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Synthesis of Triazine Derivative and Its Application in
the Modification of Cellulose Nanocrystals

Yuanyuan Yin,2® Lina Zhao,” Xue Jiang,*>* Hongbo Wang,*** and Weidong Gao "

Cellulose nanocrystals (CNCs) were modified with triazine derivative in an
effort to decrease the hydrophilicity of CNCs and improve their thermal
stability. In recent decades, much attention has been given to the
modification of CNCs to broaden their use in various applications, such as
in nanocomposites, as adsorbents for the disposal of wastewater, and so
on. The CNCs with a rod-like shape were obtained from cotton through
sulfuric acid hydrolysis. Hydrophobic triazine derivative was synthesized
via the reaction between triazine and n-butylamine (BA) and then applied
to modify CNCs to improve their thermal stability and diminish the
hydrophilicity of the nanopatrticles. Results of thermogravimetric analysis
(TGA) indicated a 150 °C increase in the initial thermal decomposition
temperature of modified nanocrystals compared to the original CNCs. The
improved thermal stability of modified CNCs was attributed to a shielding
effect of the hydrophobic aliphatic amine layer on the surface of the
nanoparticles. The results of the dynamic contact angle measurement
revealed a decrease of hydrophilicity of the modified CNCs.
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INTRODUCTION

Cellulose, as one of the most abundant renewable polymer resources in the world,
has aroused much attention as an engineering material (Zhang et al. 2015). Emerging uses
of cellulose include the adsorption of pollutants from aqueous solutions (Annadurai et al.
2002) and in the medical field (Klemm et al. 2001). Formed by the repeated connection of
B-D-glucose building blocks linked by B-1,4-glycosidic bonds, cellulose can be thoroughly
degraded into water and carbon dioxide (Jokerst et al. 2014; Liu et al. 2014). Nanocellulose
can be obtained from cellulose using acid hydrolysis (Bake et al. 2013; Chen et al. 2015;
Guo et al. 2016), enzymolysis, and mechanical pulverizing. The main process for the
isolation of CNCs from cellulose is based on acid hydrolysis. The CNCs are obtained
because the amorphous regions of cellulose are susceptible to hydrolysis and may be
degraded and dissolved, leaving the rigid crystalline regions.

In the past, CNCs, as an ideal reinforcer, have attracted notice in the field of
nanocomposites, attributable to their biodegradability, light weight, nanocrystal size, low
cost, high specific strength and modulus (100 GPa in the axial crystalline regions)
(lwamoto et al. 2009; Berglun 2010), unique morphology, and relatively reactive surface
(Habibi et al. 2008; Azouz et al. 2012; Lin and Dufresne 2013; Liu et al. 2015).
Nevertheless, there are two challenges to overcome to broaden their use in many
applications. Firstly, the large amount of hydroxyl groups on the surface of CNCs make
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the nanoparticles present hydrophilic properties, which limits the compatibility between
hydrophilic CNCs and a hydrophobic polymeric matrix (Habibi et al. 2010; Bagheriasl et
al. 2015; Morelli et al. 2016). In addition, the preparation of CNCs based on sulfuric acid
hydrolysis is considered as the most mainstream approach. Negatively charged sulfate
esters are introduced on the surface of the obtained CNCs particles when using the sulfuric
acid as a hydrolyzing agent. The charged sulfate esters can promote dispersion of the CNCs
in water because like charges repel each other. However, the introduction of charged sulfate
esters diminishes the thermostability of the nanoparticles, which is attributed to the
catalytic nature of sulfate esters (Roman and Winter 2004; Abraham et al. 2016).Therefore,
two challenges should be overcome in the preparation of nanocomposites reinforced by
CNC:s, the inferior thermal stability and the obvious hydrophicility.

There are a large number of reactive hydroxyl groups on the CNCs’ surface that
can react with different active groups, such as carboxyl, epoxy group, siloxane, etc. To
improve thermal stability and hydrophobicity, different chemical modification strategies
have been attempted, such as esterification (Braun and Dorgan 2009; Sobkowicz et al.
2009), oxidation (Shimizu et al. 2013, 2014a,b), polymer grafting (Ljungberg et al. 2005;
Roy et al. 2005; Morandiet al. 2009; Goffin et al. 2012), etc. The resulting nanocrystals
show good dispersion abilities in an organic solvent and excellent thermal stability. The
goal of these methods was to introduce hydrophobic groups onto the CNCs’ surface to
replace the hydrophilic hydroxyl groups.

Triazine is an important intermediate in the dye and the pharmaceutical industry.
There are three reactive chlorine groups in the chemical structure of 2,4,6-trichloro-1,3,5-
triazine (TCT). In this study, triazine derivative was synthesized through the reaction
between TCT and BA, and then the derivative was introduced on the CNCs’ surface. As
shown in Schematic 1, one of the chlorine groups reacted with the hydroxyl groups on the
surface of CNCs, and the second chlorine groups reacted with amino groups of aliphatic
amine. The hydrophilicity of the nanoparticles diminished and the thermal stability of
CNCs was improved due to the hydrophobic aliphatic chains covering the CNCs’ surface.
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Schematic 1. Synthesis of TCT-BA and its grafting on the surface of CNCs

EXPERIMENTAL

Materials

Cotton, hydrochloric acid, sulfuric acid, acetone, toluene, tetrahydrofuran (THF),
sodium hydroxide (NaOH), and sodium bicarbonate were purchased from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China); TCT was obtained from TCI Shanghai
(Shanghai, China) and used to modify the CNCs to improve the reactivity. BA was supplied
by J&K Scientific Limited Company (Shanghai, China).
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Preparation of cellulose nanocrystals

According to the authors’ previous article (Yin et al. 2016), CNCs were fabricated
from cotton using sulfuric acid hydrolysis. In brief, approximately 10 g of cotton was
mixed with 200 mL of sulfuric acid aqueous solution (64 wt.%) in a three-neck flask, which
was set with a stirrer, thermometer, and condenser. The reactive mixture was stirred for 1
h at 45 °C for hydrolysis, then approximately 200 mL of cold water (approximately 0 °C)
was poured into the obtained suspension to stop the reaction. Subsequently, the suspension
was centrifuged at 10,000 rpm until it had no obvious stratification and existed as a kind
of transparent dispersion. To remove the sulfate groups on the CNCs’ surface, the mixture
was neutralized using sodium hydroxide aqueous solution (1 wt.%).

Synthesis of triazine derivative

The triazine derivative was synthesized as follows: first, 7.38 g of TCT and a
balanced amount of acetone were added into a 250-mL three-neck round-bottom flask and
homogenized with a magnetic stirrer until the triazine was dissolved in the acetone. Next,
3.51 g of BA was added into the above solution dropwise and the reaction was performed
at approximately 0 °C to 5 °C for 8 h. The pH of the solution was adjusted to approximately
10 using 10 wt.% NaOH solution. Finally, the triazine derivative, which is named TCT-
BA, was obtained after the solution was filtered, washed with 0.1 mol/L hydrochloric acid,
0.1 mol/L sodium bicarbonate, and distilled water, and recrystallized using toluene
(Pearlman and Banks 1948).

Modification of cellulose nanocrystals with triazine derivative

The grafting reaction of triazine derivative (TCT-BA) onto CNCs was performed
as follows: Briefly, 0.5 g of CNCs was swollen in NaOH solution in the 100-mL three-
neck round-bottom flask and stirred at a pH of 10 for 30 min. Then, 0.615 g TCT-BA
dissolved in THF was added into the flask dropwise, and the reaction was performed at
40 °C for 4 h. The triazine derivative grafted CNCs (CNC-TCT-BA) were obtained after
the solution was filtered, washed with THF and distilled water, and freeze-dried.

Methods
Characterization

Transmission electron microscopy (TEM) was performed using a JEM-2100
electron microscope (Jeol Ltd. USA) operating at an acceleration voltage of 80kV to
characterize the morphology and distribution of CNCs.

The chemical structures of the TCT-DA and CNCs before and after modification
were characterized on a Bruker 400M solid-state *C NMR spectrometer and a Fourier
transform infrared (FT-IR) spectrometer. Infrared spectra were recorded at room
temperature on a Nicolet iS 10 Fourier transform infrared spectroscope (FT-IR) (Thermo
Fisher Scientific Company, Shanghai, China). The samples were prepared via KBr pellet
method. The resolution of the spectrometer was 4 cm™, the wave number range was 400
cmto 4000 cmt, and the samples were scanned 30 times.

X-ray diffraction (XRD) patterns of CNCs before and after modification were
recorded on Bruker Siemens D8 X-ray diffractometer operated at 3 kW with Cu Ka
radiation (1=0.154nm) in the range 26 = 3~60° with a step of 0.02° and scanning speed
at 4°/min.

The grafting efficiency (GE%) of TCT-BA grafted on the surface of CNCs was
determined using the Quanta 200 (FEI) electron microscope equipped with the energy
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dispersive X-ray (EDX) system. The carbon, oxygen, sulfur, nitrogen, and chlorine
elements content for CNC-TCT-BA were measured. TCT-BA-grafting efficiency (GE %)
was calculated according to Eq. 1,

GE% - CTCT —BA + (1 - GE%) ' CCNC = CCNC —TCT —BA (1)
where C is the relative nitrogen content of the sample.

The thermal degradation of CNCs was analyzed using a thermal analyzer
TGA/SDTAB851e (Mettler Toledo, Shanghai, China) under nitrogen flow. Approximately
5 mg of dried samples were heated from 30 °C to 600 °C at a heating rate of 10 °C/min.

The contact angle measurement was performed to investigate the hydrophilicity of
CNCs before and after modification, which was performed at room temperature using a
DSA25S-Kruss contact angle measuring device (Kruss, Beijing, China). The CNCs before
and after modification were compacted under 20 MPa to obtain the samples with smooth
surfaces. A small drop of water (2 puL) was dropped on the surface of the samples. Then,
the contact angle was calculated using a sessile drop contact angle system.

RESULTS AND DISCUSSION

As shown in Fig. 1, TEM was performed to observe the morphology and
dimensions of CNCs. Rod-like nanoparticles were separated from cotton using sulfuric
acid hydrolysis. The size of the nanoparticles were 200 nm to 300 nm in length and
approximately 10 nm in width, which corresponded to previous literature (Lin et al. 2012).
According to the TEM images, an agglomeration of nanoparticles was obvious due to the
hydrogen bonding between the hydroxyl groups on the CNCs’ surface.

Fig. 1. TEM images of (a) CNCs and (b) CNC-TCT-BA

Fourier transform infrared spectroscopy was performed to analyze the synthesis of
triazine derivative and the chemical grafting of CNCs. As shown in Fig. 2, compared with
TCT, the spectrum of triazine derivative displayed the characteristic absorption bands of
the -NH stretching at 3260 cm™, bands C=N at 1553 cm™ and 1402 cm?, and C-ClI
stretching at 793 cm™, which corresponded to the absorption peaks of triazine. The
presence of BA was evidenced by the -CH; and -CH3 framework stretching at 2977 cm®
and 2784 cm™.
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Fig. 2. FTIR spectra of TCT and TCT-BA

To further analyze the chemical structure of TCT and its derivative, 3C NMR was
recorded, as shown in Fig. 3. This indicated the successful synthesis of triazine derivative.
The TCT-BA displayed typical resonances of TCT and BA. The signals at 172.33 ppm,
164.16 ppm, 158.75 ppm, and 154.59 ppm corresponded to triazine. The signals at ¢ =
15.72 ppm, 22.04 ppm, 31.00 ppm, and 44.64 ppm were assigned to the carbons on the BA
chains at C1, C2, C3, and C4, respectively. The results of the FT-IR and **C NMR spectra
revealed the successful synthesis of triazine derivative.
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Fig. 3.13C NMR spectra of TCT-BA

Figure 4 presents the FTIR spectra of CNCs and TCT-BA-grafted CNCs. The
spectrum of TCT-BA-grafted CNCs not only showed all of the characteristic absorption
peaks of CNCs, but also presented the absorption bands of TCT-BA, such as -CH:
stretching located at 2854 cm™, C=N stretching at 1583 cm™, and C-ClI stretching situated
at 794 cm™. The successful grafting of TCT-BA on the CNCs surface was further
confirmed using *C NMR, as shown in Fig. 5. The signals at § = 105.01 ppm, 71.50 ppm,
72.98 ppm, 89.25 ppm, 75.44 ppm, and 65.36 ppm were assigned to the carbons on the
glucose ring at C1, C2, C3, C4, C5, and C6, respectively. The signals at 152.33 ppm and
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150.39 ppm corresponded to signals of triazine. The ¥*C NMR spectrum of CNC-TCT-BA
also showed signals at 6 = 14.30 ppm, 29.10 ppm, and 45.15 ppm corresponding to the
carbons on the BA chains at C7, C8, C9, C10, respectively. The results of FTIR and 3C
NMR confirmed the successful grafting of TCT-BA onto CNCs.
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Fig. 4. FTIR spectra of CNCs and CNC-TCT-BA
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Fig. 5. 3C NMR spectrum of the CNC-TCT-BA

The EDX spectrum of unmodified and CNCs modified with TCT-BA (Fig. 6)
indicated that the grafting efficiency (GE%) of TCT-BA on the CNCs surface was 35.9%.
It also revealed that the sulfate esters were partly replaced or covered by TCT-BA after
modification because sulfur element was decreased in the chemical structure on TCT-BA-
modified CNCs. Therefore, the thermal stability of TCT-BA-grafted CNCs was improved
significantly, which was attributed to the replacement and/or cover of sulfate esters on the
surface of nanoparticles.
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Fig. 6. EDX spectrum of (a) CNCs; and (b) CNC-TCT-BA

X-ray diffraction patterns of unmodified CNCs and modified CNCs are presented
in Fig. 7.

—CNC
—— CNC-TCT-BA

Fig. 7. XRD spectra of CNCs before and after modification
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Both of the samples represented the peaks at 26=14.8° (101), 26=16.5°
(101), 20=22.8° (002), and 26=34.5° (040), which corresponded to the crystalline
structure of cellulose I of the polymorphous of cellulose (Wong et al. 2009).
Comparing with the pristine nanocrystals, the diffraction intensity of the modified
CNCs was obviously reduced and the half-peak width became broader. The peaks
of CNC-TCT-BA assigned to (021), (002), and (004) planes became weaker than
CNCs, indicating that modification occurred not only in amorphous regions but also
in the edge of crystalline regions.

To analyze the compatibility of CNCs, water contact angle measurements were
performed as shown in Fig. 8. It was obvious that unmodified CNCs, with an initial contact
angle of 50°, presented good hydrophilicity.

Compared with unmodified CNCs, the contact angle of modified CNCs was
increased approximately 40°. This result revealed that the nanoparticles modified with
TCT-BA became more hydrophobic than pure CNCs, which was attributed to the
hydrophobic BA chains on the CNCs’ surface.
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Fig. 8. Dynamic contact angle curves of CNCs and CNCs modified with TCT-BA

Figure 9 presents the thermal stability of CNCs before and after modification. The
CNC:s clearly presented a stepwise degradation behavior, and it involved three processes.
The degradation processes, which started below 150 °C for both of the samples, were
attributed to the evaporation of adsorbed water. The degradation of pure CNCs between
200 °C and 400 °C presented two processes. The lower temperature degradation process
corresponded to degradation of the amorphous regions, where the material was more
accessible and more highly sulfated, whereas the higher temperature degradation process
related to the breakdown of the nonsulfated crystalline interior (Roman and Winter 2004;
Martinez-Sanz et al. 2011).

Compared with unmodified CNCs, the initial decomposition of TCT-BA-grafted
CNCs shifted from 190 °C to 340 °C, which indicated that the thermal stability of CNCs
modified with TCT-BA was remarkably improved. This was attributed to the shielding
effect of the sulfate groups and the increase of crystallinity, which was corresponded with
the previous report (Maiti et al. 2013).
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Fig. 9. Curves of: (a) TGA of CNCs and CNC-TCT-BA; and (b) DTG of CNCs and CNC-TCT-BA

CONCLUSIONS

1. Triazine derivative was successfully synthesized and innovatively grafted onto the
surface of CNCs.

2. Compared with pure CNCs, the onset decomposition temperature of modified CNCs
was increased by 150 °C. The hydrophilicity of the modified nanoparticles decreased,
which was attributed to the hydrophobic triazine derivative that covered CNCs’ surface.

3. This study provided a new solution to the modification of CNCs that is economical and
effective.
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