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Abstract: Cellulose nanofibrils (CNFs) are versatile mate-
rials, but their sensitivity to humidity affects performance.
Esterification with fatty acids enhances the hydrophobicity
of CNF films. This study compared gas- and liquid-phase ester-
ification using three fatty acid chlorides at different dosages.
Gas-phase esterification minimally affected cellulose crystal-
linity, maintaining a crystallinity index exceeding 55.8%,
whereas liquid-phase esterification significantly reduced
crystallinity. Gas-phase esterification achieved hydrophobi-
city (water contact angle >100°) with less fatty acid chlorides
(0.50 eq/OH) compared to liquid-phase esterification (1.00 eq/
OH). Tensile strength significantly dropped in the liquid phase
(68.4–6MPa) and up to an 8-fold decrease in the elastic mod-
ulus. Conversely, gas-phase esterification maintained tensile
strength over 40MPa, and elastic modulus increased by a
minimum of 2.5 times. However, gas-phase esterification
resulted in a 5-fold reduction in elongation at break (%).
Thermogravimetric analysis indicated a high Tmax of 362°C
for liquid-phase esterified samples and a substantial 24.9%
residual weight for gas-phase esterified samples.

Keywords: nanocellulose, fatty acid chlorides, hydrophobi-
city, tensile properties, crystallinity

1 Introduction

Cellulose nanofibrils (CNFs) are fibrous nanomaterials
derived from cellulose through mechanical separation,
often involving a chemical pretreatment (1–3). The
unique characteristics of CNFs, such as their ability to
form porous entangled networks and their nanoscale
dimensions, make them ideal materials for the produc-
tion of membranes, films, and nanopapers (4). CNF films
exhibit a range of desirable properties, including optical,
thermal, mechanical, and barrier properties (5,6). More-
over, their biodegradability and renewability make them
attractive alternatives to petroleum-based plastics and a
potential next-generation high-performance material (7,8).
Several manufacturing methods can be employed to pro-
duce CNF films, such as solution casting, spin coating, and
layer-by-layer assembly (9,10). Because of their versatility,
CNF films have applications in various fields, including
packaging (11–13), supercapacitor (14), EMI shielding (15),
solar evaporators (16), uranium(VI) capture (17), and dye
purification (18).

However, a limitation of CNF films is their suscept-
ibility to humidity. The adsorption of water molecules on
the surface of the CNF films disrupts the hydrogen bonding
between the CNFs. Consequently, as relative humidity
increases, the mechanical strength, thermal diffusivity,
and barrier properties of CNF films tend to diminish
(19–21). Therefore, enhancing the hydrophobicity of CNF
films is crucial for their use in highly humid environments.
Esterification of CNFs using fatty acid chlorides involves
the substitution of the hydroxyl groups of CNFs with fatty
acids through ester bonds. Hydrophobicity is achieved by
replacing the hydroxyl groups with long carbon chains
from fatty acids, which leads to improved dispersibility
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in nonpolar solvents and enhanced interfacial adhesion
with hydrophobic polymers. Esterification typically involves
the addition of fatty acid chlorides to the CNFs dispersed
in a solvent. This liquid-phase esterification occurred
throughout the cellulose structure, ensuring good reac-
tivity. However, substituting the hydroxyl groups with
fatty acids reduces the number of intramolecular and
intermolecular hydrogen bonds in cellulose, which can
weaken the strength of the cellulose. In contrast, gas-
phase esterification involves vaporizing fatty acid chlor-
ides at high temperatures, allowing CNFs to react with the
gaseous fatty acid chlorides (22,23). This method selec-
tively reacts only at accessible regions, preserving the
crystallinity and hydrogen bonding in the CNF film core.
However, gas-phase esterification of CNF films, to the best
of our knowledge, has not been studied yet. Previous stu-
dies have primarily focused on the gas-phase esterifica-
tion of CNF powder samples or aerogels. Rodionova et al.
reported gas-phase esterification of microfibrillated cellu-
lose films and examined their barrier properties (23).
Based on these findings, we hypothesized that the gas-
phase esterification of CNF films could yield hydrophobic
films with satisfactory mechanical properties, making
them suitable for a wide range of applications.

In this study, we propose gas-phase esterification of
CNF films and compare it with liquid-phase esterification.
Three types of fatty acid chlorides (octanoyl, lauroyl, and
palmitoyl chlorides) were employed at four different
dosages (0.50, 0.66, 1.00, and 2.00 eq/cellulose OH). The
films were characterized using Fourier-transform infrared
spectroscopy (FTIR) and X-ray diffraction (XRD). The water
contact angles, tensile properties, and thermal stability were
also investigated (Scheme 1).

2 Materials and methods

2.1 Materials

CNF aqueous dispersion was obtained from Cellulose Lab
Co., Ltd. (QC, Canada). Octanoyl chloride (OC), lauroyl
chloride (LC), and palmitoyl chloride (PC) (TCI Co., Japan;
>98.0%) were used to esterify the CNFs. Pyridine (>99.5%),
N,N-dimethylformamide (DMF, >99.5%), and chloroform
(>99.5%) were obtained from Daejung Chemical & Metals
Co., Ltd. (Republic of Korea).

2.2 Liquid-phase esterification of CNFs

CNF aqueous dispersion was solvent-exchanged with DMF,
and 100 g of 1 wt% DMF dispersion (CNF dry weight: 1 g and
total hydroxyl groups: 18.51 mmol·g−1) was prepared. The
solvent exchange was performed via repeated centrifugation
and redispersion. Fatty acid chloride (0.5, 0.66 1.0, and 2.0
eq/cellulose OH) and pyridine (2.0 eq/cellulose OH) were
added under a nitrogen atmosphere. Then, they were allowed
to react at 80°C for 6 h and the reaction was terminated by
adding excess ethanol. CNFs were washed with ethanol via
vacuum filtration. The esterified CNFs (eCNFs) were dispersed
and stored in chloroform to prepare eCNF films.

2.3 Preparation of pure CNF and the
eCNF film

Pure CNFs and eCNFs were dispersed in 200 g of water and
chloroform, respectively, at a concentration of 0.1 wt%. The

Scheme 1: Schematic illustration showing the gas- and liquid-phase esterification of CNF and its characterization.
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suspensions were sonicated for 1 min in an ultrasonicator
(VCX130PBS; Sonics & Materials, Inc., USA) and vacuum-
filtered through a silicone-coated membrane filter. The
films were then prepared by hot pressing at 105°C for
10 min under a pressure of 15 MPa.

2.4 Gas-phase esterification of the pure
CNF film

A general gas-phase esterification method was employed in
this study. A graphical representation of the reaction setup
is shown in Figure 1. Fatty acid chloride was placed at the
bottom of the reaction vessel, and a pure CNF film was
placed on a PTFE mesh positioned 15 cm above the fatty
acid chloride. The reaction vessel was sealed and con-
nected to a vacuum pump on one side and a nitrogen gas
inlet on the other side. The esterification reaction was per-
formed at 150°C for 1 h at a pressure of 50 mbar under a
continuous nitrogen flow.

2.5 FTIR spectroscopy

The FTIR spectra of the pure CNF and eCNF films were
recorded using an FTIR instrument (Nicolet Summit, Thermo
Fisher Scientific, USA). A total of 32 scans were performed for
each sample in the range of 4,000–500 cm−1.

2.6 XRD spectroscopy

The XRD patterns were recorded on an X-ray diffract-
ometer (X’Pert PRO MPD PANalytical, Netherlands) in a
2θ range of 10–35°. The crystallinity index (CrI) was calcu-
lated using the following equation (the Segal method):

( ) =
−

×
I I

I
Crystallinity index Crl, % 100

200 am

200

(1)

where I002 and Iam are the intensities at 2θ = 22.7° and 18°, which
represent crystalline and amorphous states, respectively.

2.7 Contact angle analysis

The static sessile-drop method was used to determine the
water contact angles of the pure CNF and eCNF films using
a contact angle analyzer (Theta Lite, Biolin Scientific, UK).
The measurements were conducted at room temperature
(22–25°C). A 5 μL droplet was placed on the film, and the
drop image was processed using an image analysis system.

2.8 Scanning electron microscopic (SEM)
analysis

The morphologies of pure CNF and eCNF films were stu-
died by SEM (S-4800, Hitachi, Ltd., Japan). Prior to observa-
tion, the films were placed on aluminum stubs, and coated
with iridium using a sputter coater (EMACE600, Leica
Microsystems, Ltd., Wetzlar, Germany). The morphologies
were observed at an accelerating voltage of 1 kV.

2.9 Tensile properties

The tensile properties were measured using a universal
testing machine (TO-102D, Test One, Republic of Korea) at
a crosshead speed of 10 mm·min−1 with a specimen span
length of 30 mm. The samples were cut to dimensions of
50 mm × 10 mm (length × width). At least five specimens
were tested for each sample, and the results were aver-
aged. Before the measurement, samples were maintained
in a thermohygrostat at 25°C and a relative humidity of
40% to standardize the effect of relative humidity on the
tensile properties.

2.10 Thermogravimetric analysis (TGA)

TGA of pure CNF and eCNF films was performed using a
thermogravimetric analyzer (SDT Q600; TA Instruments,

Figure 1: Graphical representation of apparatus used for gas-phase
esterification.
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New Castle, DE, USA). The temperature was controlled from
30°C to 600°C at a heating rate of 10°C·min−1. A high purity
nitrogen stream with a rate of 100mL·min−1 was continuously
passed into the furnace to prevent any unwanted oxidation.

3 Results and discussion

3.1 FTIR spectroscopy

FTIR analysis was performed to confirm the chemical mod-
ification of the CNFs by esterification. The FTIR spectra of
the pure CNF and eCNF films esterified by gas- and liquid-
phase esterification are shown in Figure 2. The FTIR
spectrum of pure CNFs exhibited characteristic peaks cor-
responding to the cellulose structure. Three major changes
were observed after esterification. A new peak evolved at
1,740 cm−1, corresponding to the carbonyl stretching of the
ester group. This confirmed the esterification reaction
between the hydroxyl groups of cellulose and the acid
chloride groups of the fatty acids. The second new peak
was recorded in the range of 2,800–3,000 cm−1, corre-
sponding to the methylene groups (C–H) of fatty-acid side
chains, and confirmed the grafting of the fatty acid to the
CNF. As the amount of fatty acids increased, the intensities
of the methylene and carbonyl signals increased. PC, with
the longest side chain, exhibited high-intensity peaks in the
2,800–3,000 cm−1 region. Additionally, a decrease in the inten-
sity of the broadband at approximately 3,200–3,500 cm−1,
assigned to the O–H vibration in cellulose, suggested the
consumption of hydroxyl groups in the esterification reac-
tion (24).

The degree of substitution (DS) was calculated from
the ratio of the FTIR peak intensities I1,740/I1,031, where
I1,740 and I1,031 are the intensities of the C]O stretching
band and C–O stretching vibration of the cellulose back-
bone, respectively (25). As shown in Table 1, in the case of
liquid-phase esterification, the DS increased significantly
with an increase in the amount of fatty acid chloride.
However, no such trend was observed for the gas-phase
esterification. Here, a high DS was achieved even at low
addition amounts, with no significant increase in the DS at
high addition amounts. This difference can be ascribed to
the distinct behaviors exhibited by the liquid- and gas-phase
reactions. In the liquid phase, the esterification reaction
occurs uniformly throughout the CNF surface, whereas in
the gas phase, the reaction is concentrated on the film sur-
face, with minimal or no reaction occurring within the
interior of the CNF film.

3.2 XRD analysis

XRD was performed to investigate the effect of esterifica-
tion on the crystalline structure of cellulose. As shown in
Figure 3, the crystal structure of cellulose is strongly
affected by liquid-phase esterification. The characteristic
cellulose I peak intensities at 22° and 16.7° decreased
with an increase in the amounts of fatty-acid chlorides
added. Among the three fatty acid chlorides, PC, which
has a long side chain, has a significant influence on the
crystal structure. In the case of esterification with OC
and LC, the cellulose crystal structure was maintained at
low added amounts (0.50 and 0.66 eq/OH), whereas in the
case of PC, it was destroyed at all equivalents. These obser-
vations are in good agreement with previous reports (26).

In contrast, the crystal structure of cellulose was mostly
unaffected by gas-phase esterification. Except for small
changes in the peak positions, characteristic cellulose I
peaks were observed under all conditions. This difference
between gas- and liquid-phase esterification can be ascribed
to the limited access of fatty acid chloride molecules in the
gas phase compared to those in the liquid phase. Vaporized
fatty acid chloridemolecules can react only on the surface of
the film, leaving the core intact, thereby preserving its crys-
talline structure (22,27).

Table 2 lists the crystallinity indices of the CNF films,
which were calculated using the ratio of the intensity of the
crystalline peak to that of the amorphous peak obtained
from the XRD patterns (the Segal method). The crystallinity
index of the pure CNF film was 70.1%, which decreased
after esterification. In general, the crystallinity index
decreases with an increase in the degree of cellulose ester
substitution (28). This phenomenon is evident in liquid-
phase esterification. The introduction of fatty acids reduces
the number of inter- and intra-molecular hydrogen bonds in
cellulose, which in turn decreases its crystallinity (29). Gas-
phase esterification has less effect on crystallinity, sug-
gesting that most of the reaction occurs on the film surface
without modifying the core (30).

3.3 Contact angle analysis

Water contact angle measurements are an effective technique
for assessing the hydrophobicity of a material. Figure 4 shows
the variation in the water contact angles of the liquid- and
gas-phase-eCNF films with the loading amounts of fatty acid
chlorides. The pure CNF film exhibited a contact angle of 59°,
indicating hydrophilicity. In the case of liquid-phase esterifica-
tion, the contact angle increased with an increase in the
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Figure 2: FTIR spectra of pure CNF and eCNF films obtained from (a) liquid-phase and (b) gas-phase esterifications for different amounts of fatty-acid
chloride added.
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amount of added fatty acid chlorides. Hydrophobicity was not
imparted at low loading amounts of 0.50 and 0.66 eq/OH
(except for PC). At each added amount, the PC with the longest

side chain exhibited the highest contact angle, and amaximum
value of 122° was observed at a high loading amount (2 eq/OH).
In the case of gas-phase esterification, hydrophobicity was
achieved even at a low fatty acid content, and no significant
increase in the contact angle was observed with a further
increase in the amount of fatty acid added. This is because,
in the liquid-phase reaction, the fatty acid chloride reacts uni-
formly throughout the CNF film, whereas in the gas phase, it
predominantly reacts on the surface.

It is well-established that water contact angle values can
be affected not only by chemical functionalities but also by
surface roughness. To investigate the impact of surface rough-
ness on water contact angle values, we examined the surface
morphologies of both pure CNF and eCNF films, which were
derived from gas- and liquid-phase esterification processes.We
focused our analysis on samples esterified with LC as repre-
sentative cases for this study. Figure S1 illustrates that there is
no substantial distinction in surface roughness between the
pure CNF and eCNF films. Moreover, there is minimal differ-
entiation between liquid- and gas-phase esterificationmethods,
as well as variations in the quantity of LC (0.5 eq/OH and 2.0 eq/
OH). These findings validate that the enhanced water contact
angles can be attributed exclusively to the chemical modifica-
tion involving long-chain fatty acids.

3.4 Tensile properties

The tensile strength, elastic modulus, and elongation at
break were analyzed for the pure CNF and eCNF films to

Table 1: Degree of substitution in eCNF films

Esterification
phase

Type of
fatty acid
chloride

Added
amounts
(eq/OH)

Degree of
substitution

Liquid OC 0.50 0.20
0.66 0.25
1.00 0.53
2.00 1.19

LC 0.50 0.16
0.66 0.24
1.00 0.53
2.00 0.96

PC 0.50 0.43
0.66 0.79
1.00 1.20
2.00 1.60

Gas OC 0.50 0.48
0.66 0.72
1.00 0.80
2.00 0.52

LC 0.50 0.29
0.66 0.47
1.00 0.41
2.00 0.49

PC 0.50 0.64
0.66 0.88
1.00 0.98
2.00 1.00

Figure 3: XRD patterns of pure CNF and eCNF films obtained from (a) liquid-phase and (b) gas-phase esterifications for different amounts of fatty-acid
chlorides added.
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investigate the impact of liquid- and gas-phase esterifica-
tions (Figure 5). For liquid-phase esterification, the tensile
strength and elastic modulus decreased with an increase in
the amount of added fatty acid chloride. This trend was
observed for all three fatty acids; OC, with the shortest side
chain, exhibited the highest values, and PC, with the
longest side chain, exhibited the lowest values at each

added amount. This correlation agrees with the crystalli-
nity index obtained from XRD, suggesting that the substan-
tial decrease in tensile strength and elastic modulus may
be attributed to changes in crystallinity. Additionally, the
grafting of fatty acids onto CNFs can disrupt the intermo-
lecular and intramolecular hydrogen bonds, further con-
tributing to a reduction in strength.

Table 2: Crystallinity index of pure CNF and eCNF films

Esterification phase Type of fatty acid chloride Added amounts (eq/OH) Crystallinity index (%)

Liquid OC 0.50 69.4
0.66 67.2
1.00 Unable to measure
2.00 Unable to measure

LC 0.50 68.5
0.66 67.8
1.00 Unable to measure
2.00 Unable to measure

PC 0.50 Unable to measure
0.66 Unable to measure
1.00 Unable to measure
2.00 Unable to measure

Gas OC 0.50 59.4
0.66 55.8
1.00 60.4
2.00 58.9

LC 0.50 63.8
0.66 61.4
1.00 60.0
2.00 63.5

PC 0.50 67.3
0.66 60.0
1.00 64.4
2.00 67.1

Figure 4: Water contact angles of pure CNF and eCNF films obtained from (a) liquid-phase and (b) gas-phase esterifications for different amounts of
fatty-acid chlorides added.
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Conversely, in the case of gas-phase esterification, no
such trend was observed, and only a slight decrease in the
tensile strength was recorded, even with high amounts of
fatty acid chlorides. This phenomenon can be explained by
the fact that the vaporized fatty acid chlorides react only with
the surface of the CNF film, leaving the crystallinity and
hydrogen bonds inside the film intact. In addition, after gas-
phase esterification, the elastic modulus increased significantly,

and the elongation decreased sharply. Gas-phase eCNF films
demonstrate a higher elastic modulus but a lower elongation-
at-break when compared to liquid-phase eCNF films. This
suggests that the gas-phase eCNF films exhibit a more brittle
behavior, whereas the lower CrI in the liquid-phase eCNF films
corresponds to a more ductile behavior, leading to increased
elongation-at-break and a decreased elastic modulus. The brit-
tleness of gas-phase eCNF films may also be attributed to the

Figure 5: Tensile strength (A and a), elastic modulus (B and b), and elongation at break (C and c) of pure CNF and eCNF films obtained from liquid-
phase (A, B, and C) and gas-phase (a, b, and c) esterifications for different amounts of fatty-acid chlorides added.
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formation of HCl gas during the esterification process, which
might cause some depolymerization of the cellulose molecules.

3.5 Thermal stability

TGA analysis of pure CNF and eCNF films was performed to
study the effect of gas- and liquid-phase esterification on
the thermal stability of pure CNFs. The TGA and DTG (deri-
vative thermogravimetric) curves are depicted in Figure 6,
while detailed thermal parameters, including Tmax (the
temperature at which maximum decomposition occurs)
and the residual weight percentage, are listed in Table 3.

For the liquid-phase esterified samples, the Tmax values
are comparable to those of pure CNFs. However, there is a
significant reduction in residual weight at 600°C. A single
weight loss stage is observed in the samples, likely due to the
substitution of most of the –OH groups responsible for CNF
dehydration degradation. Consequently, a single phase of
depolymerization involving both the CNF and the aliphatic
chain of the fatty acid may have taken place (31). The lower

residual weight is likely attributed to the amorphous nature
of eCNFs, which burned away without leaving char. Here,
eCNF-PC demonstrated enhanced thermal stability when
compared to eCNF-LC, as evidenced by higher Tmax and
greater residual weight values, possibly due to its high DS
value, as observed in a previous study with CNC (31).

On the other hand, gas-phase esterification resulted in
a substantial decrease in Tmax, and multiple weight loss
stages were observed. This degradation pattern can be
attributed to surface-only esterification and the production
of HCl gas during the process. The presence of HCl gas may
have locally depolymerized the CNF film on the surface.
The loss of these smaller units, along with fatty acid side
chains, likely contributed to the observed weight loss
stages. Additionally, the high residual weight in gas-phase
esterified samples can be associated with the retention of
crystalline characteristics. As shown in Tables 2 and 3,
eCNF-LC with a higher CrI than eCNF-PC exhibited a high
residual weight. It is possible that the crystalline part
remained as char during the thermal analysis.

All these findings indicate the reduced thermal stabi-
lity of CNFs after esterification, which can be ascribed to
the introduction of less stable side chains (32). Further-
more, the substantial disruption of the crystalline structure
of cellulose during the esterification reaction makes deri-
vatives with looser and disordered crystalline structures
more susceptible to thermal decomposition.

4 Conclusions

This study compared the effects of liquid- and gas-phase
esterification on the characteristics of CNF films. OC, LC,

Figure 6: (a) TGA and (b) DTG curves of pure CNF and eCNFs prepared under different conditions (Note: the amount of fatty acid chloride added is
2.00 eq/OH).

Table 3: The maximal weight loss temperature (Tmax) and residual
content at 600°C of TG and DTG analysis of pure CNF and eCNFs pre-
pared under different conditions (Note: the added amount of fatty acid
chloride is 2.00 eq/OH)

Sample Tmax (°C) Residual weight (%)

Pure CNF 351 17.8
Liquid-phase eCNF-LC 349 0.6
Liquid-phase eCNF-PC 362 5.9
Gas-phase eCNF-LC 297 24.9
Gas-phase eCNF-PC 294 19.4

Comparison of liquid- and gas-phase esterification  9



and PC with different side-chain lengths were used in dif-
ferent dosages for esterification. Cellulose esterification
was confirmed by detecting characteristic peaks in the
FTIR spectra of the eCNF films related to fatty-acid chains
and ester bonds. The DS analysis revealed that liquid-phase
esterification resulted in higher levels of substitution at
higher adding amounts of fatty-acid chloride, whereas gas-
phase esterification showed higher substitution at lower
adding amounts. XRD analyses revealed that gas-phase ester-
ification had a minimal impact on cellulose crystallinity,
whereas liquid-phase esterification remarkably decreased
the crystallinity. Water contact angle measurements revealed
that gas-phase esterification achieved hydrophobicity with a
smaller amount of fatty-acid chloride than liquid-phase ester-
ification. Liquid-phase esterification deteriorated the tensile
properties of the films, whereas gas-phase esterification
allowed hydrophobization without substantial degradation
of the tensile properties. In summary, this study highlights
the advantages of gas-phase esterification over liquid-phase
esterification in terms of maintaining cellulose crystallinity,
achieving hydrophobicity with a smaller amount of fatty
acid chloride, and preserving the tensile properties of the
CNF films.
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