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NANOCRYSTALLINE CELLULOSE MODIFICATION WITH
ACRYLIC ACID AND FURFURYL AMINE THROUGH
DIELS-ALDER AND MICHAEL ADDITION REACTIONS

Faik BOLAT?, Madalina loana NECOLAU?, Elena luliana BIRU2, Anamaria
ZAHARIA* Horia IOVU®

In this work a novel method for chemical surface modification was created by
grafting acrylic acid onto the surface of nanocrystalline cellulose (CNC). Furfuryl
amine will then react with CNC through the Diels Alder and Michael addition
reactions. This work aims to alter the CNC's surface so that it may be used with non-
polar polymer matrices like PLA. Significant variations in the FT-IR spectra were
detected in all samples. According to the TGA graph, CNC-AA has lower thermal
stability than the neat CNC sample. According to the DSC results, modified CNC
samples had lower Tmax than neat CNC. The successful acrylic acid and furfuryl
amine modification of CNC surfaces was validated by XPS spectroscopy also.

Keywords: Diels Alder, Michael Addition, Nanocrystalline cellulose, Acrylic
acid, Furfuryl amine

1. Introduction

An essential structural element of plant cell walls, cellulose is the most
abundant naturally occurring polymer on Earth [1]. The content of highly
organized, crystalline regions and some disordered (amorphous) regions varies
depending on the source of naturally occurring bulk cellulose [2]. Cellulose
nanocrystals, or CNCs, are produced when the highly crystalline portions of the
cellulose microfibrils are separated via mechanical, chemical, and enzymatic
processes [3]. Due to the negative surface charges on its surface, CNC has strong
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polarity and good dispersion in aqueous solutions but limited solubility in non-polar
liquids [4]. As a result, surface modification and functionalization are necessary to
improve CNC compatibility with non-polar environments [5].

Numerous modification methods, including physical adsorption, ion
exchange of surfactants onto the CNC surface, and covalent attachment of
molecules, have been employed to produce functionalized CNCs [6].

Researchers have recently become very interested in molecular covalent
bonding to cellulosic nanomaterials because of the high number of hydroxyl groups
on their surface, which can be involved in a variety of reactions, including
amidation, urethanization, silylation, etherification, and esterification [7].

The Diels—Alder cycloaddition reaction (CNCs), which involves the
interaction between an alkene and a conjugated diene leading to a cyclohexene
molecule, is one of the most potent and promising methods for creating six-
membered heterocyclic structures from cellulose nanocrystals.

A conjugated diene (furans or furan derivatives) and a dienophile (an alkene
or an alkyne) combine to form cyclohexene by a [4+2] conjugate addition reaction.
as presented in Scheme 1.
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Scheme 1: Diels-Alder reaction of a conjugated diene and a dienophile [8].

The amino group in furfuryl amine may also react with a double bond in
acrylic acid, a reaction known as the Michael addition, which describes the addition
of a nucleophile, such as an enolate anion (Michael donor), to an activated molecule
containing o, pf-unsaturated carbonyl (Michael acceptor), via base catalysis [9].
Enolate is the nucleophilic donor in a Michael reaction, whereas unsaturated
carbonyl is the electrophilic acceptor. Furfuryl amine is a good candidate for Diels-
Alder and Michael addition reactions with acrylate groups attached to the surface
of CNCs because it possesses both an amino group and a conjugated diene.
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Scheme 2: Michael addition reaction between furfuryl amine and unsaturated carbonyls

With the use of dimethylformamide (DMF) as an aprotic solvent, the current
work suggests a novel method for chemically modifying CNC by grafting acrylic
acid onto its surface through an esterification reaction between the hydroxyl groups
of CNC and the carboxyl group of acrylic acid (AA) at high temperature. Diels-
Alder and Michael addition reactions are used to react the acrylic acid-modified
CNC with furfuryl amine because of having a surface carbonyl group (dienophile)
and a double bond. Consequently, the product shows increased dispersion in
organic solvents and enhanced hydrophobicity.

2. Materials and methods
2.1 Materials

Cellulose Nanocrystal (Nanocrystalline Cellulose, CNC) was purchased
from Nanography, Germany (Average Particle Size: 300-900 nm in length, 10-20
nm in width, 1.49 g/cm3 density, Cellulose Crystallinity (XRD): 92%). Acrylic acid
(AA) (d:1.051 g/ml), Sulfuric acid 96%, Furfuryl amine >99% (FA) and 99.8%
anhydrous N, N-dimethylformamide (DMF) was supplied from Sigma Aldrich.

2.2 Methods

A Bruker VERTEX 70 spectrometer was used to perform Fourier Transform
Infrared Spectroscopy (FT-IR) spectra. A Ge crystal was used in total attenuated
reflection mode (ATR), and 32 scans were recorded per spectrum at a 4 cm
resolution in the 400-4000 cm™* domain.

A Netzsch 204 F1 Phoenix device was used to record non-isothermal
differential scanning calorimetry (DSC) thermograms. Aluminum crucibles
containing 5 mg of each sample were heated at a rate of 10°C/min to 300°C while
nitrogen flow was maintained at a rate of 20 mL/min.
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Using a platinum/rhodium crucible, the samples were heated at a rate of
10°C/min from room temperature to 700°C under nitrogen atmosphere (20
mL/min) for thermogravimetric analyses (TGA) on a TG 209 F1 Libra apparatus.

Using a monochromatic Al Ka source (1486.6 eV) and 2x10° mbar of
pressure, X-ray photoelectron spectroscopy (XPS) analyses were carried out on a
Thermo Scientific K-Alpha apparatus. By using the C1s peak at 284.8 eV as the
internal standard, the binding energy was calibrated.

A HitachiTM4000plus 1l tabletop scanning electron microscope (SEM)
(Spectral, Lidingo, Sweden) with a cooling stage and 15 kV operation was used to
examine the morphological features of all the samples that were analyzed. A thin
layer of electrically conductive gold was applied to the samples prior to SEM
analysis in order to prevent "charging,” lessen thermal damage, and enhance
secondary electron emission.

3. Results and discussion

3.1 Chemical modification of CNC with Acrylic acid (CNC-AA)

A two-necked flask with a magnetic stirrer and a nitrogen gas inlet was used to
disperse 1 g of commercially available CNC in 60 ml of DMF. Further on, the
reaction mixture was kept under nitrogen atmosphere for 20 minutes to remove any
dissolved oxygen and avoid acrylic acid polymerization by free radicals. The next
step involved adding 0.4 ml of acrylic acid and 2 ml of concentrated H2SO4 as
catalyst under constant stirring. The reaction took place at 100°C for 4 hours.
Centrifugation was used to remove the CNC-Acrylate from the suspension after the
reaction was complete and was further purified and dried at room temperature The
obtained product will be further reffered as CNC-AA.
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Scheme 3. Acryl acid-modified cellulose nanocrystal synthesis reaction pathway.

3.2 Reaction of CNC-AA with Furfuryl amine
Using a magnetic stirrer, 30 mL of DMF were mixed with 0.3 grams of
previously synthesized CNC-AA. Further on, 0.5 g of furfuryl amine were added
along with 0.1g of AIClIs as Lewis acid catalyst and the reaction was kept at 60°C
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for 4 hours. At the end of the synthesis, the CNC-Acrylic Acid-Furfuryl amine
(CNC-AA-FA) product was separated from the reaction medium, washed for
unreacted products removal and dried at room temperature. The final chemical
structures are presented in Scheme 4.
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Scheme 4. Reaction of CNC-Acrylic acid with furfuryl amine through Diels-Alder and Michael
addition reactions

3.3. Fourier Transformed Infrared Spectrometry (FT-IR)

Fig. 1 shows the corresponding spectra of the FT-IR analysis of the chemical
structure of cellulose nanocrystals (CNCs) and modified CNC samples. After
modification with (AA) and (FA) significant changes in the spectra were observed
within the region between 1200 and 1800 cm™.

Analyzing the spectra, all three samples present common peaks
characteristic for cellulose chemical structure as follows: The OH's stretching and
bending vibrations are responsible for the peaks between 3400 and 3300 cm™',
while CH stretching is responsible for the peaks around 2900 and 2800 cm™!, and
CH: bending vibration is the cause of the peak around 1400 cm™!. This absorption
peak in that region is called crystalline band [10].

Regarding the CNC sample, the acetyl group of hemicellulose's -COO
vibration is attributed to the peak at 1204 cm™! [11]. Cellulose's stretching
vibrations of C-O were identified as the source of the signals at 1057 cm™! and
1162 cm™' [12,13]. The saccharide structural unit's ring bending vibrations are
detected at 1109 cm™, while C-O-C stretching is detected at 1034 cm™ [14]. C-H
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bending is responsible for the peak at about 1360 cm™, which also causes typical
absorption at about 1280 and 1204 cm™ [15].
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Fig. 1. FTIR spectra of neat CNC, CNC-AA and CNC-AA-FA samples

Major absorption peaks at 1716 cm™ and 1658 cm™, respectively, resulting
from C=0 (carbonyl or ester stretching bond) and C=C stretching vibrations, are
seen in the CNC-AA sample after the chemical modification, indicating the
successful grafting of the AA on the CNC structure [16].

From the CNC-AA-FA spectrum is observed that the ester stretching from
1716 cm™! is on longer present, but it may overlap with a strong peak around 1660
cm®. Furan ring stretching and —C—O—C—ether stretching for furan groups are
represented by the peaks at 1501 cm™' and 1159 cm™, respectively [17-18]. The
five-member heteroaromatic ring with double bonds exhibits characteristic signals
for bending and stretching around 1600-1660 cm™, 1500 cm™, and 1389 cm™ [19].
The high intensity signals from 1650 to 1600 cm * may be attributed to double
bonds or aromatic molecules [20]. The stretching vibrations of C-N are linked to
the peak at approximately 1254 cm™! [21]. These peaks characteristic for furan rings
remained intact on the surface of CNC, indicating that some of furfuryl amine
molecules reacted through Michael addition reaction.
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In the case of the Diels-Alder reaction that took place on the surface of the CNC,
we would get two distinct peaks in the 3400-3300 and 3330-3250 cm™ ranges,
showing the presence of the primary amine group. However, the presence of a
significant number of -OH groups on the surface of cellulose molecules may result
in overlap and cause the disappearance of N-H peaks in the 3400-3250 cm™ area.

3.4 X-ray Photoelectron Spectroscopy (XPS)

The elemental composition analysis of the CNC/CNC-AA and CNC-AA-
FA samples using XPS research verified the successful acrylic acid and furfuryl
amine modification on CNC surfaces. As indicated in the Table 1, the fraction of C
atoms increases from 61 to 62 while the percentage of oxygen atoms slightly
decreases from 39% to 38%, suggesting that acrylic acid effectively reacts with the
OH groups and it is uniformly attached on the surface of CNC.

When furfuryl amine is reacted with CNC-AA sample, the percentage of C
and O elements decreases, due to the presence of the N atoms from the furfuryl
amine structure, which is a very strong indicator that the furfuryl amine reacted with
the acrylic group on the surface of CNC via Diels-Alder or Michael Addition
reactions.

The XPS spectrum of CNC-AA-FA, as illustrated in Fig. 2(d), clearly
reveals the presence of C1s, O1s, and N1s peaks, whereas the XPS spectra of CNC
and CNC-AA only demonstrate C1s and O1s peaks. The successful modification of
the furfuryl amine on CNC-AA is indicated by the appearance of the N1s peak.
Furthermore, the deconvolution of CNC-AA-FA's high resolution C1s spectrum
reveals three peaks at 288.0, 286.5, 284.8, and 284.5 eV, which stand for C=N/C=0,
C-O/C-N, C-C/C-H, and C=C, respectively [22].

Two peaks that correspond to C=0 (530.98 eV) and C-O-H/C-O-C
(531.08 eV) can be seen in the deconvolution of the O1s peak (Fig. 2f) [23]. In
addition, the high resolution N1s spectrum of CNC-AA-FA (Fig. 4e) demonstrates
the presence of primary amines (—N = 399.5 eV) and tertiary amines (—N-C3, 401.7
eV) [24]. The presence of primary, secondary, or tertiary amines in the CNC-AA-
FA sample is associated with the Diels Alder and Michael addition products. When
CNC-AA reacts with furfuryl amine via the Diels-Alder reaction, the result is
primary amine; however, when the reaction proceeds by the Michael Addition
pathway, the products are secondary and tertiary amine rather than primary amine.
Because XPS confirmed the appearance of primary and tertiary products, it may be
concluded that both Diels Alder and Michael addition reactions happened.

By examining the intensity of primary (4748.81 counts/s) and tertiary
amines (3940.89 counts/s) in XPS data, we can estimate the fraction of the products.
Thus, it was observed that the Diels-Alder: Michael addition ratio product
formation is 1:2, which means that about 54.5% of the product is obtained through
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Diels-Alder reaction and 45.5% is a Michael addition product. All these results have
demonstrated that both acrylic acid and furfuryl amine have been used successfully
to modify the surface of CNC.

Table 1
Elemental composition of CNC and its derivatives
Sample Cat. % Oat. % N at. %
CNC 61 39 -
CNC-AA 62 38 -
CNC-AA-FA 57 35 8
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Fig. 2. High-resolution C1s spectral deconvolution from XPS of a) neat pure CNC b) CNC-AA ¢)
CNC-AA-FA derivatives and d) full range of XPS spectra of all samples e) The deconvolution of
N1s spectra of CNC-AA-FA f) The deconvolution of O1s spectra of CNC-AA-FA

3.5 Thermogravimetric analysis (TGA)

The TGA curves and the derivative thermogravimetric curves (DTG) of
every CNC product that was examined in the 25 °C to 600 °C range are reported in
Fig. 2, while the primary thermal parameters from thermogravimetric investigations
are listed in Table 2.

Table 2
Thermal parameters for CNC and its derivatives
Sample I,dg;’ -(I:,dg;’ Ta10% (°C) | Tazow (°C) (fr-g%axé?c);) R?leol}ados)zal
CNC 273.1 284.2 291.7 303.4 305.8 20.65
CNC-AA 71.6 93.8 202.6 257.3 258.2 22.14
CNF-AA-FA 55.2 64.3 81.4 215.3 263.7 25.02

All three samples (CNC, CNC-AA, and CNF-AA-FA) have unique thermal
properties, as can be seen from the thermograms shown in Fig. 3. With regard to
the CNC sample, the initial 3% weight loss was most likely caused by thermal
disintegration of the amorphous phase, which occurs just before the crystalline
phase degrades at 273°C [25], the onset degradation temperature (Td10%) is at around
292°C and the maximum degradation temperature at approximately 306°C. The
residue at 800°C of the CNC samples was around 21%.

In the case of the CNC-AA sample the onset degradation temperature
(Taw%) Is at around 203°C and the maximum degradation temperature at
approximately 258°C. Compared with neat CNC, CNC-AA displays decreased
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thermal stability. This result is related to the presence of acrylate group on the
surface of CNC, which might accelerate the degradation of cellulose nanocrystal.

Since the TGA and derivate thermogravimetric analysis curves for CNC-
AA only show one peak, this is a strong proof that the AA is covalently linked to
the CNCs and no other by products are found in the intermediary compound. The
onset of thermal degradation has decreased from 292°C for neat CNCs to 203°C for
the CNC-AA.

CNC-AA-FA exhibits two phases of thermal loss: the breakdown of FA is
linked to the first weight loss (approximately 90°C), while the degradation of
acrylic acid is linked to the second weight loss (approximately 260°C).
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Fig. 3. a) TGA curves and b) the derivative thermogravimetric curves (DTG) of each CNC
samples in the range of 25°C - 600°C

3.6 Differential Scanning Calorimetry (DSC)

In addition to TGA, the heat degradation of cellulose can also be examined
using the DSC curves, as shown in Fig. 4, and Table 3 reports the DSC data for all
CNC samples. All of the examined samples' broad endothermic signals, which
range from 60 to 90°C, show how heat is absorbed during the evaporation of water.

The transition temperature displayed by the DSC spectrum must be
considered when deciding whether a material will lose its structure after heating
[26].

This demonstrates that neat CNC sample has the greatest degradation
temperature which is 304.1°C among all samples. On the other hand, CNC-AA-FA
sample (Tmaxz = 287°C) has a greater degradation temperature than the CNC-AA
sample, which has a Tmax2 of 277.4°C.

The covalently linked molecules on the surface of modified CNCs induce
lower transition temperatures than neat CNCs. Different melting enthalpy values of
the samples demonstrate chemical modification.

The thermal degradation shown in the DSC graph between 200 and 300°C
are correlated with the TGA values as well.
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Table 3
DSC data of CNC and its derivatives
Sample AH: (J/g) | Tmaxi (°C) AH (J/g) Tmaxz (°C)
CNC 147.9 60.5 313.0 304.1
CNC-AA 175.4 75.6 240.5 277.4
CNF-AA-FA 210.9 78.0 227.8 287.0
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Fig. 4. DSC curves of all samples.

3.7 Scanning Electron Microscopy (SEM)
CNC morphology was examined using SEM both before and after
modification. Fig. 5 illustrates the morphology of the neat CNC, CNC-AA, and

CNC-AA-FA samples.

The morphology of the neat CNC samples is shown in Fig. 5a and b. The
micrographs show that the commercial CNC sample has a spherical shape rather
than rod like structure. Figs. 5¢ and d show that when CNC is treated with acrylic
acid, the spherical CNC structures agglomerate and tend to form a more stiff and
dense structure. Agglomeration may occur when particles are brought near together
during solvent evaporation [27]. Fig. 5e and f show the further modification of
CNC-Acrylic acid samples with Furfuryl amine.
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Fig. 5¢ and 5e show that the agglomerated structure of CNC-AA is reduced
by the reaction of furfuryl amine and produced more irregular and ununiform
structure.

We may conclude that CNC samples agglomerate during the acrylic acid
reaction, and that the subsequent reaction with furfuryl amine decreased
agglomeration due to the hydrophobic interactions on the surface of CNC samples.

A‘ﬁ””"‘=’ } e . : ‘ " ICECHIM 15KV 10.2mm X6.( :*‘\’

i. 5. SEM samles o , na NC c,d) CNC-A e, CN--FA
4. Conclusions

1. After CNC is modified with acrylic acid (AA) and Furfuryl amine (FA)
significant changes in the FT-IR spectra were observed within 1200 cm™and 1800
cmL. The significant absorption peaks that corresponded to the new C=0 (carbonyl
double or ester stretching bond) and C=C stretching vibrations demonstrated the
formation of CNC-AA. CNC-AA-FA modification was demonstrated by the
vibrations observed at around 1600-1660 cm™, 1500 cm™and 1389 cm™ which are
the characteristic bands and stretches of furan ring.

2. Comparing CNC-AA to the neat CNC sample, the TGA graph showed
that CNC-AA had less thermal stability. The acrylate group that is present on the
surface of the CNC may be responsible for this result by accelerating the cellulose
nanocrystal's degradation. CNC-AA-FA showed two weight losses, around 90°C
and 260°C associated with the degradation of furfuryl amine and acrylic acid
respectively.

3. According to the DSC graph, modified CNC samples had lower Tmax than
neat CNC, but covalent attachment should increase the Tmax. This might be
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attributed to an increase in the ratio of amorphous composition following the
chemical modification compared to CNC, which is more crystalline.

4. The elemental composition analysis of three samples using XPS
spectroscopy confirmed the successful acrylic acid and furfuryl amine modification
on CNC surfaces. Because XPS confirmed the existence of primary and tertiary
amine products, we may conclude that both Diels Alder and Michael addition
reactions occurred.

5. SEM examination of the samples demonstrates that the surface uniformity
of CNC has been altered because of the functional groups linked to the surface of
CNC.
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