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Qualitatively and quantitatively characterizing
water adsorption of a cellulose nanofiber film using

micro-FTIR spectroscopy

Xin Guo, ©©2 Liu Liu,® Junjie Wu,? Jia Fan® and Yigiang Wu*?

The efficient utilization of cellulose is very important for environmental protection and sustainability of

resources. A cellulose derivative, cellulose nanofiber film, is a highly promising candidate for use in tissue

engineering, electronics, and green packaging materials; however, water adsorption seriously impairs the
properties of cellulose nanofiber film. In order to efficiently utilize this cellulose derivative, we need to

qualitatively and quantitatively characterize its water adsorption. In situ micro-FTIR spectra of the

cellulose nanofiber film were collected within a relative humidity (RH) range of 0-94%. The spectral
information indicated effective adsorption sites for adsorbed water and identified three spectral regions
closely associated with water absorption. Meanwhile, moisture contents of the cellulose nanofiber film
were measured by dynamic vapor sorption as reference values. Using a partial least squares regression
(PLS-R) method, the identified spectral regions closely associated with water absorption were used to
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construct a multivariate quantitative model to predict moisture contents of cellulose nanofiber film over

the entire RH range. The predicted sorption isotherm confirmed the effectiveness of the micro-FTIR

DOI: 10.1039/c7ra09894d

rsc.li/rsc-advances temperature of 25 °C.

1. Introduction

Cellulose is a sustainable raw material that can be derived from
agricultural residues.'” The efficient utilization of cellulose is
very important for both protecting the environment and sus-
tainably using natural resources. Cellulose nanofiber film,
which is a novel cellulose derivative, has excellent physical,
chemical, and biological properties, such as good thermal
stability, high strength, low degradation, and non-toxicity,**
and it is a very promising candidate for tissue engineering,
electronics, and green packaging materials.*” However, hydro-
philic cellulose nanofiber film adsorbs water under hydro-
thermal conditions, which strongly affects its surface behavior
and can lead to reliability problems.*® Consequently, the water
adsorption mechanisms of cellulose nanofiber film need to be
fully understood in order for this sustainable raw material to be
efficiently utilized.

Water adsorption is a key property of cellulose materials, and
it has been studied via a number of experimental approaches,
such as quartz crystal microgravimetry,'® dynamic vapor sorp-
tion,"** dielectric relaxation spectroscopy,'® Fourier transform
infrared spectroscopy,” and nuclear magnetic resonance
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spectroscopy in quantitatively characterizing water adsorption of the cellulose nanofiber film at room

spectroscopy.***® Of these experimental approaches, dynamic
vapor sorption (DVS) is an important quantitative method
which has been widely used and has provided vast amounts of
water sorption data.””" Using this method, sorption isotherm
and sorption hysteresis of many cellulose materials including
natural fibers,*** regenerated cellulose,” microcrystalline
cellulosic fibers,* and wood powder,** have been analyzed. As
this method has been confirmed to be able to give highly
reproducible sorption data of tested sample over a wide RH
range in real time,* it can be used as a reference method to
quantitatively analyze the water adsorption. Meanwhile, Fourier
transform infrared (FTIR) spectroscopy shows some distinct
advantages because its spectral information allowed both
qualitative and quantitative analyses of the water adsorption. In
addition, micro-FTIR spectroscopy has recently been developed,
and it has better sensitivity for the detection of water than
conventional FTIR approaches. This is because micro-FTIR
spectroscopy equipment contains an additional visible-light
microscope that can be used to visualize the morphology and
select observation area of micro-sized sample.”® As a result,
micro-FTIR spectroscopy is believed to hold promise for the
investigation of the water adsorption of nanocellulose materials
such as cellulose nanofiber film.

Many interesting results about the water adsorption char-
acteristics of cellulose materials have been obtained using FTIR
spectroscopy. For example, Célino et al.** confirmed that FTIR
spectroscopy had the potential to qualitatively analyze the

This journal is © The Royal Society of Chemistry 2018
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moisture absorption of natural fibers. Olsson et al.>® used FTIR
spectroscopy to examine the water adsorption of cellulose
materials, and determined that there was an important rela-
tionship between the weight gain due to moisture and increases
in its O-H stretching envelope. Haxaire et al®** used FTIR
spectroscopy to determine whether the OH groups were bonded
with water. Hofstetter et al®" investigated the interaction
between cellulose and moisture via FTIR spectroscopy and
showed the role that different hydrogen bonds played in water
adsorption. Kachrimanis et al.** and Berthold et al*® both
demonstrated that the chemical sites for water adsorption for
partly carboxymethylated cellulose were OH and C=O groups.
Guo et al.** confirmed that carboxyl C=0 and C-O groups as
well as OH groups were active sites for water adsorption in wood
specimen. These works given as examples in this paragraph are
very important, as they have provided much FTIR spectral
information for qualitatively characterizing water adsorption of
cellulose materials. However, based on univariate analysis of
this FTIR spectral information, water sorption isotherms of
cellulose materials were not properly determined.

The aim of this work is the use of micro-FTIR spectroscopy as
an experimental tool to qualitatively and quantitatively char-
acterize water adsorption of nanocellulose materials (ie.,
cellulose nanofiber film) at room temperature of 25 °C. Firstly,
we collected in situ micro-FTIR spectra of cellulose nanofiber
film over a wide range of RH levels to indicate effective
adsorption sites for adsorbed water and identify spectral
regions affected by water adsorption. We also measured mois-
ture contents of cellulose nanofiber film using DVS apparatus as
reference values. Secondly, a multivariate model linking the
measured moisture contents and the selected micro-FTIR
spectral regions was developed using partialleast square
regression (PLS-R) method. Finally, we estimated sorption
isotherms using this constructed multivariate model.

2. Materials and method

2.1 Sample preparation

This paper focused on a typical specimen of nanocellulose
material (i.e., cellulose nanofiber film), and the preparation of
this cellulose nanofiber film was described clearly in earlier
reports.® In the present study, we used the same procedure.
Once the film was obtained, it was covered by two pieces of
cover slips and dried under atmospheric conditions. Before the
spectral experiment, the film was dried a further time in
nitrogen gas for at least 2 h.

2.2 Micro-FTIR spectroscopy apparatus

Fig. 1 shows a diagram of the micro-FTIR spectroscopy appa-
ratus. The main part of the apparatus was a micro-FTIR spec-
trometer (Nicolet IN 10T, Thermo Electron Scientific
Instruments, Madison, W1, U.S.A.). As stated in Section 1, this
spectrometer was equipped with one more microscope than was
found in conventional FTIR spectrometers; in this microscope,
two pathways for visible and IR beams were included; the visible
beam came from a visible light source, and it could be used for
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Fig. 1 The diagram of experimental apparatus used to study water
adsorption of cellulose nanofiber film.

visual examinations and the selection of an observation area.*
This microscope was set to the optical mode, and the aperture
was adjusted so as to be 100 by 100 um?; the desired observation
areas for the cellulose nanofiber film were then defined. The
micro-FTIR spectrum was collected using 64 scans between
720-4000 cm ™" using 4 cm ™" spectral resolutions. In order to
obtain a higher signal-to-noise ratio, the spectra for cellulose
nanofiber film and background were collected one after another
in order to compensate for any moisture that may exist in the
sample chamber.

Fig. 1 also shows a specially designed sample chamber. Once
the cellulose nanofiber film was placed on the bottom of the
chamber (which was composed of a ZnSe plate), the sample
chamber was sealed by a lid (which contained another ZnSe
plate). The ZnSe plates provided the optical paths for both the
visible and IR light through this sample chamber. The RH in
this chamber was accurately controlled using a stream of dry
nitrogen and saturated vapor, whose ratio was changed using
a high-precision gas micro-flow meter (Alicat Scientific, Tucson,
AZ, U.S.A.). The resulting RH was then measured using
a humidity/temperature meter (Center 310, Center Technology
Corp., New Taipei, Taiwan).

In the experiment, even if the RH of the chamber reaches the
set value, a period of 60 min should be maintained. The equi-
librium time was from a kinetic spectroscopic test. Before the
start of this test, cellulose nanofiber film was equilibrated at the
starting RH, i.e., 0% RH, for 4 h. We took the first spectrum
measurement after starting, after which we changed the RH of
the sample chamber to 5% and then recorded the spectra every
0.5 min. As shown in Fig. 2, after changing the target RH to
a new setting, ie, 5% RH, there was typically a delay of
approximately 3-4 min in which the actual RH approached the
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Fig.2 Typical changes of target RH, actual RH and peak height of the
major peak at 3352 cm™t during the water adsorption process. The
temperature was maintained at 25 °C.

set target RH. While, there were no changed detected in the
measured spectra after a period of 15 min, and this situation
remained the same after 100 min (the peak height of the major
peak at 3352 cm™' was used to demonstrate the spectral
change). And then the target RH was changed to next setting,
i.e., 10% RH, no change was detected in the measured spectra
after a period of 15 min. In addition, the temperature in the
specially designed sample chamber was maintained at 25 °C.
Based on these kinetic spectroscopy test results, we maintained
a conditioning time of 60 min at each value prior to measure-
ment to allow the sample to stabilize at the specific RH.

2.3 DVS apparatus

A DVS apparatus (DVS AdvantagePlus, Surface Measurement
Systems Ltd, London, U.K.) was used to determine the moisture
content of cellulose nanofiber film. Data such as the run time,
real-time masses of the samples, and RH at a constant
temperature of 25 °C were obtained during the water sorption
process. The RH was set to change from 0% to 95% in 5% steps
and then decrease to 0%. At every stage, the RH was kept
constant for some time and then increased to the next incre-
ment as the sample mass decreased at 0.002% min '
a 10 min period. The moisture content was calculated using
real-time mass measurements of the sample and the following
equation:

over

M 100% (1)
nny

MC =

where, MC is the moisture content of the sample, m, is the dry
mass of the sample, and m, is the real-time mass of the sample
at a set RH.

In the experiment, typical changes of these data are shown in
Fig. 3. After changing the target RH to a new setting, there was
a delay of approximately 4-10 min in which the actual RH
approached the set target RH. After the initial few minutes, the
actual RH was kept stable, and then the fluctuation of the actual
RH value was less than 0.1% at extended time. The real-time
moisture content of the sample generated an asymptotic curve
against time, and then reaches the equilibrium moisture
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Fig. 3 Typical changes of target RH, actual RH and moisture content
during the water adsorption process. The temperature was maintained
at 25 °C.

content. Meanwhile, it was found that the temperature values
were very stable.

2.4 Spectral data processing

2.4.1 Obtaining difference spectra. In order to clearly
demonstrate minor spectral changes during water adsorption
process,*” difference spectra were obtained in the OMINIC 8.0
software by FTIR subtractive spectroscopy technique. By using
this technique, difference spectra were acquired by subtracting
the spectra at different RH values from the spectrum of dry
cellulose nanofiber film in a 1 : 1 ratio.

2.4.2 Building quantitative prediction model. The quanti-
tative prediction model based on micro-FTIR spectra was
established by PLS-R method. In the process of establishing the
model, the micro-FTIR spectra of cellulose nanofiber film in the
RH range from 0% to 94% were all imported into TQ Analyst 9
(Thermo Scientific Inc., Madison, Wisconsin, USA). The type of
optical path was set to “constant”. The moisture content was
defined as the only measured component, and the upper and
lower values of the moisture content were set to 28% and 0%,
and the measured moisture contents using DVS apparatus were
imported as reference values. No filters or no baseline correc-
tions were used in the spectral preprocessing, and some regions
of the original spectra associated with water adsorption were
selected to construct model. Moreover, in order to avoid bias in
the subset, the original spectra of cellulose nanofiber film at five
replicates for each of 12 RH levels (i.e., 60 spectra) were
randomly selected into calibration groups, while five replicates
per four other RH levels (ie., 20 spectra) were selected as
a validation group. The randomly selected spectra in the cali-
bration group were used to perform calculations and cross-
validations; for this procedure, the best predictive model with
the highest correlation of determination (R*) and lowest root
mean square error of cross validation (RMSECV) was regressed
after several iterations. Meanwhile, the spectra in the validation
group were used for model evaluation. For this procedure,
a predictive model was determined to be one with a high
correlation of determination (R?) and a low root mean square
error of prediction (RMSEP).

This journal is © The Royal Society of Chemistry 2018
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3. Results and discussion

3.1 Qualitatively analyzing the water adsorption of cellulose
nanofiber film

Fig. 4 shows the micro-FTIR spectra of cellulose nanofiber film
at different RH levels during the water adsorption process.
Meanwhile, the assignments of the main spectral peaks asso-
ciated with water adsorption in the micro-FTIR spectrum of
cellulose nanofiber film are summarized in Table 1.3**

As shown in Fig. 4, the most intense peak at 3352 cm ™" was
attributed to O-H stretching vibration of cellulose nanofiber
film and absorbed water, and it increased with a rise in RH. The
weaker peak at 1640 cm ™' was assigned to the O-H bending
vibration of adsorbed water,** and it was also observed to
increase as the RH increased from 0 to 94%. The spectral
changes of these two peaks confirmed that OH groups were
effective adsorption sites for adsorbed water. Moreover, the
peak at 1160 cm™ " was assigned to that of C-O-C asymmetric
stretching vibration at the p-glucosidic linkage, which was
related to the cellulose chain.** A continuous shift of this peak
to lower wave numbers was observed as the RH increased. This
shift was also caused by water adsorption, for absorbed water
could stiffen the cellulose chain.*® Based on these characteris-
tics, it was found that the spectral regions affected by the water
adsorption were 3700-3000 cm ™', 1740-1618 cm™ ', and 1190~
1139 em .

Water adsorption in micro-FTIR spectroscopy provided
unresolved broad peaks, which offered limited precise infor-
mation. With the purpose of extracting minor spectral changes,
difference spectra were obtained. Fig. 5 shows difference
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Fig.4 Micro-FTIR spectra of cellulose nanofiber film during the water

adsorption process. The arrow demonstrated that the RH values were

increased from 0% to 94%.
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Table 1 The assignments of the main spectral peaks associated with
water adsorption in the micro-FTIR spectrum of cellulose nanofiber
film

Wave number (cm™?) Assignment

3700-3000 O-H stretching vibration
3000-2700 C-H stretching vibration
1640 O-H bending vibration of adsorbed water
1163 C-O-C asymmetric stretching vibration
at B-glucosidic linkage
aQ
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Fig. 5 Difference micro-FTIR spectra of cellulose nanofiber film
during the water adsorption process. The arrow demonstrated that the
RH values were increased from 5% to 94%.

spectra of cellulose nanofiber film at various RH levels from 5 to
94%. The signature of the main peak in the spectral region of
3700-2852 cm ™' increased which was identified and assigned to
absorbed water. Similar growth trends of this broad peak had
been found in other measurements of cellulose materials.** It
can be concluded that the whole spectral region of 3700-
2852 cm™ " was related to the water adsorption. Meanwhile, the
positive-going peak at 1646 cm ™" changed continuously whilst
the RH increased. The intensity of the peak at 1176 cm ™' was
observed to decrease with an increase in RH, while the signature
from the peak at 1157 cm ™~ " was observed to rise. The changes of
these three peaks further indicated that the spectral regions of
1740-1618 cm ™', and 1190-1139 cm ' were affected by the
water adsorption. In summary, the study results demonstrated
that the regions of micro-FTIR spectra closely associated with
water adsorption were 3700-2852 cm™ ', 1740-1618 cm ™', and
1190-1139 cm™ .

Fig. 6 shows the development of the peak height as a func-
tion of RH, for these three major peaks affected by the water
adsorption. As shown in this figure, these three major peaks
had different growth rates. The discrepancies were observed in
many cellulose materials. Moreover, a univariate analysis of

RSC Adv., 2018, 8, 4214-4220 | 4217
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height of the peak at 3224 cm™. Triangle dot: the height of the peak at
1646 cm ™,

these peaks failed to properly reproduce the sorption
isotherms.? Therefore, a multivariate approach, such as a PLS-
R method, should be introduced to qualitatively characterize
the water adsorption.

3.2 Quantitative analysis of the water adsorption in cellulose
nanofiber film

3.2.1 Moisture contents of cellulose nanofiber measured
by DVS. As mentioned in Section 1, DVS can be used as
a reference method to quantitatively analyze water adsorption.
Here, using this apparatus, moisture contents of cellulose
nanofiber film were obtained as reference values. Fig. 7a shows
the moisture content of cellulose nanofiber film with the
varying RH levels over the time profile in the isotherm run. In
this figure, the RH was changed step-by-step and the sorption
kinetics was recorded. Based on this, by plotting the respective
equilibrium moisture contents versus the corresponding level of
RH, sorption isotherm was obtained as shown in Fig. 7b.

3.2.2 Development of the PLS-R quantitative models. As
mentioned in Section 2.4.2, the spectral regions are important
parameters for constructing a PLS-R quantitative model. Here,
three spectral regions of 3700-2852 cm™ ', 1740-1618 cm ™', and
1190-1139 cm™ ' affected by water adsorption were used to
construct the quantitative prediction model as one proposed
case. On this basis, the increase and decrease of these three
spectral regions were also introduced as the other two cases for
comparison (3700-2852 cm™', 2852-2538 cm ', 1740-
1618 cm™ ', and 1190-1139 cm ™}, second case; 3700-3000 cm ™%,
2852-2538 cm™ !, 1740-1618 cm ™ ', and 1190-1139 cm ™ *, third
case). These three cases and their corresponding spectral
regions, RESECV, RESEP, and R* values in the PLS-R models are
all summarized in Table 2. These PLS-R quality parameters such
as RESECV, RESEP, and R* were described before.** The first
model using three spectral regions of 3700-2852 cm ™", 1740~

4218 | RSC Adv., 2018, 8, 4214-4220
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Fig. 7 (a) The moisture content of cellulose nanofiber film with the
varying RH levels over the time profile in the isotherm run. (b) The
sorption isotherm of cellulose nanofiber film measured by DVS
apparatus.

1618 cm ™', and 1190-1139 cm ™ * had the highest coefficients of
determination, lowest RMSEP and RMSECV values which
showed that this model had good estimated performance and
high prediction accuracy. What's more, these results suggested
that the best model was one which used complete spectral
regions closely associated with water adsorption, and the
increase or decrease of these spectral regions would lower the
quality of the quantitative model.

With the help of this optimal PLS-R quantitative model, we
estimated the moisture contents of cellulose nanofiber film
using the micro-FTIR spectra collected over the entire RH range
of 0-94%. The calculated moisture contents of cellulose nano-
fiber film in the full set RH range during the adsorption process
in the isothermal sorption run are shown in Fig. 8. This sorption
isotherm exhibited a typical sigmoidal-shaped curve in the
adsorption isotherm run; this has been observed in other
cellulose materials.***” The water adsorption process of cellu-
lose nanofiber film can also be separated into three stages, as
explained in previous studies.* In the first stage (RH < 35%), the
absorbed water is bound directly to the chemical adsorption
sites through hydrogen bonding, and is related to Langmuir's
mode. In the second stage (35% < RH < 55%), the absorbed
water is indirectly bonded to hydrophilic groups through the
absorbed water, and the water content increases with RH as per
Henry's model. In the third section (RH > 55%), the absorbed
interacts with them,

water and forms a five-molecule

n
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Table 2 PLS-R quality parameters for cross and test set validation for
the proposed three cases”

First case Second case Third case
Spectral 3700-2852/ 3700-2852/ 3700-3000/
region (cm ™) 1740-1618/ 2852-2538/ 1740-1618/
1190-1139 1740-1618/ 1190-1139
1190-1139
Cross validation
RMSECV 0.637 0.882 0.658
Number of PLS 6 6 6
components
R (%) 99.66 99.35 99.62
External validation
RMSEP 0.439 0.561 0.530
Number of PLS 6 6 6
components
R* (%) 99.52 99.29 98.94

“ RMSECV, root mean square error of cross validation; RMSEP, root
mean square error of prediction; R?, coefficient of determination.
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Fig. 8 Comparison of the sorption isotherms of cellulose nanofiber
film calculated by the PLS-R quantitative model and measured by DVS
approaches. Quadrate dot: the moisture content measured by DVS
apparatus. Circular dot: the calculated moisture content using PLS-R
model.

tetrahedral structure. As shown in Fig. 8, the predicted values
and reference values were very similar in the RH region of
35-94% (relative error was lower than 3%), and it confirmed the
effectiveness of micro-FTIR spectroscopy in characterizing
water adsorption of cellulose nanofiber film. Meanwhile, the
relative errors were different in different stages of the water
adsorption process, and this difference may be due to above-
mentioned adsorption mechanism.

4. Conclusions

By using in situ micro-FTIR spectroscopy, a detailed investiga-
tion on water adsorption of cellulose nanofiber film was ach-
ieved. As the RH increased from 0% to 94%, the increase of the
characteristic peaks at 3352 cm ™" and 1604 cm ™' indicated that

This journal is © The Royal Society of Chemistry 2018
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OH groups were effective adsorption sites for adsorbed water.
Meanwhile, the difference between the moist and dry spectra
identified that three spectral regions of 3700-2852 cm ™', 1740~
1618 cm ™', and 1190-1139 cm " were closely related to the
water adsorption. On this basis, using PLS-R method, three
multivariate models linking moisture contents and the identi-
fied micro-FTIR spectral regions were developed. By comparing
these three models, it was found that the best model was one
which used complete spectral regions closely associated with
water adsorption. Furthermore, using this optimal PLS-R
quantitative model, water sorption isotherm was determined,
and it showed that the predicted moisture contents were well
consistent with the reference values obtained using DVS appa-
ratus in the RH region of 35-94% (relative error was lower than
3%). This study confirmed that the effectiveness of micro-FTIR
spectroscopy in characterizing water adsorption of cellulose
nanofiber film at room temperature of 25 °C, which could assist
in developing a non-destructive and rapid method for qualita-
tively and quantitatively analyzing water adsorption of nano-
cellulose materials.
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