
Carbohydrate Polymers 297 (2022) 120030

Available online 27 August 2022
0144-8617/© 2022 Elsevier Ltd. All rights reserved.

Preparation and characterization of some cellulose derivatives 
nanocomposite films 
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A B S T R A C T   

One of the most studied biocomponents is cellulose and its derivatives. Chemical structures of the nanocomposite 
films were investigated by Fourier Transform Infrared Spectroscopy (FT-IR) and X-Ray Diffraction (XRD) ana
lyses. In the Scanning Electron Microscope (SEM) images taken at 5000 x magnification, the films with the best 
dispersion of nano-reinforcements; are amine modified nano SiO2 doped 2-hydroxyethyl cellulose (2-HEC) and 
hydroxypropyl cellulose (HPC) films. SiO2 dispersion has not been homogeneous in neutral nano SiO2 doped HPC 
and hydroxypropyl methylcellulose (HPMC) films. On the other hand, in the amine modified nano SiO2 doped 
HPMC film, micron-size agglomerations were observed on the film surface. When the thermal resistance of the 
films was examined, it was determined that the amine modified nano SiO2 doped HPMC film was the highest at 
344 ◦C. When stress-strain values were compared, amine modified nano SiO2 doped HPMC film was the best film 
sample with a strain value of 101.7 %.   

1. Introduction 

Cellulose is a renewable, environmentally friendly, low-cost, ther
mal, and chemically stable polymer that is abundant in nature (Chen 
et al., 2018; Hu et al., 2020; Wang et al., 2016). It is also biodegradable 
material. It is known that in the future, celluloses will partially replace 
synthetic polymers synthesized as petroleum derivatives. The possibility 
of using celluloses in this way is promising (Jedvert & Heinze, 2017; Li 
et al., 2017; Tu et al., 2020; Yuan et al., 2015). Celluloses are common in 
the cell walls of plants and marine organisms. Cellulose is also synthe
sized by algae, bacteria, and fungi through microbial biosynthesis (Liu 
et al., 2020). There are hydroxyl groups on the carbon atoms that can 
form hydrogen bonds between the cellulose molecules. These groups 
play a very important role in controlling and improving the physico
chemical properties of cellulose (Moon et al., 2011; Wang et al., 2020). 
Cellulose is a natural polymer and the length of the polymer chain de
pends on the cellulose source. Cellulose is not found in nature as a 
molecule, but as a fiber formed by molecular chains. Cellulose has high 
mechanical strength, chemical resistance, good thermal stability, 
biocompatibility, and excellent physicochemical properties (Du et al., 
2018; Du et al., 2020; Kargarzadeh et al., 2018). On the other hand, 
cellulose has disadvantages such as poor thermoplastic properties and 

easy molding. The molecular structure of cellulose is not suitable for 
easy processing. Due to the strong hydrogen bonds of cellulose, its plain 
form is insoluble in water. This situation is an obstacle to overcome in 
practice (Bao et al., 2021; Sayyed et al., 2019; Yamane et al., 2015) and 
the cellulose must be modified (Arca et al., 2018). These modifications 
can be physical, chemical, or biological (Cao & Tan, 2002; Gabriel et al., 
2014; Menon et al., 2017). These modified cellulose structures are 
defined as cellulose derivatives. Cellulose derivatives, which are a group 
of natural polymers, have film-forming ability, cross-linking, hydrogel, 
cryogel, and aerogel-forming properties. Cellulose chains are inter
connected by intramolecular and intermolecular hydrogen bonds and 
Van der Waals forces. The exceptional rheological properties of cellulose 
derivatives make these materials remarkable (Esmaeilirad et al., 2016; 
Roshan & Asef, 2010; Udayakantha et al., 2019; Yang et al., 2015). 
Cellulose derivatives, which are easily soluble in water, are used in 
many application areas from food to cosmetics, from pharmaceuticals to 
textiles (Badulescu et al., 2008; Liu et al., 2021; Petit & Wirquin, 2013; 
Spirk, 2018). Cellulose derivatives such as hydroxyethyl methyl cellu
lose (HEMC) and hydroxypropyl methylcellulose (HPMC) originate from 
biomass which has a mesoporous morphological structure (Hoang & 
Dat, 2021). Carboxymethyl cellulose (CMC), hydroxyethyl cellulose 
(HEC), carboxymethyl hydroxyethyl cellulose (CMHEC) are water- 
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soluble cellulose derivatives (Arca et al., 2018; Marinho, 2013). Three 
different cellulose derivatives were used in this study. Each cellulose 
was preferred due to its different physicochemical properties. The effect 
of SiO2 nanoparticles dispersed on hydroxypropyl methylcellulose 
(HPMC), hydroxypropyl cellulose (HPC), and 2-hydroxyethyl cellulose 
(2-HEC) with different physicochemical properties on films is discussed. 
The reason why HPMC is preferred; it can be developed to increase the 
bioavailability of active pharmaceutical ingredients by adjusting its 
solubility in water (Borlinghaus et al., 2022). The fact that it is inex
pensive and easy to find also provides an additive advantage. HPMC has 
been used as a support material for metal catalysts in previous studies. 
Based on this, HPMC has assumed the role of support material similar to 
nano SiO2 reinforcement materials for this study. It is non-toxic and 
biologically compatible (Kesevan et al., 2022). It has excellent film- 
forming ability (Kesevan et al., 2022; Luo et al., 2020) and excellent 
mechanical properties (Wang et al., 2022). HPC is one of the important 
cellulose derivatives, which is water soluble, biodegradable, and non- 
toxic just like HPMC. It is widely used in the production of smart ma
terials, biomedicine, pharmacology, and cosmetics (Bulut & Turhan, 
2021). HPC is a temperature-sensitive cellulose derivative. It is inter
esting to develop the properties of heat-sensitive material that can be 
used in controlled release applications by taking advantage of this 
feature (Bulut & Turhan, 2021). Low viscosity is a disadvantage that 
must be overcome. It is a cellulose derivative approved by the FDA (U.S. 
Food and Drug Administration) (Saraiva et al., 2021). Finally, 2-HEC 
was used as a cellulose derivative in this study. The most important 
reason for the preference is that it can be formed easily and is biocom
patible (Mutalik et al., 2006). All three cellulose derivatives are envi
ronmentally friendly and, despite being a non-ionic polymer group, 
additional interaction difficulties are not experienced in composites 
obtained with nanomaterial reinforcements. Polymers are classified into 
two groups, synthetic and natural. Natural polymers are called “bio
polymers” because of their biodegradable properties. Biopolymers can 
be obtained by 3 different methods; (i) chemically, (ii) as an extraction 
product, and (iii) biologically (Gopi et al., 2019). Natural polymers are 
the most promising group of biomaterials (Kulshrestha & Mahapatro, 
2008). Natural polymers do not have good strength properties, nor are 
they resistant to temperature (Ramakrishna et al., 2001). These weak
nesses of natural polymers can be eliminated by developing them as 
composite materials formed with two or more components. Thus, 
different properties of each component that make up the composite 
appear in a new material than when they were alone (Josmin & Kur
uvilla, 2012). Biocomposites consist of reinforcement or filler materials 
consisting of a polymer matrix and various particles that affect the 
mechanical and physicochemical properties of this matrix. If these 
particles are in nano size, the new material is called “nano bio
composite”. “Green polymers” from sustainable sources offer a biode
gradable, environmentally friendly alternative to synthetic polymers 
(Song et al., 2018). Titanium dioxide (TiO2) and silicon dioxide (SiO2) 
are the most remarkable reinforcement nanoparticles that provide low 
toxicity, improved scratch resistance, stickiness, transparency, and high 
stability at different pHs (Cristea et al., 2010; Fufa et al., 2013; Pacheco 
et al., 2021; Sow et al., 2011). Nano SiO2 is a frequently preferred 
reinforcement material due to its high surface area and adjustable 
porosity properties for different application areas. By modifying the 
surface of Nano SiO2, its functionality can be extended in many areas 

(Bettini et al., 2015; Regan et al., 2019). The most common usage area is 
adsorbent and super adsorbent materials in adsorption systems (Bettini 
et al., 2022). Green nanomaterial technologies are of great importance 
today (Lu & Ozcan, 2015). Studies carried out with these two ap
proaches are the focus of attention on a global scale (Nasir et al., 2017). 
It is important to improve bionanocomposites that are biologically 
compatible with the human body and are not harmful to the environ
ment for different usages. In this study, bionanocomposite films were 
obtained by adding two types of nano SiO2 (neutral and amine- 
modified) as reinforcement to 2-HEC, HPMC, and HPC solutions sepa
rately and their main properties were compared with each other. Like 
amine modified nano SiO2, amine modified adsorbents noticeably in
crease the adsorption uptake of various toxic molecules and improve the 
reuse of materials, which indicates their high stability. It is important to 
note that the negative surface charge can be used advantageously for 
subsequent surface modifications using silane chemistry, via covalent 
bonding, or through physical adsorption or electrostatic interactions. 
Nanocomposites that are prepared with three different silica doping of 
cellulose derivatives are the strongest hypothesis for this study, by using 
silica nanoparticles in the cellulose structure in preferred application 
areas stands out as a silica-based cellulose structure. Silica nanoparticles 
can be modified or mineral materials with high silica content can be 
used. Herein, biopolymers (cellulose derivatives) as green chemicals and 
nano SiO2, which are both different and widely used as both green 
chemistry and nano reinforcement materials, were studied. Two 
different commercially synthetic SiO2 were used as additives. One of 
them was provided as amine modified hydrophilic (hf nano SiO2) and 
the other as unmodified (nano SiO2). It has ensured that the nano-sized 
SiO2 can be easily dispersed in cellulose films. Recent studies mostly 
focus on cellulose derivatives which are doped by except inorganic 
particles, for example, chitosan, snail mucus, starch, etc. (Antosik et al., 
2019; Filippo et al., 2021; Zhang et al., 2020). The biggest novelty 
presented in this study is that SiO2 nanoparticles are used as a particle in 
the cellulose derivatives composites and determined the physicochem
ical properties. Afterward, amorphous volcanic glass minerals were 
selected and used with the cellulose derivatives to elicit the differences 
and similarities between nano SiO2 particles and nano-sized expanded 
perlite. Obtained nanocomposites will be role models in many applica
tion areas from human skin compatibility to new generation food 
packaging packages in future studies. 

2. Experimental 

The cellulose derivative nanocomposite films were produced in the 
presence of a crosslinking agent. Silica nanoparticles and expanded 
perlite were selected as reinforcement materials. 

3. Materials and methods 

Materials used throughout this study; amine modified hydrophilic 
(hf) nano SiO2 (10–20 nm, 99.8 %, Skys NanoMaterials), nano SiO2 
(15–20 nm, 99.5 %, Skys NanoMaterials) (Sigma-Aldrich), N-methyl
enebisacrylamide (N, N-MBAAm) (Sigma-Aldrich), ceric ammonium 
nitrate (Ce(NH4)2(NO3)6) (Sigma-Aldrich), 2-hydroxyethyl cellulose (2- 
HEC), hydroxypropyl cellulose (HPC), and hydroxypropyl methylcellu
lose (HPMC) were supplied by Sigma-Aldrich. 

Fig. 1. Chemical structure of cellulose derivatives.  
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3.1. Preparation of cellulosic nanocomposite films 

The cellulose-derived nanocomposite films were prepared by the 
solution casting method and named “cellulosic nanocomposite films”. 
The mixture was poured into 60 × 15 mm glass petri dishes in equal 
volumes (20 mL). The solutions were left to dry for one week under room 
conditions. Then, the nanocomposite cellulose derivatives films were 
separated from the glass petri dishes with the help of a micro spatula and 
forceps without being damaged. Nano-reinforcement materials were 

initially added to each cellulose solution as a mixture. 5%wt. aqueous 
solutions were prepared from 2-HEC, HPC, and HPMC, separately. 0.08 
g of ceric ammonium nitrate (CAN) was added to each solution. The 
solutions were mixed in an ultrasonic bath at 60 ◦C. In addition, films 
without CAN were also prepared by the same method for comparison. 
Amine-modified nano SiO2 and neutral nano SiO2 were used as re
inforcements. After determining the amount of 0.0010 g nano SiO2 with 
the best particle distribution, the studies were carried out with this 
amount of SiO2 supplementation. The chemical structure of the 

Fig. 2. FT-IR spectrum of cross-linked 2-HEC, 2-HEC-nano SiO2 and 2-HEC - 
(hf) nano SiO2. 

Fig. 3. FT-IR spectrum of cross-linked HPMC, HPMC-nano SiO2 and HPMC- (hf) nano SiO2.  

Fig. 4. FT-IR spectrum of cross-linked HPC, HPC-nano SiO2 and HPC− /(hf) 
nano SiO2. 
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celluloses used in this study is shown in Fig. 1. 

3.2. Characterization of cellulose deviations-based nanocomposite films 

Functional groups of the components were determined by FT-IR 
spectroscopy using the ATR technique by Perkin Elmer, Spectrum 100 
with a resolution of 4 cm− 1, within the range 400–4000 cm− 1. Structural 
properties of the nanocomposite films were investigated by X-Ray 
diffraction (XRD) measurements, using a Panalytical Empyrean 
diffractometer with CuKa radiation of 45 kV, 40 mA, and scanning range 
between 5◦ and 65◦. Morphological properties of the films were ob
tained by Field Emission Scanning Electron Microscopy (FESEM), Carl 
Zeiss, Supra 40VP microscope, with the samples sputter-coated previ
ously under vacuum with platinum, and applied 10 kV of acceleration 
voltage. TGA analyzes were performed with a SETERAM brand, simul
taneous TG/DTA device. Heating was carried out in a temperature range 
of 25 ◦C–750 ◦C, at a heating rate of 10 ◦C⋅min− 1 and in an N2 
atmosphere. 

3.3. Universal mechanical test 

Stress-strain tests were performed at room temperature with a Baehr 

(Germany) Universal testing machine with a maximum load of 10 kN. 
The starting distance between the jaws was kept at 40 mm. Three 
different samples were cut from each cellulose film and thickness mea
surements were made from three different places of each sample with a 
digital micrometer. For the stress-strain calculation, the average values 
obtained from the tested samples were considered. The samples were cut 
with a cutting apparatus under ASTM 638 standard Type V. 

Stress-strain results were obtained with the calculation method 
under EN ISO 527-1 standard. All tensile values (σ) in MPa are based on 
the initial cross-sectional area of the test specimens. The stress values of 
the films were calculated by Eq. (1). 

σ = F, Force (Newton)
/

A,Area
(
mm2) (1) 

Strain values (ε) are in % based on the jaw separation distance 
calculated by Eq. (2). 

ε (%) = 100*(ΔL/L0) (2) 

Here, L0 is the initial measurement distance of the test specimen in 
mm between the jaws, and ΔL is the initial elongation distance of the test 
specimen between the jaws. 

Fig. 5. XRD spectra of cross-linked and non-cross-linked 2-HEC films.  

Fig. 6. XRD pattern of cross-linked HPMC, HPMC- nano SiO2, HPMC- (hf) 
nano SiO2. 
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4. Results and discussion 

4.1. FT-IR analysis 

FT-IR spectra of cross-linked 2-HEC film, amine-modified nano SiO2, 
and neutral nano SiO2 doped 2-HEC nanocomposite films were given in 
Fig. 2. In the spectrum, the band observed at 1064 cm− 1 belongs to the 
-C-O-C- glycoside group of cellulose while the band at 3420 cm− 1 shows 
OH groups arising from water molecules. In the literature, the -C-O-C- 
glycosides have been given at 1150–1040 cm− 1 (Taghizadeh & Seifi- 
Aghjekohal, 2015). Bands at 1640 cm− 1 and 1350 cm− 1 show C-OH 
bending, and stretching vibrations, respectively. 2945 cm− 1 gives the 
aliphatic stretching vibration, and 2940 cm− 1 gives the CH2 stretching 
vibration of cellulose rings. Due to the small amount of nano SiO2 as 
reinforcing material used, 2-HEC films did not show an additional 
functional group. The interactions that occur through glycoside bonds in 
the cellulose structure can be defined as weak H-bond interactions 
(Wohlert et al., 2022). Absorption bands at 1086, 795, and 460 cm− 1 can 
be assigned to the valence asymmetric, symmetric, and deformation 
vibration of Si–O–Si bonds, respectively (Angelova et al., 2012; Range
lova et al., 2018). Also, the band at 1203 cm− 1 originates from the 
shoulder Si–O–Si junction (Angelova et al., 2019). However, due to the 
low amount of SiO2, the intensities of the peaks could not be seen 
because they were below the other bands. 

The FT-IR spectra of plain and nano SiO2 reinforced HPMC films are 
given in Fig. 3. The glucose ring of the HPMC was seen at 1050 cm− 1. 
Two shoulder-shaped bands between 1090 and 1130 cm− 1 have been 
seen in other studies (Akinosho et al., 2013) and have shifted to 
1300–1450 cm− 1 in Fig. 3. The first of these shoulders represents the 
secondary alcohol group in the structure, and the second represents the 
OH band belonging to the primary alcohol group. The 2850 cm− 1 peak 
indicates the C–H stretching vibrations of the methyl group. According 
to Fig. 3, it is seen that a peak at 1546 cm− 1 occurs in the composite 
where the HPMC film is doped with amine-modified nano SiO2. This 
peak resulted from the hydrogen bonding of the nitrogen (-NH) in the 
structure with the hydrogen of the OH groups in HPMC. 

FT-IR spectra of nano SiO2 doped and plain HPC films are given in 
Fig. 4. According to the literature, in addition to the broad peak –OH 
bonds appearing in the 3500 cm− 1 region, the reason may have been 
observed due to the effects from SiO2, although it was doped in a very 

small amount due to the cellulose structure (Angelova et al., 2012). 
Here, the increasing intensity of the peak indicates that the amine- 
modified nano SiO2 and nano SiO2 were bounded to the cellulose 
structure. 

4.2. XRD analysis 

In XRD spectra (Fig. 5) taken to show the crosslinking effect sepa
rately, the amorphous nature of cellulose for crosslinked 2-HEC and non- 
crosslinked 2-HEC slightly decreased after the addition of crystalline 
CAN. The crystalline peaks in the XRD spectra belong to the crosslinking 
agent CAN. These peaks not only demonstrate the size reduction of the 
particles but also highlights the amorphous nature of cellulose de
rivatives by proving the findings of thermal analysis. 2-HEC, HPC, and 
HPMC matrix samples have a higher effect on amorphization than CAN 
spectrum (Fathi et al., 2022). In the observed XRD spectra of the plain 2- 
HEC film and nano SiO2-doped 2-HEC films in Fig. 5 (continued) (XRD 
pattern of cross-linked 2-HEC, 2-HEC- nano SiO2, 2-HEC- (hf) nano SiO2 
XRD spectrum), the angle of 2ϴ: 12◦, where the maximum peak intensity 
of cellulose is given in the literature, was observed at 21◦ in the cross
linked film (Taghizadeh & Seifi-Aghjekohal, 2015). The polycrystalline 
peaks between 25 and 50◦ belong to the structure of ceric ammonium 
nitrate (CAN) (Moorthy & Pitchumani, 2009). The angles of 2ϴ; 29.2, 
31.4, 34.7, 41.6, and 48.6◦ correspond to the planes of the tetragonal 
crystal structure of CAN (Itshak-Levy et al., 2020). In addition, the 
crystal structure of the CAN-supported cellulose derivatives is preserved, 
which can be seen in Figs. 5 and 6 (Dhakshinamoorthy & Pitchumani, 
2009). 

In the XRD spectrum in Fig. 6, the effect of amine modified SiO2 on 
HPMC nanocomposite films is given. According to the results, even if the 
intensity drops, the surface crystallinity of cellulose structures was 
improved by adding nano SiO2. In the literature, HPC peaks give wide 
peaks between 6 and 8◦ and 15–20◦ (Wang et al., 2006). According to 
the XRD pattern results of cross-linked HPC, HPC - nano SiO2, and HPC – 
(hf) nano SiO2 (Fig. 6 (continued)), the cross-linked HPC films shift to 
slightly higher degrees (7◦ and 19◦). After nano SiO2 doping, the broad 
peaks narrowed, and the intensity increased. It can be explained that 
cross-linking also plays a role in the change of peak intensities. 

Fig. 7. SEM images of plain/doped 2-HEC, HPC and HPMC films.  
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4.3. SEM analysis 

Nano SiO2 and cross-linking changes of the film surfaces were 
observed with SEM images. The morphological images of hydrophilic 
amine-modified nano SiO2 doped, neutral nano SiO2 doped and plain 2- 
HEC, HPC, and HPMC cellulose films are given in Fig. 7. SEM images 
were taken at the same magnification for each film (5000 x). It is seen 
that particles agglomerate in their partial places with the doping of nano 
SiO2 on the plain 2-HEC film. In previous studies, the hydrophilic and/or 
hydrophobic nature of nanoparticles doped on 2-HEC films had a similar 
effect (Azzaoui et al., 2015). The denser structure of 5 % solution of 
HPMC than other celluloses increased the surface roughness in nano 
SiO2 doped composite films compared to plain ones. The amine modified 
hydrophilic nano SiO2 is highly homogeneously compatible with the 
HPC structure. Nano SiO2 amounts in cellulose films were optimized. 
The best compatibility between matrix and reinforcements was selected 
for the test and analysis, in this study. Different amounts of nano SiO2 

effect on cellulose films' (with and without cross-linking agent) surface 
was given in Figs. S1. and S2. SEM images of cross-linked 2-HEC films 
showing increasing nano SiO2 distributions are given in Fig. S2. It was 
observed that the surface smoothness of the crosslinked films increased 
with the crosslinker compared to the non-crosslinked films. 

4.4. TGA analysis 

The thermal behaviors of the 2-HEC films produced are given in 
Fig. 8. High intense endothermic peaks were observed in DTA curves 
between 150 and 350 ◦C. At this temperature range, an overall mass loss 
was found for the nano SiO2 doped and plain 2-HEC films compared to 
the TG curves. As the temperature increased, the slope of the TG curves 
of the films changed horizontally. These mass losses are explained by the 
depolymerization of cellulose ether (Angelova et al., 2019). In the 
literature, the degradation of 2-HEC is given between 300 and 350 ◦C 
(Yang et al., 2016). In the degradation curves given in Fig. 8, it has seen 

Fig. 8. TGA and DTG curves of doped and plain cross-linked 2-HEC films.  
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that CAN decomposes in the first step and silica reinforced 2-HEC films 
decompose in the second step. When the DTG curves were examined, the 
maximum decomposition temperature of the plain film decreased by 
2–4 ◦C by doping nano SiO2 and amine-modified nano SiO2 to 2-HEC 
films. DTG curves of 2-HEC and cross-linked 2-HEC films for compari
son effect of CAN were given in Fig. S3. Also, the mechanism of cross
linking between Ce4+ ions and cellulose was given in Fig. S4. 

Thermogravimetric analysis (TGA) showed the temperatures of the 
degradation steps of cellulose because of its crosslinking (Sotolarova 
et al., 2021). In Fig. 8 (continued), TG and DTG curves of HPMC 
nanocomposite films are given. In the first step, CAN is separated from 
the film structure at around 165 ◦C. The decomposition temperature of 
HPMC is 335 ◦C. It was observed that the thermal resistance of nano SiO2 
and amine modified nano SiO2 doped films increased. In the literature 
study, the thermal characteristics of HPMC were examined and it was 
said that the structure deteriorated at 200 ◦C (Lim et al., 2009). The 
behavior in cross-linked films is that the structure of the cellulose is 
strengthened. 

4.5. Mechanical test results 

The stress-strain test was applied for nanocomposite films. Due to the 
difficulties encountered during the preparation of HPC nanocomposite 
films, HPC results are not reflected in the table. In Fig. 9, stress-strain 
curves of cross-linked HPMC and nano-SiO2 doped HPMC composite 
films are given as an example. The red colored curve belongs to the 
cross-linked HPMC film. As seen in the figure, its resistance to the 

applied force is quite high, but the amount of strain is low. After nano 
SiO2 doping, a decrease was observed in the readings of the stress-strain 
curves of the cross-linked HPMC film. Considering all previous experi
mental evaluations, it can be said that this result is normal. Because the 
surface roughness of nanocomposite films doped with nano SiO2 
increased, deterioration in the integrity of the surface was observed. On 
the other hand, although the tensile strength is low in amine modified 
hydrophilic nano-SiO2 doped nanocomposite films, there has been a 
significant increase in the amount of strain value since the additive in
tegrates homogeneously with the nanocomposites and provides elas
ticity to the structure. As a result, we can say that amine modified 
hydrophilic nano SiO2 doped composite films will have better perfor
mance in target applications. 

The results obtained from the stress-strain values of cross-linked 2- 
HEC and HPMC films are given in Table 1. Test results were calcu
lated by using Eqs. (1) and (2). As can be seen, although the tensile 
strength is high in HPMC, the strain amount is lower, when compared to 
2-HEC. It is possible to say that the strain amount is less than 2-HEC due 
to the denser chemical arrangement of the HPMC structure. 

5. Conclusions 

At the end of the study, we confirmed our original hypothesis. The 
results caused structural, surface, thermal and mechanical changes in 
cellulose derivatives of silica nanoparticles. In different application 
areas, silica-added cellulose derivatives with desired properties can be 
used preferentially. Film formation was observed in all three different 
cellulose derivatives. Mechanical strength tests were performed as 
stress-strain measurements on cellulosic films and according to these 
results, the strength of inorganic added films was found to be increased 
compared to undoped films. 2-HEC gave the best nanocomposite 
hydrogel film formation among natural polymers. HPMC did not provide 
adequate compatibility in terms of viscosity and HPC in terms of diffi
culty in forming crosslinked films. Cross-linked nanocomposite films 
obtained with 2-HEC will be the application systems that will be focused 
on in future studies on the durability of the film. While cellulosic natural 
polymers/nano SiO2 dissolve in water when they are not cross-linked, 
they provide dimensional stability at different times depending on the 

Fig. 9. Stress-strain curves of crosslinked HPMC (red line), nano SiO2 doped HPMC (brown line) and amine modified hydrophilic nano SiO2 doped HPMC (green line) 
nanocomposites. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Mechanical test results of cross-linked cellulosic nanocomposite films.   

Stress, σ (MPa) Strain, ε (%) 

2-HEC CAN 29,3 106 
2-HEC CAN nano SiO2 17,4 105,7 
2-HEC CAN hf nano SiO2 30,6 106,2 
HPMC CAN 72,6 101,4 
HPMC CAN nano SiO2 37 100,85 
HPMC CAN hf nano SiO2 71,6 101,7  
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difference in the amount of nano SiO2 in the cross-linked films. In a 
conclusion, the results of the analysis proved that the dispersion of the 
reinforcement materials in the cellulose matrix was carried out suc
cessfully. In future studies, the biological activities of these nano
composite films will be examined and tested as artificial human skin in 
biotechnological application areas. 
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