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ABSTRACT: The adsorption of hemicellulose derived from bagasse onto
nanofibril cellulose has been studied in terms of kinetics and thermodynamics.
In situ monitoring of bagasse hemicellulose with different molecular weights
onto the nanofibril cellulose surfaces has been investigated using quartz crystal
microbalance and dissipation. Then, the adsorption kinetics and thermody-
namic properties were analyzed. Also, the sorption behavior and the adsorption
layer properties were quantified in aqueous solutions. The maximum
adsorption mass was 2.8314 mg/m2 at a concentration of 200 mg/L. Also,
compared with that of the low-molecular-weight hemicellulose, the adsorption
capacity of the high-molecular-weight hemicellulose was higher, and the
adsorption rate changed faster and could reach an equilibrium in a shorter time.
The intraparticle diffusion kinetic model represented the experimental data
very well. Therefore, the kinetics of hemicellulose on the fiber adsorption was
commonly described by a three-stage process: mass to transfer, diffusion, and equilibrium. The Gibbs energy change of the
adsorption of hemicellulose was found to range from −20.04 to −49.75 kJ/mol at 25 °C. The entropy change was >0. It was found
that the adsorption was spontaneous, and the adsorbed mass increased with the increase in temperature. This strengthened the
conclusion that the adsorption process of the bagasse hemicellulose on the NFC was driven by the increase in entropy caused by the
release of water molecules due to hydrophobic interaction or solvent reorganization.

1. INTRODUCTION

Cellulose material has become a research hotspot in recent
years1−3 because it is the most abundant renewable material on
the planet.4,5 As a substitute for petroleum-derived materials,
cellulose is widely used in many industries such as paper-
making,3 packaging, and building materials.2 However, hemi-
cellulose is often discarded as biomass waste during the
industrial processing of plant fibers. It is a type of natural
polymer with a high molecular weight, the second-highest after
cellulose, which was a general term for a class of heterogeneous
polysaccharides, including xylose, galactose, arabinose, man-
nose, and so on.6 Hemicellulose acts as a binder in plant cell
walls. The study of the interaction between hemicellulose and
cellulose plays an important role in fiber assembling and the
role of amorphous polymers in shaping the structure of the
fiber network.7−9 Some studies have shown that the blend of
oligosaccharides and polysaccharides with cellulose had
excellent hydrophobicity and barrier properties. The applica-
tion and development of hemicellulose could be used to
prepare high-value materials, such as oxygen barrier films for
packaging, plastic adhesives, and improvement of paper
strength in the paper industry.10 Therefore, it is important to
reveal the interaction between hemicellulose and cellu-
lose.11−13

In recent years, some researchers have used molecular
dynamics simulation and atomic force microscopy to study the
interaction. However, molecular simulations could not handle
complex systems, and processes occurring in large spaces and
in long timescales in the methods of atomic force microscopy
can only study the frictional force of polysaccharides on the
surface of cellulose on a macro scale.14,15 At present, some
researchers also used a microcrystalline quartz balance with
dissipation to study the interaction between xylan and
cellulose. Jaafar et al.16 proved that acetylated xylan formed a
dense rigid layer on the cellulose. Bosmans et al.17

quantitatively studied the adsorption of debranched xylan on
the surface of the cellulose. Köhnke et al.18 proved that the
hydrodynamic properties of arabinoxylan depend not only on
the degree of substitution but also on the substitution mode.
Due to the complex molecular structure and different
molecular weights of the hemicellulose, there was no evidence
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of the mechanism of this interaction, adsorbed kinetic
behavior, and thermodynamics. The main factors controlling
the adsorption of cellulose by hemicellulose needed to be
further clarified and studied.
In this study, the objective was to investigate the

hemicellulose of different molecular weights obtained by this
approach from bagasse by in situ monitoring the adsorbed
kinetic behavior on cellulose nanofiber (NFC) surface using
quartz crystal microbalance with dissipation (QCM-D).
Thermodynamic and kinetic parameters of the adsorption of
hemicellulose of different molecular weights onto a cellulose
nanofiber surface were determined to evaluate enthalpic effects
related to interactions and the adsorption kinetic behavior. The
study revealed the hemicellulose−cellulose interaction and

provided directions for the design and optimization of
materials based on eco-friendly polysaccharides to render
biomass materials more amenable to processing.

2. RESULTS AND DISCUSSION

2.1. Adsorption of Hemicellulose onto NFC Surfaces.
The adsorption of hemicellulose from bagasse on the surface of
cellulose was studied using QCM-D. By measuring the change
in resonance frequency caused by adsorption, the adsorption
kinetic process was measured in real time. Using eq 1, the
frequency change was translated into the adsorption mass, as
shown in Figure 1. Three stepwise increments in the frequency
could be observed, which was the adsorption of PEI, which had
been used for facilitating cellulose adsorptive on the silicon

Figure 1. PEI, NFC, and BHht adsorbed on the SiO2 surface through a layer-by-layer assembly process and the mechanism diagram. (a) Frequency
(f3) and dissipation under the third overtone (D3) in the layer-by-layer assembly process and (b) mechanism diagram of the adsorption process.

Figure 2. Adsorption capacity (a) and dissipation curve (b) of BHht on NFC was measured at different concentrations (50, 100, 125, 150, 175, 200
mg/L), 25 °C, f = 5 MHz, n = 3, pH = 7, and a flow rate of 100 μL/min.
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sensor, the adsorption of NFC, and the adsorption of BHht.
When the NFC reaches an adsorption mass of 15.5801 mg/
m2, the adsorption is saturated, and there is no obvious
desorption phenomenon after Milli-Q water washing, which
indicates that NFC had completely covered the SiO2 chip to
form a uniform film. The adsorption mass of BHht was 2.7940
mg/m2 (Figure 2). When the frequency decreased, the
dissipation gradually increased in the same trend. Thus, the
NFC formed a uniform and soft thin layer on the surface of
SiO2. The adsorption curve of BHht gradually achieved an
equilibrium after 60 min. This study assumes that the
adsorption process of hemicellulose on NFC is spontaneous
and driven by the increase in entropy caused by the release of
water molecules due to hydrophobic interaction or solvent
reorganization.19,20 The hemicellulose entered the cellulose
pores and released some of the surrounding water molecules
(Figure 1c).
To find the best concentration for studying the adsorption

behavior, different concentrations of BHht were tested. When

BHht was injected into the flow cell in the given concentrations
(50, 100, 125, 150, 200 mg/L) at 25 °C, the adsorption
capacity and dissipation of BHht on the NFC changed as
shown in Figure 2. When the concentration was increased from
50 to 200 mg/L, the adsorption capacity increased from 0.4505
to 2.8314 mg/m2. However, when the concentration was 200
mg/L, the adsorption process was extremely unstable and
desorption occurred. When the concentration was 150 mg/L,
the adsorption capacity was the same at about 2.5545 mg/m2.
Therefore, the concentration of 150 mg/L was selected as the
experimental concentration for the following study.

2.2. Influence of the Molecular Weight of Hemi-
cellulose. The adsorption process of BHht and BHae at a
concentration of 150 mg/L on cellulose was studied by the
layer-by-layer assembly at 25 °C. Compared with the
adsorption capacity of low-molecular-weight hemicellulose,
that of the high-molecular-weight hemicellulose was higher and
the adsorption rate changed faster and could reach equilibrium
in a shorter time. This was because the hemicellulose BHae

Figure 3. Adsorption capacity (a) and dissipation curve (b) of BHht and BHae on NFC was measured at 25 °C, f = 5 MHz, n = 3, pH = 7,
concentration of 150 mg/L, and a flow rate of 100 μL /min.

Figure 4. Pseudo-first-order (a, d), pseudo-second-order (b, e), and intraparticle diffusion kinetic model; (c, f) plots for BHht and BHae adsorption
on NFC at different concentrations at 25 °C, f = 5 MHz, n = 3, pH = 7, and a flow rate of 100 μL/min. The points were the experimental data, and
the dashed lines were the fitting results.
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with a large molecular weight was loosely bound to the
cellulose surface, and the movable polymer segments moved
together with the adsorbed water during the shaking and
shearing processes, resulting in an increase in adsorption
capacity.21 According to the molecular entanglement theory,
the higher the molecular weight, the more entangled the
molecular chains are and more adsorbed water between the
molecules, resulting in a higher adsorption capacity and a
higher dissipation value.22,23 BHht was tightly bound on the
surface of cellulose, less adsorbed water moved with the shear
layer, and the dissipation was lower. Thereby, compared with
the absorption of BHae, the formed adsorption layer of BHht
had stronger rigidity and binding force (Figure 3).
2.3. Sorption of Bagasse Hemicellulose Kinetics. To

better illustrate the adsorption behavior and the adsorption
kinetics of BHht and BHae, the pseudo-first-order, pseudo-
second-order, and intraparticle diffusion kinetics were
exercised to fit the adsorption data at different concentrations.
The pseudo-first-order kinetic equation is given by

= [ − − ]q q k t1 exp( )t e 1 (1)

The pseudo-second-order kinetic equation is given by

=
+

q
k q t

q k t1t
2 e

2

e 2 (2)

where k1 is the pseudo-first-order rate constant (1/min). qt is
the amount of adsorption at a given point in time, k2 is the
pseudo-second-order rate constant (m2/(mg·min)), t is the
time elapsed from the beginning of the adsorption process, and
qe is the amount adsorbed at equilibrium. The intraparticle
diffusion kinetic equation is

= × +q k t Ct p
1/2

(3)

where kp is the intraparticle diffusion order rate constant (mg·
m−2·min1/2) and C is the intercept distance. The kinetic curve
of the intraparticle diffusion could be divided into three parts:
fast adsorption stage, diffusion stage, and adsorption
equilibrium stage.
Figure 4 shows BHht and BHae adsorbed mass vs time at

different concentrations, as well as the fitting curves of pseudo-
first-order (a, d), pseudo-second-order (b, e), and intraparticle
diffusion models (c, f), whereas the kinetic parameters and
correlation coefficients are shown in Table 1. It can be
observed that the adsorption kinetics do not fit the pseudo-
first-order and pseudo-second-order model well with R2 < 0.95
at BHht concentrations of 50 mg/L and BHae concentrations of
300 mg/L. Also, the adsorption kinetics did not fit the pseudo-
first-order model at BHae concentrations of 50 mg/L. The
experimental data points differ markedly from the linear
adjustment curve at the adsorption equilibrium stage, and the
equilibrium adsorption mass (qe) was also markedly higher
than the experimental value (Table 1). The results indicate
that when the hemicellulose concentration was too high or too
low, the pseudo-first-order and the pseudo-second-order
kinetic model could not fit the adsorption process well.
Figure 4c,f shows that eq 3 fits well with the experimental

data for BHht and BHae adsorption on NFC. The kinetics of
hemicellulose on the fiber adsorption was commonly described
by a three-stage process.24 The R2 for the three-stage process in
Table 1 was in the range of 0.95−0.99. The first stage was the
diffusion of hemicellulose molecules on the fiber surface, which T
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was the phenomenon of the mass transfer due to the random
thermal motion of molecules under the condition that there
was a difference in concentration within a phase. In the second
stage, some of the hemicellulose was diffused into the fiber
pores after a certain amount of it was adsorbed on the fiber.
Eventually, as the diffusion of hemicellulose to the fiber surface
and pores increased, the adsorption gradually reached a steady
state.25

2.4. Thermodynamics of Bagasse Hemicellulose
Adsorption. The adsorption capacity of BHht and BHae on
NFC at different temperatures is shown in Figure 5. As the
temperature increased, the adsorption capacity increased.
According to Figure 5a, the adsorption masses of BHht and
BHae are 2.76 and 2.67 mg/m2 at 25 °C, respectively. When
the temperature increased to 45 °C, the adsorption masses
were 6.43 and 6.61 mg/m2, respectively, and the adsorption
mass increased by 57−59%. However, when the temperature
was 45 °C, after BHht and BHae reached the maximum
adsorption capacity, the adsorption capacity fluctuated slightly
after 20 min. This could be due to the formation of the first
layer of hemicellulose at the cellulose surface by hydrogen
bonding during the adsorption process.26,27 After the
monomer was diffused on the cellulose surface, it formed a
second layer of accumulation.28,29 Compared with the first
adsorption layer, the second layer had a weaker hydrogen bond
force and a smaller proportion, so the adsorption layer was
extremely unstable, and there was some desorption after the
equilibrium-related phenomenon. It was proved that the main
binding site was controlled by hydrogen bonds in hemi-
cellulose and cellulose. It was found from the cellulose X-ray
structure that the interaction was hydrophobic and the
intermolecular C−H···O interactions were weak in the second
layer of accumulation. This was consistent with the research
conclusion of Silveira et al.,15 who used the 3D-RISM-KH
molecular solvation theory to explain the phenomenon.
This temperature effect can also be demonstrated through

the Gibbs energy change (ΔG), which could be computed as
follows

Δ = −G RT Kln a (4)

where R (8.314 J/(mol·K)) is the gas constant, T is the
absolute temperature in kelvin, and Ka is the adsorbed mass at
different temperatures.23

The van’t Hoff equation was used to analyze the standard
entropy change (ΔS) and enthalpy change (ΔH) of BHht and
BHae at different temperatures30

= − Δ + Δ
K

H
RT

S
R

ln a (5)

where the corresponding ΔH and ΔS were assessed by a plot
of ln Ka versus 1/T, which yields a straight line with an
intercept of ΔS/R and a slope of −ΔH/R. Figure 6 shows the
van’t Hoff plot for the determination of the thermodynamic
parameters that are presented in Table 2.

The relationship between ΔG, ΔH, and ΔS could be
computed as follows

Δ = Δ − ΔG H T S (6)

According to Table 2, ΔG was negative during the adsorption
of BHht and BHae, indicating that the adsorption was
spontaneous. The enthalpy value was greater than zero, that
is ΔH > 0, indicating that the adsorption process of BHht and
BHae on the cellulose surface was an endothermic reaction.
The ΔG of BHht was in the range of −20.04 to −21.38 kJ/mol,
indicating that the BHht adsorption process was a physical
adsorption process dominated by van der Waals forces. ΔG
was in the range of −49.74 to −53.09 kJ/mol during the
adsorption of BHae. As it is known that the hydrogen bond
energy was in the range of 8−50 kJ/mol, it can be observed
that the hydrogen bond played a dominant role when BHae was

Figure 5. Hemicellulose adsorption capacity curves at different temperatures (25, 35, 45 °C), f = 5 MHz, n = 3, pH = 7, a concentration of 150 mg/
L, and a flow rate of 100 μL/min ((a) BHht adsorption capacity curve and (b) BHae adsorption capacity curve).

Figure 6. van’t Hoff curves and regression analysis.

Table 2. Thermodynamic Parameters of Bhht and Bhae
Adsorption on NFC at Different Temperatures

hemicellulose temp (°C) ΔG (kJ/mol) ΔH (kJ/mol) ΔS (kJ/K·mol)

BHht 25 −20.0379
35 −20.7109 0.0175 0.0673
45 −21.3839
25 −49.7476

BHae 35 −51.4186 0.0482 0.1671
45 −53.0896
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adsorbed on the NFC. After the temperature increased, the
interaction efficiency of hydrogen bond and van der Waals
force was reduced.23,25 Therefore, at temperatures higher than
45 °C, the adsorption process of BHht and BHae on NFC was
driven by the increase in entropy caused by the release of water
molecules due to hydrophobic interaction or solvent
reorganization. The hemicellulose entered the cellulose pores
and released some of the surrounding water molecules.31 The
soft conformation of the adsorption layer and the disorder of
the cellulose chain led to an increase in entropy, and the
adsorption process was sensitive to temperature. The first
hydrogen bond site adsorbed was an exothermic behavior.
Adsorption to the second position was the entropy-driven
effect of heat absorption. With an increase in temperature, the
hydrophobic interaction increased, and the amount of
hemicellulose adsorption increased with the increase in
temperature. This research result was consistent with the
conclusion of Lopez et al.32 that xyloglucan interacts with
cellulose through two different processes as confirmed by the
isothermal titration calorimetry (ITC) measurement.
2.5. Different Molecular Weights of Hemicellulose

Affect the Properties of the Adsorbed Layer. The
characteristics of the adsorption layer were qualitatively
explored through the ΔD−Δf function relationship. The
adsorption data points of BHht and BHae on NFC form a
continuous curve, indicating that the adsorption of hemi-
cellulose on NFC was a rather slow one. As the frequency
decreased, the adsorption slope decreased slowly, and the
adsorption layer changed from a looser layer to a tighter,
harder, and less water-absorbing thin layer (Figure 7a). When
Δf was less than −2 Hz, the temperature had a significant
effect on the adsorption of BHht on the NFC surface, and the
conformation of the adsorption layer was slightly changed and
rearranged. When Δf was −2 to −6 Hz, the slope of the curve
had a discontinuity point, which was due to the conformation
of the adsorption layer changed again during the adsorption
process.33,34 The result indicated that the later adsorption was
a sedimentary adsorption process. With the accumulation of
hemicellulose molecules, steric hindrance and binding were
observed. With the reduction of sites, the newly adsorbed
hemicellulose molecules would remain on and around the
cellulose surface, resulting in an increase in the dissipation
value. The conformation of the adsorption layer undergoes a
rearrangement at 25 °C. One stage formed a soft layer and
then a compact layer, and the rearrangement was changed from
a soft layer to a more rigid adsorption layer.
The viscoelastic properties of the high-molecular-weight

BHae adsorption layer are shown in Figure 7b. Compared with
the adsorption process of low molecular weight, the ΔD−Δf
curve had a constant slope, indicating that the adsorption layer

did not undergo a conformational change in response to the
increase in the amount of adsorption during the BHae
adsorption process.18 As the adsorption temperature increases,
the slope of the ΔD−Δf curve decreases significantly.
Therefore, the higher the temperature, the harder the
adsorption layer formed by BHae on the cellulose surfaces
during the adsorption process. Compared with the low-
molecular-weight hemicellulose, high-molecular-weight hemi-
cellulose was more sensitive to temperature and not prone to
conformational changes during adsorption.
The thickness (h), viscosity (η), and shear modulus (μ) of

the adsorption film were quantitatively analyzed by QCM-D.
The viscoelastic properties of the hemicellulose adsorbed layer
were fitted by the Voigt model through the frequency and
dissipation changes of several overtones. Since QCM-D could
be used to monitor the quality of adsorbed water at the same
time, the measured value had no practical significance.
However, the results could be compared relative to each
other.35 When the temperature increased from 25 to 45 °C, the
viscosity of BHae and BHht did not change significantly within
the range of 1.0−1.4 Pa·s. The elastic modulus of BHht
decreased from 81.79 to 6.64 kPa. The elastic modulus of
BHae decreased from 8.5 to 4.4 kPa. However, the thickness of
BHht increased from 1.64 to 4.86 nm. The BHae thickness did
not change significantly. This was consistent with the
conclusion in Figure 7. With the increase in temperature, the
adsorption layer became looser and softer. This suggested that
the creep resistance decreased when the temperature increased.
This was consistent with the ΔD−Δf image analysis. The
hemicellulose was assembled on the cellulose surface to form a
relatively soft and loose adsorption layer. At 45 °C, the
thickness of BHae was reduced to 2.74 nm and the thermal
movement of water molecules was intensified, which enhanced
the hydration state of xylan macromolecules.9,36 Therefore,
temperature not only affected the adsorption kinetics and
adsorption capacity but also had a certain effect on the
structure and properties of the adsorption layer. This research
result was consistent with the conclusion of Pereira et al.37

(Table 3).
2.6. Morphology after Adsorption on a Cellulose

Layer. AFM was used to evaluate the morphology of the SiO2
chip with NFC before and after hemicellulose adsorption. As
shown in Figure 8a, a homogeneous distribution of nanofibrils
can be seen all over the image area before hemicellulose
adsorption. The SiO2 chip was almost completely covered by
the randomly oriented NFC, and the Ra was determined to be
14.3 nm. After the adsorption of hemicellulose on NFC,
obvious changes could be seen, as shown in Figure 8b,c; the Ra
was determined to be 13.4 nm. Figure 8c is a partially enlarged
view of Figure 8b with the scanned surface of 200 × 200 nm2

Figure 7. Plots of energy dissipation against frequency shift for the adsorption of (a) BHht and (b) BHae on NFC films ( f = 5 MHz, n = 3).
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and the height scale of 40 nm. The granular hemicellulose
molecules could not be clearly seen in the image, but the pores
between the cellulose and the fibers were filled and the
cellulose fiber surface became smooth. This is because the
hemicellulose was likely to present as a monolayer on the NFC
surface and was deposited onto the cellulose fibrils (Figure 8c).

3. CONCLUSIONS

In the study, the detailed kinetic study of the adsorption of the
BH of different molecular weights on the NFC surface led to
the understanding of the effect of the interactions of cellulose
with hemicellulose and the characteristics of the adsorbed
layer. The adsorption kinetics did not fit the pseudo-first- and
pseudo-second-order models well when the BH concentrations
were less than 50 mg/L and more than 300 mg/L, whereas the
intraparticle diffusion kinetic model fitted well with the
experimental data for BH adsorption on NFC. Thus, the
kinetics of hemicellulose on fiber adsorption was commonly
described by a three-step process: mass transfer, diffusion, and
equilibrium. Adsorption of high-molecular-weight hemicellu-
lose on the NFC resulted in an excellent gain in the adsorption
capacity and adsorption rate, while the equilibrium time was
drastically reduced. Further, with the increase in temperature,
the adsorbed mass increased, resulting in an endothermic
reaction. Although a continuous enhancement and gain in the
adsorbed mass were observed, the adsorbed layer was
extremely unstable at 45 °C. This strengthened the conclusion
that the adsorption process of bagasse hemicellulose on NFC
was driven by the increased entropy caused by the release of
water molecules due to hydrophobic interaction or solvent
reorganization. These results gave a better understanding of
the material of hemicellulose−cellulose interaction with the
aim of encouraging the design of new biomimetic materials.

4. MATERIALS AND METHODS

4.1. Materials. Bleached sugarcane bagasse pulp was
procured from Guangxi Guitang (China) Co., Ltd. Hemi-
cellulose prepared by hydrothermal method (BHht, Mw =
25 202 g·mol−1) and hemicellulose prepared by alkaline
extraction (BHae, Mw = 66 500 g·mol−1) were from Guangxi
Key Laboratory of Clean Pulp & Papermaking and Pollution
Control. Polyethylenimine (PEI) with Mw = 70 000 g·mol−1

and sodium dodecyl sulfate (SDS) were kindly supplied by
Aladdin Reagent Co., Ltd. (China).

4.2. Preparation of Nanofibril Cellulose Substrate.
The nanofibril cellulose was prepared by a high-consistency
refiner, and 2.63 wt % of fibril pulp of 3.82 g was dispersed in
100 mL of Milli-Q water. The fibrillated cellulose suspension
was dispersed by an ultrasonic probe (25% amplitude
transformer, 20% power) for 7 min. Also, the dispersed
fibrillated cellulose was centrifuged at 8000 rpm/min for 15
min and the supernatant was extracted. The carbohydrate
composition of the nanofibrillated cellulose (NFC) was 77.56
wt % glucose and 22.43 wt % xylose.

4.3. QCM-D Experiments. QCM-D was used to monitor
the adsorption kinetics of hemicellulose on the NFC film. The
quartz crystal sensor chip (SiO2 chip, QSX 303) was placed in
the flow cell, and PEI (0.1 g·L −1) was continuously injected
into the flow cell at a constant temperature (25, 35, 45 °C) at a
flow rate of 100 μL·min−1. To promote the adhesion of NFC
(1 g·L−1) on the SiO2 chip, when NFC adsorption reached
equilibrium, it was washed with Milli-Q water to remove
loosely adsorbed substances, and then, hemicellulose was
introduced on the system of NFC. After each addition of
attached substances, the mixture was rinsed with Milli-Q water
to remove loosely adsorbed materials. When the material was
adsorbed on the surface of the chip, the oscillation frequency
decreased. Thus, the adsorption mass per unit area was
proportional to the decrease in the resonance frequency, which
can be calculated by the Sauerbrey equation

Δ = −
Δ

m
C f

n (7)

where Δf is the vibration frequency of the crystal in Hz, m is
the adsorption mass per unit area (mg/m2), C is the sensitivity
factor constant (−0.177 mg·m−2·Hz−1), and n is the number of
overtones (N = 3, 5, 7, 9, 11, 13), and the experiment uses the
third overtone (15 MHz).
The change in energy dissipation (ΔD) gave relevant

information about the viscoelasticity of the adsorption layer

Table 3. Simulated Mean Shear h, μ, and η of the
Hemicellulose Adsorbed Layers during the Adsorption
Equilibrium Stage (t = 50−80 min)

T (°C) μ (KPa) η (Pa·s) h (nm)

BHht 25 81.79 ± 15.73 1.43 ± 0.49 1.6470 ± 1.27
35 15.12 ± 0.07 1.22 ± 0.32 3.0867 ± 0.77
45 6.64 ± 1.15 1.09 ± 0.14 4.8670 ± 1.69

BHae 25 8.50 ± 4.75 1.33 ± 0.23 3.0770 ± 1.27
35 6.83 ± 0.95 1.21 ± 0.01 3.4070 ± 0.51
45 4.44 ± 1.15 1.46 ± 0.57 2.7430 ± 1.02

Figure 8. Morphology of the SiO2 chip with NFC before and after hemicellulose adsorption ((a) NFC covered the SiO2 chip in the area of 2 × 2
μm2 and the height scale of 400 nm, (b) hemicellulose adsorbed NFC in the area of 2 × 2 μm2 and the height scale of 400 nm, and (c) area 200 ×
200 nm2, height scale 40 nm).
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π
=D

E
E2

diss

stored (8)

where Ediss is the energy dissipated in the course of an
oscillation and Estored is the total energy stored in the oscillation
system.
4.4. AFM Analysis. The morphological characteristics of

the cellulose surfaces before and after hemicellulose adsorption
were observed using AFM (Bruker Dimension Icon). The
tapping mode was used to test the samples collected from the
QCM-D experiment with a spring constant of 5 N/m, a probe
tip of 2 nm, and a scanning frequency of 1 Hz.
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