boltzmann equations have been used frequently to describe
diverse biological or medical situations related to transition
phenomena, revealing their physical or geometric behaviors.>® The
Boltzmann’s sigmoidal equation describes the transition of a dependent
variable from one state to another significantly different state as a
function of an independent variable.* The function has a sigmoid-
shaped curve

STk
1 + exp((x — xy)/Ax) (2)

where y is the dependent variable, x is the independent variable, y; and y,
are the left and right asymptotes of y, x, is the center (where y returns
the mean of y; and y,), and Ax is the constant period of the independent
variable that determines the rise profile or decrease from y; to y, (for a
high Ax, the increase is slow, and for a low Ax, the increase is fast).

Sample Size. Ten samples were randomly selected and measured
by AFM in the natural state, and S—10 cell walls were chosen on each
sample. One-hundred twenty-eight force curves were collected on each
cell wall. In total, we measured 73 cell walls and more than 8000 force
curves on untreated samples and more than 2000 force curves on the
samples treated at 150 and 70 °C.

Data Processing. The calculation of the adhesion force and the
jump-oft force ratio was performed using a self-written MATLAB code.
After discarding outliers, defined as 5% of the lowest and highest ends of
the 128 measurement points on each cell wall, each data point (in
Figures 4a and Sa) represented the truncated average and variance in
adhesion forces and jump-off force ratios (114 data sets). Data were
summarized as average + standard deviation (% + s). The sigmoidal
fitting and the descriptive statistics were performed in Origin 2019b.

y(x) =y —
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Figure 4. Diagram of the first sigmoidal curve of adhesion force—jump-off force ratio. (a) Heat treatments at 150 °C for 6 h shifted the adhesion forces
upward to the top plateau. At 70 °C, the adhesion forces shifted downward to the bottom plateau after 144 h and remained there. (b) Histogram of the
adhesion forces of untreated samples. (c) Histogram of adhesion forces of untreated and treated samples [temperature (T) = 150 °C and time (t) = 6
h]. (d) Histogram of adhesion forces of untreated and treated samples (T = 70 °C and t = 144 h). Horizontal axes in panel (b) through panel (d)
represent the magnitude of the adhesion forces showed in panel (a). T: temperature; t: time; X: arithmetic average; s: standard deviation; and n:
number of measurements. (e) Diagram of extractive transportation and oxidation. *Relative frequency.

B RESULTS

First Sigmoidal Curve. To quantify the spring-back during
the AFM tip retraction, we defined the jump-off force ratio in the
retract force—displacement curve (Figure 2). We have collected
about 8000 data points from 73 cell walls in 10 untreated wood
samples (Figure 4a, gray points) and more than 2000 from
treated samples (Figure 4a, red and blue points). We used the
Boltzmann’s equation to describe the sigmoidal curve (Figure
4a, black curve)

0.9

I. =
JE 1+ exp((Ey — 144.7)/7.2)

09 —

©)

where the adjusted R* is 0.94 and the reduced y* is 0.007.

The sigmoidal function indicates that different processes
occur as a result of the treatment temperature and time. We
identified the upward shift at higher temperatures (150 °C) and
downward shift at lower temperatures (70 °C) (see Figure 4a).
We hypothesized that the movement of extractives caused the
adhesion force and jump-off force ratio to shift, and this shift
depended on the temperature level. At lower temperatures (70
°C), the extractives move to the surface but are not fully
oxidized, and the transportation rate is higher than the oxidation
rate—the extractives accumulate on cell wall surfaces and
dominate the adhesion force (Figure 4e). This has been

1604

observed by other researchers: the extractives started to
transport to the surface in the temperature range of 42—90 °C
and disappeared at a temperature more than 200 °C by
oxidation.”® At higher temperatures (150 °C), however, the
oxidation rate was higher than the transportation rate, and the
concentration of extractives on the surface decreased (Figure
4e). Therefore, the top plateau of the sigmoidal curve represents
a near extractive-free surface, where the underlying major
chemical components, hemicelluloses, lignin, and cellulose, are
exposed. The bottom plateau represents a extractive-abundant
surface, and the middle part represents a situation when the
adhesion forces are controlled by both the presence of
extractives and exposed major wood structural components.
This interpretation was based on the literature,*® and no direct
chemical analysis on extractive behavior was performed in this
study.

Second Sigmoidal Curve. We found three phases in the
adhesion force and jump-off force ratio with a heating time of
24—624 h at 150 °C (Figure 5a): a leftward shift in phase 1, an
upward shift in phase 2, and a downward shift in phase 3. We
fitted the Boltzmann’s equation to the sigmoidal curve (Figure
Sa, second curve in blue):

1.54
1 + exp((E4 — 74.9)/26.5)

Ip =099 —
’ (4)
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Figure S. Diagram of the second sigmoidal curve of adhesion force—jump-off force ratio. (a) Data shifting after heating at 150 °C for 24—624 h. (b)
Histogram of the adhesion forces from samples treated at 150 °C in phases 1,2, and 3. (c) Image of the untreated cell wall. (d) Image of the treated cell
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cellulose aggregates are exposed after the matrix degrades.

where the adjusted R* is 0.97 and the reduced y* is 0.002.

We hypothesized that the hemicellulose—lignin matrix
degraded with the heating time at 150 °C and shifted the
adhesion forces. We confirmed this hypothesis with the cell wall
topography before and after treatments, by Fourier transform
infrared (FTIR) spectroscopy and headspace GS-MS.

Topography. We believe that the cellulose aggregates
appear on the treated cell wall topography (in phase 3) after
the amorphous matrix degrades. We marked some cutting
artifacts on the untreated cell wall (black dot circles, see Figure
5Sc) and found that they disappeared in phase 3 (Figure 5d). The
morphology changed from an irregular pattern to regular parallel
lines. These lines were 20—60 nm in width, which were
comparable to the values for cellulose aggregates reported in the
literature: 10—60 nm* and, specifically, 10~30 nm with
AFM."”?° The larger width that we measured was attributed
to the widening effect™ of the blunted tip we used. Therefore,
phase 3 means that the cellulose aggregates are exposed
gradually when the hemicellulose—lignin matrix is removed
with time in phase 1 and phase 2: a removal effect of the heat.
The amorphous pattern observed on untreated cell walls (Figure
5c) comes from the extractives and the matrix.

FTIR. FTIR spectra showed the heat oxidized and degraded
the hemicellulose—lignin matrix with time at 150 °C. The band
between 1700 and 1750 cm™" increased, and the peak shifted
from 1732 to 1720 cm™" (Figure 6a). This band represents
unconjugated carbonyl groups. Some researchers observed the
same trend and suggested lignin condensation at the expense of
conjugated carbonyl groups and the opening of the aromatic
ring.*' =" Other researchers reported that the band initially
decreased due to the degradation of hemicelluloses and then
increased due to the oxidation of lignin and carbohydrates.*>*’
Hemicelluloses degraded first in thermal treatments, where the
cleavage of acetyl groups and the released acetic acid further
catalyzed the hydrocarbons and lignin to depolymerize.*’

The band 1508 cm™" decreased continuously (Figure 6a) and
was lower in density than the band 1600 cm™ at the treatment
time of 384—634 h (Figure Sa, phase 3). The bands around 1500
and 1600 cm™" represent lignin aromatic ring vibrations of
guaiacyl and syringyl units, respectively. Softwood has a higher
content of guaiacyl units and shows higher intensity in the band
at 1500 cm™" than at 1600 cm™". Researchers reported the same
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trend and suggested the splitting of aliphatic side chains and the
cleavage of 3-O-4 linkages in lignin structures.*"*>***’

The bands 1160, 1057, and 1105 cm™ for cellulose and
hemicelluloses increased and suggested that aliphatic alcohols
formed and the content of crystalline cellulose increased after
the heat treatments.*”*” The ratio of the softwood lignin band
1508 cm ™! and the carbohydrate band decreased continuously
and suggested that the lignin content decreased (Figure 6b).
Therefore, the FTIR results confirmed that the hemicellulose—
lignin matrix degraded and its content decreased compared with
cellulose.

Headspace GC—MS. The volatiles at 70 °C for 6 h are
mainly terpenes, which are natural wood extractives. The
volatiles at 150 °C for 6 h showed multiple terpenes and the
typical degradation products found in the hemicellulose
oxidation and pyrolysis: formic acids, acetic acids, furfurals,
and furans.*® It was reported that the 3-O-acetyl group in xylan
reacted with the hydrogen atom linked to the C2 position to
form the carboxyl group. The C6 + acetyl group underwent
through a pericyclic reaction to form acetic acid.”” Xylose was
known to convert to furfural and S-methyl furfural. Vanillin was
also detected, indicating the degradation of lignin.

After the wood samples were heated at 150 °C for 240 h, the
volatiles showed different products compared with the heating at
150 °C for 6 h. The terpenes were no longer detected, indicating
that these volatile extractives might have evaporated during
treatments. Approximately five aromatic compounds were
detected: vanillin, apocynin, 2-methoxyphenol, 2-methoxy-4-
methylphenol, and methyl vanillate, indicating that lignin was
oxidized and depolymerized. The low molecular weight
aromatic compounds mi%ht be formed by dimethoxylation
and C,—Cy breakdown.”® Acetic acid, propanoic acid, and
furfurals indicated the degradation of hemicelluloses. Levoglu-
cosenone has been detected and showed the degradation of
cellulose.’

Extractives such as terpenes started to move at both 150 and
70 °C, therefore, we can conclude that the downward shift at 70
°C and the upward shift at 150 °C on the first sigmoidal curve
are related to the movements of extractives: at 70 °C, the moving
speed from the inside to the surface is larger than the evaporating
speed, resulting in the extractive accumulation on the surface; at
150 °C, the opposing processes occur, resulting in an extractive-
free surface. Similar results were reported by other researchers:
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heat treatments at 120 °C for 10 h reduced the terpenes in the
green fir wood by >99%.>” Hemicelluloses and lignin start to
degrade when treated at 150 °C for 6 h and more aromatic
degradation products when treated at 150 °C for 10 days
indicate that lignin is decomposed with a longer treatment time.
Therefore, we can conclude that the second sigmoidal curve
indicates the degradation of the hemicellulose—lignin matrix.

B DISCUSSION

In this work, we measured more than 8000 points on untreated
wood cell walls and more than 2000 points each on treated cell
walls by heat treatments at 150 and 70 °C. We used the
repositioning method that allowed us to perform pairwise
comparisons. We believe that the force gradient in the retract
force—displacement curve reflects the nature of the interactions
between the tip and the material and define the jump-off force
ratio (Figure 2). This permitted us to quantify the mechanism of
the AFM tip separation. We found two sigmoidal curves in
adhesion force magnitudes and the jump-off force ratios: (1) the
first curve indicated the transportation and oxidation processes
of extractives during heat treatments and (2) the second curve
indicated the degradation process of the hemicellulose—lignin
matrix. The cell wall topography, FTIR, and GC—MS results
confirmed that the heat treatment removed the top layer
substances from wood cell walls: (1) the parallel lines on the
treated cell wall topography suggested cellulose aggregates
appeared after the matrix degraded; (2) the FTIR analysis
revealed that the intensity of carbonyl groups increased, the
aromatic ring intensity of softwood lignin decreased, and the
lignin to carbohydrate ratio decreased: this means that the
hemicellulose—lignin matrix was oxidized and degraded; and (3)
the GC—MS analysis showed the acids and furfurals derived
from hemicellulose degradation and five aromatic monomers
from lignin depolymerization in the volatiles of wood samples
when treated at 150 °C for 10 days. Degradation products from
cellulose were also detected, indicating that cellulose started to
degrade.

We propose a qualitative model to explain the mechanism of
cell wall thermal aging due to elevated temperatures (Figure 7).
From the outside to inside, the surface layer of the wood cell wall
is composed of extractives, the hemicellulose—lignin matrix, and
the cellulose aggregates: the combination of these substances
affected the adhesion force magnitude and jump-off force ratio
in the force—displacement curve (Figure 2). The heat
treatments accelerate the transport of extractives to the surface
and their oxidation process; the transportation process prevails
at 70 °C and the oxidation process dominates at 150 °C: the first
sigmoidal curve (see Figure 4a). The extended heating at 150 °C
degrades the amorphous hemicellulose—lignin matrix layer and
exposes the cellulose aggregate layer with a pattern of parallel
lines: the second sigmoidal curve (Figure Sa).

We attribute the first sigmoidal curve to the transportation
and oxidation of extractives and the second sigmoidal curve to
the degradation of the hemicellulose—lignin matrix. This
conclusion is confirmed by the FTIR tests on the treated
wood and the GC—MS tests on the volatiles during the heating
of wood as well as by the literature.*® For the second sigmoidal
curve (Figure S), our FTIR data cannot explain phases 1 and 2
separately: we can only suggest that the two phases indicate the
degradation of the hemicellulose—lignin matrix. We infer that
phase 2 results from hemicellulose degradation and phase 3 from
the lignin—the literature shows that hemicelluloses degrade
before lignin."’

1607

B CONCLUSIONS

Our study shows that AFM can be successfully used to measure
the effect of temperatures on a lignocellulosic material. The key
points are (1) a robust repositioning method to suppress the
spatial variability of natural materials; (2) the combined
interpretation of adhesion force magnitude, jump-off force
ratio, and the topography; and (3) the consideration of the
influence of extractives on the adhesion force measurements.

We found that the Boltzmann sigmoidal equation can
describe the relationship between the adhesion force and
jump-off force ratio in the thermal aging of wood surfaces. The
first sigmoidal curve of the adhesion force—jump-off force ratio
relationship describes the transportation of extractives and their
oxidation on the surface. The second sigmoidal curve suggests
the degradation of the hemicellulose—lignin matrix and the
exposure of the cellulose aggregates. The adhesion force
magnitude and the jump-off force ratio can be used to interpret
the adhesion force measurements and the thermal aging of wood
cell walls.
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