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Effect of Temperature on Composite Films Made with
Activated Carbon, Graphite, or Graphene Oxide (GO) in
a Gelatin Matrix

Sigiao Yang and Haichao Li*

Activated carbon, graphite, and GO/gelatin composite films were prepared
by the blending method. The properties of composites were characterized
by tensile strength (TS), elongation at break (EB), water vapour permeability
(WVP), water-absorption ability, contact angle, scanning electron
microscopy (SEM), and moisture at different temperatures. The properties
of GO/gelatin composite films were better when each of three kinds of
carbon materials were used as reinforcement phases and added into the
matrix gelatin. The results showed that EB and TS of GO/gelatin composite
films were both excellent. The moisture of GO/gelatin composite films was
greater than the others. SEM micrographs showed that GO had better
compatibility and dispersibility with gelatin than activated carbon and
graphite. The water absorption of GO/gelatin composite films were low, at
15 °C and 25 °C, and the WVP was low at 35 °C. The WVP of GO/gelatin
composite films was lower than the others at different temperatures. The
contact angle of GO/gelatin composite films was larger than the others.
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INTRODUCTION

Energy depletion and environmental pollution are caused by overusing petroleum-
based synthetic packaging materials (Moreno et al. 2017; Zhuang et al. 2017; Kumar et al.
2019). Thus, it is important to find alternative renewable resources (Choo et al. 2016;
Zhang et al. 2018; Yao et al. 2019). Polysaccharide-, protein-, and cellulose-based films
have been widely applied in food packaging. The single biomacromolecule materials have
many disadvantages, such as poor mechanical properties and thermal stability, which could
be changed by adding plasticizers and a reinforcing phase.

Gelatin is a natural biomacromolecule polymer. It is a polypeptide composed of 18
types of amino acids and mainly obtained from hydrolysis of collagen in animals’ bones,
skin, and connective tissue (Gomez-Guillén et al. 2009). Gelatin dissolves into random
chains in water upon heating, and it reassembles into a partial collagen-like triple helix
structure during cooling (Hanani et al. 2012). Gelatin exhibits reversible gelling, such that
in low temperature it is condensed, and at high temperature it dissolves (Su et al. 2015).
Gelatins contain the amino (-NHz), carboxyl (-COOH), and hydroxyl(-OH) groups, which
form hydrogen bonds with other hydrophilic functional groups (Guo et al. 2012; Haghighi
et al. 2019). Gelatins show good film-forming ability, and they are widely used in food and
edible pharmaceutical films (EIl-Sakhawy et al. 2018).
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Fig. 1. Molecular structure of activated carbon, graphite, and graphene oxide

Graphite (Fig. 1) has a one-layered structure. Each carbon atom is attached to three
other carbon atoms by covalent bonds, and layers are held together by van der Waals forces
(Chen et al. 2019). It has many advantages, such as high-temperature resistance, small
thermal expansion coefficient, lubricity, plasticity, chemical stability, electrical
conductivity, and antistatic wire (Hokao et al. 2000; Park et al. 2015; Huang et al. 2016;
Ramanujam et al. 2017). Graphene oxide (GO; Fig. 1) is an important derivative of
graphite, with many characteristics similar to graphite (Gan et al. 2016). GO has many
oxygen-containing groups, such as hydroxyl, epoxide, and carboxyl groups (Dong et al.
2017). Most of the oxygen-containing groups are at the edge of GO, and the
electronegativity of edges is large. It has many advantages, such as hydrophilicity (good
dispersion in aqueous media), adsorption, biocompatibility, and improved polymer
hydrogel of mechanical strength (Gan et al. 2018; Pei et al. 2018; Kancharla and Sasaki
2019). Graphene oxide/hydroxyapatite/gold nanocomposites (GO/HAP/Au) have been
utilized in medical fields including surgical sutures, drug delivery devices, tissue supports,
and implants for interior bone fixation. This biomaterial can be used for bone regeneration
application and shows high inhibition zones against bacteria (Prakash et al. 2020).
Activated carbon is mainly based on physical adsorption, and it contains some hydrophilic
(polar) functional groups (Fig. 1) (Lasindrang et al. 2015; DiamondWhites 2016). The
interior of activated carbon contains many pores of different sizes. The structures of
graphite, graphene oxide, and activated carbon were found to be similar, and their
frameworks were all connected by carbon elements. However, there was a big gap between
the frameworks structure and performance of the three.

The chitosan/GO combination exhibited a significant improvement in mechanical
strength compared to a neat CS film; the composite film also had denser structure (Lyn et
al. 2019). Graphene oxide (GO) particles were evenly distributed throughout the
furcellaran films surface. Such nanofillers are expected to affect the structural, thermal,
mechanical, and antimicrobial properties of furcellaran films (Jamroz et al. 2020). The
tensile strength (TS) of 50.2%-chitin nanofiber (ChNF)/gelatin composite films was 5192
MPa, which is 2576 MPa higher than pure gelatin film in Young’s modulus (Chuchu et al.
2018). The TS of graphite/gelatin composite films was good, at 35 °C and -10 °C. The
elongation at break (EB) of graphite/gelatin composite films was good, at 0 °C and 10 °C
(Yang et al. 2019). After adding 1% to 5% phenolic compounds, the TS of the film is
enhanced, whereas its EB decreases (Thuy et al. 2018).

This research investigated activated carbon/gelatin composite films (ACGCF),
graphite/gelatin composite films (GGCF), and graphene oxide (GO)/gelatin composite
films (GOCF). Their performance was measured by testing TS, EB, water vapour
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permeability (WVP), contact angle, and water-adsorption at different temperatures. The
differences of three carbon materials were compared in matrix gelatin. This study provides
a basis for future research on carbon materials in the field of packaging.

EXPERIMENTAL

Materials

Gelatin and glycerol were purchased from Aladdin (Shanghai, China). Activated
carbon (coconut shell activated carbon, 50 nm) was purchased from Green Forest activated
carbon company (Henan, China). Graphite (50 nm) was purchased from Tianjin Dingshi
New Chemical Co. Ltd. (Tianjin, China). Graphene oxide was prepared as previously
described (Yang et al. 2019). Gelatin and glycerol were of analytical grade.

Preparation of Films

Gelatin (5 g) was dissolved in ultrapure water (70 mL) for 30 min (22 £ 2 °C) and
left under magnetic stirring for 30 min at 60 °C. Glycerol (2 mL) was added to the solutions
as a plasticizer after continuous stirring for 30 min. The activated carbon, graphite, or
GO/gelatin solution was added to the film-forming solutions (activated carbon or graphite
(05,1, 3,5, 7, and 10 %, w/w solid) or GO (0.5, 1, 5, 10, 15, and 20 %, w/w solids)) in
quantities proportional to the gelatin. The film-forming solutions were poured into a PVC
board (16 cm x 21 cm) and dried at 22 £ 2 °C for 24 h. The dried films were peeled from
the casting surfaces and stored at different temperatures and 35 £ 5% relative humidity
(RH).

Tensile Strength and Elongation at Break

The TS and EB were tested according to GB/T 1040.1 (2018) and ISO 527 (2012).
An XLW Intelligent Electronic Tensile Testing Machine (Shandong, China) was used to
measure the tested film samples (100 mm x 30 mm), which were stored at -10, 0, 10, 25
and 35 °C and 35 £ 5 % RH for 24 h. The speed was set at 50 mm/s. A total of ten replicates
for each formulation were evaluated, and the average was recorded. The TS and EB were
calculated as shown in Egs. 1 and 2, respectively,

F
EB (%) = 2)
0

where F is maximum load (N), b is sample width (mm), d is sample thickness (mm), l1 is
sample elongation at the moment of rupture (mm), and lo is the initial grip length of each
sample (mm).

Scanning Electron Microscopy (SEM)
The samples were sputtered with gold and photographed using a JCM-6000
BENCHTOP SEM (Tokyo, Japan). The accelerating voltage was adjusted to 15 kV.

Moisture
The moisture of the films was determined according to Nur and Nur (2016). The
films were dried in an oven at 35 and 105 °C for 24 h until a constant weight was reached
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(dry sample weight), and the moisture content (MC) was calculated as follows,

MC(%) = 2 3
My
where Mo is the initial weight of samples (g) and Mz is the weight of samples after drying
at 105 °C and 35 °C for 24 h (Q).

Water Vapour Permeability

The WVP of the sample was measured as reported (Shiku et al. 2004; Wu et al.
2017; Yang et al. 2019). Silica gel (30 g) was placed into a beaker of 50 mL, which was
sealed by the sample. The WVP values were determined with RH of 80 + 5% at 5, 20, and
35 °C, as shown in Eq. 4,

WVP/(g/ (m X h x Pa)) = ~2*2 ()

AxtxAp

where Am is the mass increase of beaker at intervals (g), D is the thick bottom of the film
(m), A is the area of beaker mouth (m?), T is the measurement time interval (h), and Ap is
the pressure difference between the inside and outside of the film (Pa).

Water Adsorption

The water adsorption ability of the sample was measured as described by Yang et
al. (2019). Samples of 20 mm x 20 mm were placed in drying oven (35 °C) to free moisture
of surface. The sample was immersed in water at 5, 15, 25, or 35 °C. The weight change
of a sample was measured every hour,
Mq—Mf

o (5)

where ma is the initial weight of the sample (g), and mr is the dried after weigh of the sample

(9).

Contact Angle Measurements

According to the method was reported by Manrich et al. (2017), 5 pL of distilled
water was dropped vertically on the horizontal film surface with a syringe. The contact
angle was determined by using a Kruss-DSA25 device.

WA(%) =

RESULTS AND DISCUSSION

Scanning Electron Microscopy (SEM)

As shown in Fig. 2, the SEM of the blank sample showed no impurities. The surface
was flat, and the structure of the molecular was stable. The surfaces of GOCF and GGCF
were similar. Only some small particles adhered, and ACGCF had some circular salient
when reinforced phases contents were less on composite films. The surfaces of GOCF,
GGCF, and ACGCEF differed greatly when reinforced phases contents were large in the
composite films. For example, the particles on the surface of 20% GOCF were increased,
but particles were still less than that of 20% GGCF. The surface of 20% ACGCF had a lot
of circular salient. The compatibility and dispersibility of GO were better than activated
carbon and graphite in the gelatin matrix. The GO was a single layer of graphite, and it
contained more polar functional groups. Its surface area was larger than graphite and
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activated carbon, so the hydroxyl, epoxide, and carboxyl groups of GO can bond with the
hydroxyl, amino, and carboxyl groups in gelatin. The structure of graphite is stable; it is
hydrophobic and cannot bond well with the hydrophilic surface of gelatin. Thus, the most
of the graphite is gathered on the outer surface of the matrix gelatin, and the smaller part
of the graphite is mixed in gelatin. The activated carbon contained a small number of polar
groups and many pores of different sizes. After the gelatin molecules enter the pores, some
of its molecular chains remain outside, which can be combined with the activated carbon
or entangled with other gelatin molecular chains to form circular salient inside the gelatin.
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Fig. 2. SEM of ACGCF, GGCF, and GOCF (100 pm)

Mechanical Properties

Temperature influences the EB and TS of composite films. The TS reflects the
maximum tensile stress, while the EB reflects the maximum change in length of material
before breaking. At the same content and temperature, the trend of TS from large to small
was GGCF, GOCF, and ACGCEF; the trend of EB from large to small was GOCF, GGCF,
and ACGCEF. Figure 3 shows higher TS and smaller EB at 35 and -10 °C, and higher EB
and smaller TS at 0 and 10 °C. The TS of composite films increased at first and then
decreased with the content of the reinforced phase.

Gelatin forms a gel at low temperature and dissolves at high temperature. Gelatin
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contains many functional groups such as amino, hydroxyl, and carboxyl. Those functional

groups are beneficial to the production of polarity and hydrogen bonding (Parani et al.
2018; Krupa et al. 2004).
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Fig. 3. EB and TS of ACGCF, GGCF, and GOCF at different temperatures

Figure 1 shows the structure of graphite molecules as a stable and strong interaction
between sheets; it is hydrophobic and nonpolar. The addition of graphite increased the
hydrophobicity of composite films, leading to composite films in which water molecule
content decreased with increased graphite. The GGCF contained more glycerin and water
molecules, which can be combined with the gelatin macro-molecules to alleviate and buffer
the strong forces among the macro-molecules. The alleviation and buffering effect of
glycerol and water molecules resisting the attractive force between macromolecules was
reduced when the water molecule contents of composite films were decreased. This
enhanced the forces between macro-molecules in the composite film, such that its TS was
increased. Graphite has a high density (Huang et al. 2018). Graphite sheets are closely
packed, leading to friction between the sheets. Graphite (a non-polar hydrophobic
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substance) was blended with gelatin (a polar hydrophilic substance), because the polarities
of two substances are different, so many graphite sheets were attached to the surface of
gelatin, with little effect on the structure of gelatin. The graphite sheets prevent the loss of
water molecules in composite films, when applied at 3% to 5% graphite content. When the
graphite content was too low, the adhesion area of graphite sheets on the surface was small
and not sufficient to block moisture. The aggregation and superposition of graphite sheets
was able to decrease the mechanical properties of composite films when the content of
graphite was too large. The graphite sheets attached to the surface will overlap each other.
The overlap graphite sheets were separated, such that friction forces and friction distances
between graphite sheets with others were generated, when GGCF was subjected to the
tensile force. Yang et al. (2019) reported that when GGCEF is subjected to tensile force,
graphite sheets are separated. The above reasons lead to the trend of TS first increasing and
then decreasing. The trend of EB first decreased and then increased (at 3 %-5 % content of
graphite). The molecular structure of graphene oxide contains many oxygen-containing
functional groups, which have characteristics of electronegativity (Wang 2015). The
gelatin molecule contains hydroxyl, carboxyl, amino groups, the last of which provide a
non-uniform distribution of positively charged groups in the molecular chain of the
polypeptide (Thongjun et al. 2012). Gelatin molecules and GO exhibit both polarity and
charge attraction. With the addition of GO, the polarity of composite films increases, and
the GOCF contained a lot of water molecules, which can buffer the intermolecular force.
The polar groups of GO and gelatin are bonded to each other, which can make the amount
of bonding increase in composite films. The aggregation and superposition of GO can make
the mechanical properties of composite films decrease when the content of GO becomes
too large. Therefore, the EB and TS of GOCF were first increased and then decreased.

Activated carbon is a superior adsorbent (Salleh et al. 2014). The addition of
activated carbon increased the TS of composite films. The experimental results were
similar to Ziani et al. (2008). The molecular structure of activated carbon contains few
active groups that can bond with gelatin. Figure 3 shows that the activated carbon can form
circular salient in gelatin; the activated carbon contact sites with gelatin molecules were
decreased. The interfacial effects were reduced, which broke the molecular structure of
collagen. Therefore, the TS of composite films was first increased slightly and then
decreased, and EB was always decreased.

The glycerol and water molecules can buffer interaction between macromolecules.
The proportion of glycerol of composite films decreased when the reinforced phase
increased. The difference in temperature and reinforcing phase can cause water molecules
to change in composite films. The contents of water molecules and glycerol can affect the
elasticity and flexibility of composite films. The elasticity between molecular chains was
increased, and rigidity was reduced. The TS of composite films was larger than others, at
35 °C and -10 °C. The water molecules of composite films became crystals at low
temperatures, so they could not act as a buffer. The inter-molecular activity was increased,
and the evaporation of water molecules was increased, leading to a decrease in the water
content of the composite films. Thus, intermolecular forces were increased after exposure
to high temperature. The EB of composite films was larger than others at 10 and 0 °C. The
intermolecular activity was low and the water content was greater (less affected by
evaporation and crystallization) on composite films at this temperature. Water molecules
can buffer the strong force between molecules, and the elasticity of the molecular chain
was increased. Comparing the TS of GGCF and GOCF, it was concluded that hydrophobic
materials can be added as reinforcement phase (graphite) to improve the TS of composite

Yang & Li (2021). “Gelatin-carbon composite films,” BioResources 16(1), 77-95. 83



PEER-REVIEWED ARTICLE b | oresources.com

film. This was because the effect of water molecules on TS of the composite film was
greater than the bonding force between GO and gelatin.

Moisture

For a gelatin composite film, differential scanning calorimetry shows peak moisture
loss between 70 °C and 100 °C (Maria et al. 2017; Song et al. 2018). The water loss of the
composite film was equal to the total water content of the composite film at 105 °C, and
compared with the water loss rate at 35 °C. This difference value (Fig. 4's gap) was the
water content of composite films, at 35 °C (This temperature was the higher temperature
in the human living environment. This temperature's water content of composite film will
provide the basis for the practical application of the materials in the future.). The purpose
of this test was to test the water content of the composite film at 35 °C, and to simulate
performances of dehydration and water retention on different composite films above room
temperature (35 °C). The trend of water loss rate was ACGCF, GOCF, and GGCF from
small to large at 35 °C. The trend of water loss rate was ACGCF, GGCF, and GOCF from
small to large at 105 °C. The molecular chain of composite films can shrink, which leads
to defects in the inner and surface of composite films at high temperatures.

Gelatin contains a large proportion of hydrophilic amino acids, and its water
absorption capacity is strong (Cazon et al. 2018). A large number of water molecules in
the blank sample was lost at 35 °C. This result showed that the bonding between gelatin
and water molecules was not strong at 35 °C.
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Fig. 4. Moisture of ACGCF, GGCF, and GOCF at different temperatures
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The moisture of ACGCF was lower than the others at 35 °C and 105 °C. The
addition of activated carbon destroyed the original stable structure of gelatin on composite
film. The hydrophobicity of graphite reduced the moisture of composite film. The moisture
of GGCF was little changed with the increase of graphite. Because the hydrophilicity of
graphite and gelatin was different, the influence of graphite on the gelatin structure was
small. The water loss rate of the composite films was increased when the graphite content
was 3% to 5%. The results showed that the water content of those composite films was
larger than that of other graphite content composite films. GO can be regarded as a single
layer of graphite, and it contains many hydrophilic groups at the edges. The hydrophilicity
of GO was larger than activated carbon and graphite. The moisture of GOCF was increased
with GO. The moisture of GOCF was more than others, and the mechanical properties and
flexibility of GOCF were good at 35 °C. The water content of GOCF was larger than that
of other composite films, at 35 °C. Thus, the water retention (35 °C) of GOCF was greater
than the other composite films.

WVP

The WVP of composite films was affected by many factors, such as molecular
structure, the interaction between the main polymeric chains and reinforced phase,
plasticizers, or other additives (Bedane et al. 2015). The WVP refers to the permeability of
sample film water vapor. It can evaluate the performance of a sample film for food
preservation. A smaller WVP indicates better performance.

Gelatin, GO, and glycerin are hydrophilic substances. The WVP of composite films
was increased with temperature. Due to the reversible gelling of gelatin, which is greatly
affected by temperature, it was dissolved at high temperatures. Therefore, the many
functional groups were exposed, such as amino groups, carboxyl groups, and hydroxyl
groups, and it was easy to attract a lot of water molecules, on gelatin. The original structure
of gelatin was destroyed. The intermolecular activity of composite films was increased
with temperature. Water molecules entered and passed through the composite film,
changing the pressure of the internal system, and the WVP of the composite film changed.
The number of water molecules passing through the composite with temperature was
increased.
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Fig. 5. WVP of GGCF at different temperatures
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The trend of WVP from small to large was ACGCF, blank sample, GGCF, and
GOCF at 5 °C. The WVP values of ACGCF, blank sample, and GGCF showed little
difference. The activity between molecules was low in composite films, and the speed of
water molecules entering the composite films was slow at low temperature. Hydrophobic
graphite can hinder and slow down the entry of water molecules into composite films. As
shown in Fig. 2, the activated carbon within the gelatin formed many circular salient
agglomerations inside ACGCF, and there were no obvious defects on the surface. The
circular salient aggregation resulted in aggregation of gelatin molecules, and the number
of polar and hydrophilic sites in the composite film decreased. As a consequence, the water
molecules had difficulty in passing through ACGCF. The WVP of GOCF was increased
with GO of content. The hydrophilicity and polarity of GOCF were increased with GO,
leading to the GOCF being able to attract many water molecules, which entered the interior
of the composite film. At the same time, the bonding degree of GO with gelatin and
glycerol was not large at low temperature. The trend of WVP from small to large was
ACGCEF, blank sample, GGCF, and GOCF at 20 °C. The WVP of 20 °C was similar to that
of 5 °C; because the trend was the same, the reasons were assumed to be similar. The trend
of WVP from small to large was GOCF, GGCF, ACGCF, and blank sample at 35 °C. The
intermolecular activity and molecular chain of shrinking were increased with temperature,
leading to defects in composite films. The hydrophobic reinforcing phase was added into
the composite films, and the entry of water molecules into composite films was hindered.
At the same time, the bonding of GO with gelatin and glycerol was large at 35 °C. The
molecular chains were shrunk, the activity of molecules increased, and the distance
between the hydrophilic and polar sites was become shortened, and they were also likely
mutual attraction with each other form bonds, at high temperatures. Therefore, the number
of polar and hydrophilic was decreased, the number of bonds increased and its structural
stability increased in GOCF.

Thus, the bonding degree of GO with gelatin and glycerol was affected by
temperature. The water molecules were decreased, intermolecular activity was increased,
and the degree of bond synthesis increased at high temperature. However, they were
opposite, at low temperature. The range of changes in WVP was smaller for GOCF than
for the others at different temperatures. This was attributed to the fact that the bonding
degree of GO with gelatin and glycerol were changing with temperatures, and the amount
of bonding was always greater than that of others. Therefore, it was difficult for water
molecules to cross through GOCF.
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Water Adsorption

In 35 °C water, the GGCF and GOCF were completely dissolved at 50 min, and
ACGCF was dissolved in 30 min. The water absorption ability of composite films was
increased with temperature. However, the composite films dissolved in water when the
temperature was too high. The water absorption of composite films was increased at 0 h to
5 h, and they were gradually stabilized at 6 h to 12 h. The water absorption of composite
films was gradually stabilized with increased time. The hydrophilic sites of composite films
were combined with water molecules, decreasing the hydrophilic sites in the composite
film. The molecular polar attraction of composite films decreased and the diffusion rate of

water molecules in the composite film was reduced.
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The water absorption values of ACGCF, GGCF, and GOCF were larger than the
blank sample at 5 °C. The gelatin was in the form of a gel at low temperature and it was
easy to dissolve at high temperature. The original structure of gelatin was stable at low
temperature. The addition of reinforcing phases can make up some of the shortcomings of
gelatin but they destroyed the original stable structure of gelatin (there were some defects
on the surface of the composite film). The molecular activity was low, and the number of
bonds was less in the composite film at low temperatures. The defects and hydrophilicity
sites were exposed to composite films and water molecules easily entered and diffused
inside of composite films. The water absorption of the blank sample increased with the
temperature. The water absorption of many composite films with reinforced phases was
lower than that of the blank sample at 15 and 25 °C. The gelatin was easy to dissolve at
high temperature, and there were contents of many hydrophilic of functional groups and
amino acids. When the blank sample was immersed in water, water molecules entered the
interior of composite films, and the molecular structure of composite films was destroyed.
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Fig. 10. Water adsorption of ACGCF at different temperatures (a-5 °C; b-15 °C; ¢-25 °C)

The GO contained many polar hydrophilicity groups. The activity of molecules
increased with the temperature. As the probability of collision between molecules was
increased, the bonding between molecules was increased. Therefore, gelatin, glycerol, and
GO were bonded to each other, the water absorption of GOCF was become lower with GO
content increased. Graphite is a hydrophobic substance. The graphite sheets attached to the
surface of GGCF can prevent and slow down the water molecules from entering the
composite films. The activated carbon contained few polar hydrophilic groups. There were
many circular salients on ACGCF, and the compatibility of gelatin with activated carbon
was low. As a result, the stability of ACGCF in water was low, and the diffusion speed of
water molecules was fast. The 3% to 10% content of activated carbon composite films were
ruptured at 25 °C. Therefore, the trend of water absorption of composite films from small
to large was GOCF, GGCF, and ACGCF. The composite films had big water absorption
capacity at low temperature and had a certain relatively water-hating at high temperature,
with the addition of carbon materials.

Contact Angle

Contact angle is an indicator used to measure hydrophilicity or hydrophobicity
degree of a film surface. A film surface can be regarded as hydrophilic when the contact
angle is small (0 < 90°), while large contact angle (8 > 90°) implies a hydrophobic surface
(Dou et al. 2018). The blank sample had a low contact angle value, which can be attributed
to the hydrophilic properties of gelatin and glycerol in it (Fig. 11). The contact angle of
three composite films showed different trends, after the addition of three medium carbon
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materials. The contact angle of ACGCF was decreased as the content of activated carbon
increased, because there were many circular salients on ACGCF, and the compatibility of
gelatin with activated carbon was low. The ACGCF was prone to defects, leading to
increased hydrophilicity and polarity as the content was increased. Most of the graphite
adhered to the surface of GGCF, since the graphite did not bond well with gelatin. Thus,
the graphite had less influence on matrix gelatin than activated carbon. At the same time,
the hydrophobicity of graphite can increase the hydrophobicity of the composite film. The
contact angle of GGCF was increased. The polar and hydrophilic groups of GO and gelatin
were combined with each other, resulting in the GOCF hydrophilic sites was reduced. The
polar and hydrophilic groups of GO are decreased, since it can be regarded as a single-
layer graphite, which also had a certain water resistance. Therefore, its hydrophobicity was
higher than GGCF.
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Fig. 11. Contact angle of ACGCF, GGCF, and GOCF at different temperatures
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CONCLUSIONS

1. The properties of composite films prepared with gelatin and three kinds of carbon were
compared at different temperatures. The performance of composite films showed some
improved and impacts, with the addition of the reinforcing phases (three carbon
materials). Thus, changes were observed in tensile strength (TS), elongation at breakage
(EB), water-resistance, moisture, and water vapor permeability (WVP). The three
reinforcing phases all were carbon materials, but their activity, stability, and structure
were different. Different performance of composite films were interpreted based on the
addition of different reinforcing phases.

2. The properties of the matrix (gelatin) played a major role in the composite film at low
temperatures. The gelatin had a condensed character at low temperature, whereas it
became a solution at high temperature. Therefore, both the water absorption and the
WVP corresponding to the blank sample were low. The interaction between the
reinforcing phase with matrix (gelatin) played a major role, at high temperatures. The
reason was that the stability of the matrix gelatin was reduced, and the gelatin was
protected by different reinforcing phases, at high temperatures. For example, graphene
oxide (GO) increased the intermolecular interaction by bonding with the matrix gelatin
and glycerol. Graphene oxide composite films (GOCF) had higher TS, EB, and
moisture, and their WVP and water absorption were lower at high temperature. Due to
the different polarities of graphite, it was mainly attached to the surface of gelatin to
protect the gelatin. GGCF had better TS and EB (when graphite contents were 3% to
5%), other properties were slightly poorer than GOCF. Activated carbon has a highly
porous structure, and it was easy to form many circular salients inside the composite
film when it was mixed with the matrix gelatin. The performances of ACGCF was much
lower than that of GOCF and GGCF. The different composite films can be prepared
accorded to the environment. The used composite films were immersed in water of 35
°C, can are dissolved completely, in a short time. The trend of hydrophobicity was
GOCF, GGCF, ACGCEF, in the contact angle test.

ACKNOWLEDGEMENTS
The authors thank the Qinghai Natural Science Foundation (2019-2J-928).

Declaration of Conflicting Interests
The author(s) declare no potential conflicts of interest with respect to the research,
authorship, and/or publication of this article.

REFERENCES CITED

Bedane, A. H., Eic, M., Farmahini-Farahani, M., and Xiao, H. (2015). “Water vapor
transport properties of regenerated cellulose and nanofibrillated cellulose films,”
Journal of Membrane Science 493, 46-57. DOI: 10.1016/j.memsci.2015.06.009

Cazon, P., Vazquez, M., and Gonzalo, V. (2018). “Novel composite films based on
cellulose reinforced with chitosan and polyvinyl alcohol: Effect on mechanical

Yang & Li (2021). “Gelatin-carbon composite films,” BioResources 16(1), 77-95. 91



PEER-REVIEWED ARTICLE b | oresources.com

properties and water vapour permeability,” Polymer Testing 69, 536-544. DOI:
10.1016/j.polymertesting.2018.06.016

Chen, J., Zhang, Q. Z., Hou, Z. S., Jin, F. L., and Park, S. J. (2019). “Preparation and
characterization of graphite/thermosetting composites,” Bulletin of Materials Science
42(4), 153-162. DOI: 10.1007/s12034-019-1844-y

Choo, K., Ching, Y. C., Chuah, C. H., Julai, S., and Liou, N. S. (2016). “Preparation and
characterization of polyvinyl alcohol-chitosan composite films reinforced with
cellulose nanofiber,” Materials 9, 644-653. 10.3390/ma9080644

Chuchu, C., Shuwen, D., Yini, Y., Dan, Y., Ting, Y., and Dagang, L. (2018). “Highly
transparent chitin nanofiber/gelatin nanocomposite with enhanced mechanical
properties,” Cellulose 25 (9), 5063-5070. DOI: 10.1007/s10570-018-1915-z

DiamondWhites (2016). “Black edition — Charcoal tooth polish,”
(https://diamondwhites.co.uk/collections/all/products/black-edition-tooth-polish),
Accessed 6 August 2020.

Dong, C. C., Lu, J., Qiu, B. C, Shen, B., Xing M. Y., and Zhang J. L. (2017).
“Developing stretchable and graphene-oxide-based hydrogel for the removal of
organic pollutants and heavy metal ions,” Applied Catalysis B-Environmental 222,
146-156. DOI: 10.1016/j.apcatb.2017.10.011

Dou, L., Li, B., Zhang, K., Chu, X., and Hou, H. (2018). “Physical properties and
antioxidant activity of gelatin sodium alginate edible films with tea polyphenol,”
International Journal of Biological Macromolecules, 118, 1377-1383. DOI:
10.1016/j.ijbiomac.2018.06.121

El-Sakhawy, M., Nashy, E. H. A., EI-Gendy, A., and Kamel, S. (2018). “Thermal and
natural aging of bagasse paper sheets coated with gelatin,” Nordic Pulp & Paper
Research Journal 33(2), 327-335. DOI:10.1515/npprj-2018-3033

Gan, L., Li, H., Chen, L., Xu, L., Geng, A. B., Mei, C. H, and Shang S. M. (2018).
“Graphene oxide incorporated alginate hydrogel beads for the removal of various
organic dyes and bisphenol A in water,” Colloid and Polymer Science 296 (3), 607-
615. DOI: 10.1007/s00396-018-4281-3

Gan, L., Xu, L. J., Shang, S. M., Zhou, X. Y., and Meng, L. (2016). “Visible light induced
methylene blue dye degradation photo-catalyzed by WO3/graphene nanocomposites
and the mechanism,” Ceramics International 42(14), 15235-15241. DOI:
10.1016/j.ceramint.2016.06.160

GB/T 1040 (2018). "Plastics — Determination of tensile properties," Standardization
Administration of China, Beijing, China.

Gomez-Guillén, M. C., Pérez-Mateos, M., Gémez-Estaca, J., Lopez-Caballero, E.,
Giménez, B., and Montero, P. (2009). “Fish gelatin: A renewable material for the
development of active biodegradable films,” Trends in Food Science & Technology
20(1), 3-16. DOI: 10.1016/j.tifs.2008.10.002

Guo, J., Zhang, Y., and Yang, X. Q. (2012). “A novel enzyme cross-linked gelation
method for preparing food globular protein-based transparent hydrogel,” Food
Hydrocolloids 26, 277-285. DOI: 10.1016/j.foodhyd.2011.06.005

Haghighi, H., Biard, S., Bigi, F., Leo, R. D., Bedin, E., Pfeifer, F., Siesler, H. W.,
Licciardello, F., and Pulvirenti, A. (2019). “Comprehensive characterization of active
chitosan-gelatin blend films enriched with different essential oils,” Food
Hydrocolloids 95, 33-42. DOI: 10.1016/j.foodhyd.2019.04.019

Hanani, Z. A. N., Roos, Y. H., and Kerry, J. P. (2012). “Use of beef, pork and fish gelatin
sources in the manufacture of films and assessment of their composition and

Yang & Li (2021). “Gelatin-carbon composite films,” BioResources 16(1), 77-95. 92



PEER-REVIEWED ARTICLE b | oresources.com

mechanical properties,” Food Hydrocolloids 29(1), 144-151. DOI:
10.1016/j.foodhyd.2012.01.015

Hokao, M., Hironaka, S., Suda, Y., and Yamamoto, Y. (2000). “Friction and wear
properties of graphite-glassy carbon composites,” Wear 237(1), 54-62. DOI:
10.1016/s0043-1648(99)00306-3

Huang, Y. (2016). Construction of Molecular Structure Model of Activated Carbon and
Simulation of Adsorption Behavior, Ph.D. Dissertation, Chongqing University,
Chongqing, China.

Huang, Y., Zeng, M., Chen, J., Wang, Y., and Xu, Q. (2018). “Multi-structural network
design and mechanical properties of graphene oxide filled chitosan-based hydrogel
nanocomposites,” Materials & Design 148, 104-114. DOI:
10.1016/j.matdes.2018.03.055

ISO 527 (2012). "Plastics — Determination of tensile properties," International
Organization for Standardization, Geneva, Switzerland.

Jamroz, E., Khachatryan, G., Kopel, P., Juszczak, L., Kawecka, A., Krzysciak, P.,
Kucharek, M., Bebenek, Z., and Zimowska, M. (2020). “Furcellaran nanocomposite
films: the effect of nanofillers on the structural, thermal, mechanical and
antimicrobial properties of biopolymer films,” Carbohydrate Polymers 240, 116244-
116256. DOI: 10.1016/j.carbpol.2020.116244

Kancharla, S., and Sasaki, K. (2019). “Acid tolerant covalently functionalized graphene
oxide for the selective extraction of Pd from high-level radioactive liquid wastes,”
Journal of Materials Chemistry A 7, 4561-4573. DOI: 10.1039/c8ta09849b

Krupa, 1., Noviak, 1., and Chodék, 1. (2004). “Electrically and thermally conductive
polyethylene/graphite composites and their mechanical properties,” Synthetic Metals
145(2-3), 245-252. DOI: 10.1016/j.synthmet.2004.05.007

Kumar, R., Ghoshal, G., and Goyal, M. (2019). “Synthesis and functional properties of
gelatin/CA-starch composite film: Excellent food packaging material,” Journal of
Food Science and Technology-Mysore 56(4), 1954-1965. DOI: 10.1007/s13197-019-
03662-4

Lasindrang, M., Suwarno, H., Tandjung, S. D., and Kamiso, H. N. (2015). “Adsorption
pollution leather tanning industry wastewater by chitosan coated coconut shell active
charcoal,” Agriculture and Agricultural Science Procedia 3, 241-247. DOLI:
10.1016/j.aaspro.2015.01.047

Lyn, F. H., Peng, T. C., and Ruzniza, M. Z. (2019). “Effect of oxidation degrees of
graphene oxide (GO) on the structure and physical properties of chitosan/GO
composite films,” Food Packaging and Shelf Life 21, 100373-100384.
DOI:10.1016/j.fpsl.2019.100373

Manrich, A., Moreira, F. K., and Otoni, C. G. (2017). “Hydrophobic edible films made up
of tomato cutin and pectin,” Carbohydrate Polymers 164, 83-91. DOLI:
10.1016/j.carbpol.2017.01.075.

Maria, D. M. L., Carneiro, L. C., Bianchini D., Dias, A. R. C., Zavareze, E. D. R., and
Prentice, C. (2017). “Structural, thermal, physical, mechanical, and barrier properties
of chitosan films with the addition of xanthan gum,” Journal of Food Science 82(3),
698-705. DOI: 10.1111/1750-3841.13653

Moreno, O., Cardenas, J., Atarés, L., and Chiralt, A. (2017). “Influence of starch
oxidation on the functionality of starch-gelatin based active films,” Carbohydrate
Polymers 178, 147-158. DOI: 10.1016/j.carbpol.2017.08.128

Nur, F. N. R., and Nur, H. Z. A. (2016). “Physicochemical characterization of Kappa-

Yang & Li (2021). “Gelatin-carbon composite films,” BioResources 16(1), 77-95. 93



PEER-REVIEWED ARTICLE b | oresources.com

carrageenan (Euchema cottoni) based films incorporated with various plant oils,”
Carbohydrate Polymers 157, 1479-1487. DOI:10.1016/j.carbpol.2016.11.026

Prakash, J., Prema, D., Venkataprasanna, K. S., Balagangadharan, K., Slvamruagan, N.,
and Venkatasubbu, G. D. (2020). “Nanocomposite chitosan film containing graphene
oxide/hydroxyapatite/gold for bone tissue engineering,” International Journal of
Biological Macromolecules 154, 62-71. DOI:10.1016/j.ijbiomac.2020.03.095

Parani, S., Pandian, K., and Oluwafemi, O. S. (2018). “Gelatin stabilization of quantum
dots for improved stability and biocompatibility,” International Journal of Biological
Macromolecules 107(Pt A), 635-641. DOI: 10.1016/j.ijbiomac.2017.09.039

Park, G. D., Jung, H.-O., Kim, K.-M., Lim, J.-H., Lee, J.-W., Lee, S.-G., Lee, J. H., and
Kim, S.-R. (2015). “Preparation and characterization of expanded graphite
intercalation compound/UV-crosslinked acrylic resin pressure sensitive adhesives,”
Macromolecular Research 23(4), 396-401. DOI: 10.1007/s13233-015-3064-7

Pei, S., Wei, Huang, K., Cheng, H. M., and Ren, W. (2018). “Green synthesis of graphene
oxide by seconds timescale water electrolytic oxidation,” Nature Communications
9(1), 145-144. DOI:10.1038/s41467-017-02479-z

Ramanujam, B. T. S., Radhakrishnan, S., and Deshpande, S. D. (2017). “Analysis of
electrical and thermal conductivities of polyethe rsulfone-graphite based hybrid
nanocomposites,” Macromolecular Research 25(4), 311-316. DOI: 10.1007/s13233-
017-5045-5

Salleh, Z., Islam, M. M., Yusop, M. Y. M. (2014). “Mechanical properties of activated
carbon (AC) coconut shell reinforced polypropylene composites encapsulated with
epoxy resin,” Apcbee Procedia 9, 92-96. DOI: 10.1016/j.apcbee.2014.01.017

Shiku, Y., Hamaguchi, P. Y., Benjakul, S., Visessanguan, W., and Tanaka, M. (2004).
“Effect of surimi quality on properties of edible films based on Alaska pollack,” Food
Chemistry 86(4), 493-499. DOI: 10.1016/j.foodchem.2003.09.022

Song, L. L., Shan, M. Y., Tang, Y., Wen-Ge, Y., and Da-Lun, X. U. (2018). “Study on the
function of orange essential oil in optimizing fish scale gelatin films,” Sci and Tech of
Food Indus 39(11), 240-247. DOI: 1010.13386/j.i1ssn1002-0306.2018.11.041

Su, K., and Wang, C. (2015). “Recent advances in the use of gelatin in biomedical
research,” Biotechnol Lett 37,2139-2145. DOI: 10.1007/s10529-015-1907-0

Thongjun, N., Jarupan, L., and Pechyen, C. (2012). “Efficacy of activated carbon in
situ to oil palm frond paper for active packaging on mechanical properties,”
Advanced Materials 506, 607-610. DOI: 10.4028/www.scientific.net/amr.506.607

Thuy, L., Hiroki, M., Emiko, O., Kazufumi. O., and Kigen. T., (2018) “Influence of
various phenolic compounds on properties of gelatin film prepared from horse
mackerel, Trachurus japonicus, scales,” Journal of Food Science 83, 1888-1895.
DOI: 10.1111/1750-3841.14193

Wang, L. (2015). Phase Behavior of Carrageenan/Gelatin Mixture System, Ph.D.
Dissertation, Hubei University of Technology, China.

Wu, T. T, Li, L. F,, Zhao, P. F., Lu, Z., and Luo, Y. Y. (2017). “Research progress of
natural macromolecule based edible membrane,” New Chemical Materials 45(02),
10-12. DOI: CNKI:SUN:HGXC.0.2017-02-004

Yang, S. Q., and Li, H. C. (2019) “Effects of temperature on properties of graphite/gelatin
composite films,” Modern Food Science and Technology 35(03), 193-200. DOI:
10.13982/j.mfst.1673-9078.2019.3.029

Yang, S. Q., Li, H. C., and Zhang, J. J. (2019) “Effect of temperature on properties of
GO/gelatine composite films,” Plastics Science and Technology 8, 1-12. DOI:

Yang & Li (2021). “Gelatin-carbon composite films,” BioResources 16(1), 77-95. 94



PEER-REVIEWED ARTICLE b | oresources.com

10.15925/j.cnki.issn1005-3360.2019.12.008

Yao, Y. J., Wang, H. R., Wang, R. R., and Yong, C. (2019). “Preparation and
characterization of homogeneous and enhanced casein protein-based composite films
via incorporating cellulose microgel,” Scientific Reports 9, 1221-1235.
DOI:10.1038/s41598-018-37848-1

Zhang, D., Zhang, N., Song, P., Hao, J., Wan, Y. (2018). “Functionalized cellulose beads
with three-dimensional porous structure for rapid adsorption of active constituents
from Pyrola incarnate,” Carbohydrate Polymers 181, 560-569. DOI:
10.1016/j.carbpol.2017.11.111

Zhuang, C., Tao, F., and Cui, Y. (2017). “Eco-friendly biorefractory films of gelatin and
TEMPO-oxidized cellulose ester for food packaging application,” Journal of the
Science of Food and Agriculture 97(10), 3384-3395. DOI: 10.1002/jsfa.8189

Ziani, K., Oses, J., Coma, V., and Mate, J. I. (2008). “Effect of presence of glycerol and
Tween 20 on the chemical and physical properties of films based on chitosan with
different degree of deacetylation,” LWT-Food Science and Technology 41(10), 2159-
2165. DOI: 10.1016/5.1wt.2007.11.023

Article submitted: August 4, 2020; Peer review completed: October 17, 2020; Revised
version received, October 20, 2020; Further revised version accepted: October 23, 2020;
Published: November 9, 2020.

DOI: 10.15376/biores.16.1.77-95

Yang & Li (2021). “Gelatin-carbon composite films,” BioResources 16(1), 77-95. 95



