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Abstract

The chitosan/gelatin/biochar biocomposite beads were prepared via the use of the
emulsion crosslinking method in the presence of poly(ethylene) glycol as a cross-
linker. The effects of different ratios of biochar (1 and 5%) on the characteristics of
the beads were evaluated by scanning electron microscopy (SEM) and energy-
dispersive X-ray spectroscopy (EDS), thermogravimetric analysis (TGA) and
Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy (ATR-FTIR)
and swelling studies. The FT-IR results showed the interactions of biochar and
polymer matrix. The prepared beads showed good swelling properties and different
morphologies. The average diameter of neat chitosan/gelatin beads was almost 725
pum, while the average diameter of 1% and 5% biochar incorporated beads were 726
pm and 597 um, respectively. The swelling capacity of the beads was decreased from
4671% to 2092% when the biochar incorporation ratio increased from 1% to 5%. This
indicated that the preparation of beads with varying properties can be achieved by
controlling the biochar amount. The beads may be evaluated in various applications

as polymeric carrier systems and adsorbents.
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1. Introduction

Superabsorbent polymers (SAPs) are three-dimensional cross-linked structures (3D) which exhibit the ability to absorb
and hold a significant fraction of liquid (>20 %) within their own weight [1]. The SAPs are defined as hydrogel [2,3].
Their large water content results in a level of flexibility the same as natural tissue [4]. Several polymers can be used to
prepare 3D network such as natural polymers (e.g. alginate, carboxymethyl cellulose, cellulose, chitosan, gelatin, pectin,
starch), synthetic polymers (polyacrylic acid, polymethacrylic acid, polyethylene glycol, polyvinyl alcohol) and also
various acrylates [3,5]. The major mechanism of reversible swelling ability is based on chemical bonds and physical

interactions.

Hydrogels are available in various forms such as film, fiber, membrane, monolith, and bead [3,4]. Hydrogel beads are
the spherical particulate systems with sizes ranging from 50 nm to 2 mm [6]. They are used in various fields including
tissue engineering, thermal energy storage, adsorbent, drug delivery, hygienic, agricultural, cosmetic, and food
applications [7]. Chitosan is among the natural degradable polymers that can be used to prepare hydrogel beads. It is the
second most abundant heteropolysaccharide, obtained by the partial deacetylation of chitin, which is composed of B-(1-
4)-2-acetamido-2-deoxy-p-D-glucopyranose and 2-amino-2-deoxy-p-D-glucopyranose groups [2,5,8]. The chitosan
beads gained increasing attention due to being biocompatible, biodegradable, and modifiable as well as having water

holding capacity.

In recent years, composite beads have a worldwide focus to obtain novel desirable polymer materials for practical
applications by improving the properties of neat beads [9,10]. Chitosan-gelatin blends have been reported to have
enhanced mechanical properties [11] and good adsorption properties [12]. Gelatin is a high molecular weight polypeptide
which is obtained by the partial hydrolysis of collagen [13]. Similar to chitosan, gelatin is biodegradable and
biocompatible [14]. Withal, the common drawback of chitosan and gelatin is the weak stability in an aqueous

environment [12].

To enhance stability as well as mechanical, thermal, and surface properties, various reinforcing fillers can be
incorporated into beads. Carbon-based ones (e.g. active carbon, biochar, carbon nanotube, graphene etc.) are some of
the most used fillers. Among these, biochar is seriously proposed owing to its unique properties including high porosity,
chemical stability, and high adsorption capacity [15,16]. Additionally, it is cost-effective and widely available [17]. On
the other hand, biochar can be used in environmental remediation and soil amendment applications. However, biochar
particles are easily agglomerated in agueous environments. Therefore, the preparation of a three-dimensional bead will
enhance the adsorption capacity of both biochar and polymer matrix, and also simplify the separation of the adsorbent.
The chitosan, gelatin, and biochar have their own favorable properties and combining them to obtain a composite
hydrogel can get all their advantages. In view of these, it was considered favorable to incorporate biochar into
chitosan/gelatin beads functionalized with poly (ethylene glycol). In this current study, chitosan/gelatin/biochar beads
were synthesized by emulsion crosslinking method. PEG is used as a crosslinking agent. By varying the amount of
reinforcement (biochar), the properties of the resulting beads were investigated in terms of chemical, morphological,

thermal, and swelling properties.
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2. Materials and Methods

2.1. Materials

Chitosan (C¢H11NO4),, 75-85% deacetylation, medium molecular weight) and glacial acetic acid (CH;COOH, 99%)
and poly(ethylene) glycol (PEG, average Mn 400) were supplied from Sigma-Aldrich Chemical Company. Gelatin
from bovine skin (220-230 Bloom, type B) was purchased from Bursa Jelatin Gida (Bursa, TURKEY). Biochar
(particle size <500 um) was a kind gift from Synpet Technologies (Istanbul, TURKEY). Distilled water was used in
the experiments and all of the reagents were used without any purification.

2.2. Synthesis of Chitosan/Gelatin/Biochar Beads

The biocomposite beads were prepared by modifying the method of Wu et al. Typically, chitosan powders (1 g) were
dissolved in 40 mL of 2% (v/v) acetic acid and then gelatin (4 g) and 10 mL distilled water was introduced to this
solution with constant stirring at 500 rpm for 16 hours at 40°C. Subsequently, PEG-400 (1 g) was added to the solution
and stirred at 250 rpm for 2 hours at 40°C. The beads were obtained by the dropwise addition of the solution using a
plastic syringe (10 mL) into 200 mL of cold sunflower oil with continuous stirring. To achieve a complete gelation, the
beakers containing the oil and beads were left in an ice-water mixture (4°C). After 2 hours, the mixture was filtered.
Finally, beads were washed with distilled water (300 mL) and distilled water:ethanol (1:1, 100 mL) solution. The beads
were dried at room temperature for 2 days. Different compositions of chitosan-gelatin-biochar were prepared by varying
the amount of biochar with 0%, 1%, and 5 % (Wt% of total polymer), which were coded as Chi-Gel, Chi-Gel/BC1, and

Chi-Gel/BC5, respectively. The experimental setup for the synthesis of the beads is shown in Figurel.

Figure 1. Digital photograph of preparation of chitosan/gelatin/biochar beads.
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2.3. Characterization

The morphology of all beads was observed using a scanning electron microscope (Carl Zeiss™ Gemini 300, Germany)
and Leica M125 stereomicroscope. Samples were coated with gold and palladium using a vacuum evaporator and were
examined at an accelerating voltage of 10 kV before SEM analysis. Bead diameters/sizes were measured using Image J
software (version 1.520j). The elemental analysis of beads was investigated by Energy-dispersive X-ray spectroscopy
(EDS) by a Bruker XFlash® 6 [100 detector (Bruker QUANTAX, USA).

Thermogravimetric analyses (TGA) of the beads were performed using a TGA STA 6000 analyzer from Perkin Elmer ™
Instruments (USA) to determine thermal stability. The samples were heated from 30°C to 600°C under a nitrogen
atmosphere at a heating rate of 20°C/min and applied oxygen atmosphere with 20°C min™ heating rate 600-900°C
temperature. FTIR spectrum was obtained with a ThermoScientific™ Nicolet iS50 FTIR (USA) with a Pike ATR
(Attenuated Total Reflectance) adapter, in the range of 4000-500 cm™' recorded with 16 scans at 4 cm™ resolutions.

2.4. Swelling Behaviour

The swelling behaviours of the composite beads were determined by immersing in distilled water (10 mL) at room
temperature (25°C) until the swelling equilibrium was achieved [12]. After 6 hours, the swollen samples were separated
and the excess surface water was gently removed by a filter paper. Then, the weight of beads was measured using a
weighing balance. The swelling ratio was calculated by the following equation:

Mf—

™ %100 (1)

mi

Swelling(%) =

where m; and ms are the weights of the initial bead and final wet bead, respectively.

3. Results and Discussion

3.1. Morphology Analysis

The surface morphologies of the prepared beads are shown in Figure 2. It can be seen that the beads have near-spherical
shape and irregular surface texture. The biochar loaded samples (Figure 2.b-c) demonstrated relatively smoother
surface than the neat bead (Figure 2.a). It can be related to the increased interactions between the functional groups of
biochar and the polymer network. The EDS results showed that the carbon ratios of biochar incorporated beads were

a little higher than the neat bead as expected (Table 1).
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Figure 2. SEM micrographs of (a) neat (Chi-Gel), (b) Chi-Gel/BC1 and (c) Chi-Gel/BC5 biocomposite
beads (31kX).

Table 1. The average elemental composition of biocomposite beads

Sample Element (at. %)

Carbon Nitrogen Oxygen
Chi-Gel 52.20 18.97 28.83
Chi-Gel/BC1 76.61 5.77 17.62
Chi-Gel/BC5 61.23 10.85 27.91

All of the bead samples were also characterized using the Leica M125 stereomicroscope. Figure 3 shows the stereo-
micrographs of neat chitosan/gelatin and chitosan/gelatin/biochar beads. The average diameter of neat chitosan/gelatin
beads was almost 725 pm (Figure 3.a). The average diameters of Chi-Gel/BC1 beads and Chi-Gel/BC5 were 726 um
and 597 pm, respectively. The results indicated that the size of Chi-Gel/BC1 beads are nearly the same as that of neat
beads, while Chi-Gel/BC5 beads were slightly lower than the other beads. It may be due to the formation of a more rigid

network by increased inter and intra polymer matrix-biochar interactions.

Figure 3. Stereo-micrographs of the (a) neat Chi-Gel, b) Chi-Gel/BC1 and (c) Chi-Gel/BC5 (Zoom: 0.8X).
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The color of composite beads was ranged from yellowish to black (Figure 4). An apparent darkening effect was observed

with the incorporation of biochar to the beads. This exhibited the successful incorporation of biochar to the polymer
matrix.

Figure 4. Digital photographs of the biocomposite beads before drying (a) neat (Chi-Gel), (b) Chi-Gel/BC1 and (c) Chi-
Gel/BC5.

3.2. FT-IR Spectrum

The chemical composition of the biochar and all bead samples were determined by FT-IR analysis. The FTIR spectrum
of the biochar is given in Figure 5. The FTIR spectra of the biochar peak at 1580 cm™ which corresponded to the C=0
stretching and aromatic C=C vibrations [18]. The peaks at 1444 cm™ aliphatic C-H groups and C=C stretching and 882

cm™ were related to aromatic C-H bending, respectively [19,20]. The peak at 1080 cm™ could be related to the C-O
stretching [21].

Biochar

Transmittance (%)

T 1 |l 1 1 1 1
4000 3500 3000 2500 2000 1500 1000 500
Wavenumbers (cm™')

Figure 5. FT-IR spectrum of the biochar.
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In Figure 6, the spectrum of neat chitosan/gelatin bead had a number of characteristic peaks at 3304 cm™ (-OH
stretching), 2922 cm™ (C-H stretching), 2853 cm™ (-CH stretching) [12,22]. The presence of the peak at 1741 cm™
carbonyl stretching related to acetate group, 1636 cm™ related to amide-1, 1543 cm™ (-NH group-second amine bending),
1456 cm* (-CH, stretching), 1377 cm™ (CHs group bending) [12,23,24]. Additionally, absorbance peak at 1237 cm™
might be attributed to C-H bending and the slight peaks at 1158 cm™* and 1094 cm* were associated with saccharide
units of chitosan stretching and C-O stretching, respectively [25,26]. Moreover, the peaks at 950-1106 cm ™ were due to
stretching of C-O ether groups of PEG [27].

There were some differences in the composite chitosan/gelatin/biochar bead samples. The absorption peak at 3304 cm™
shifted to 3295 cm', and a shoulder on this peak was occurred due to the second amine. while 2922 cm™and 2853 cm’
Lshifted slightly (2926 cm™and 2923 cm™, respectively) and (2872 cm™and 2854 cm™, respectively). The amide group

peaks (1635 and 1543 cm™) intensities increased with increasing biochar content.

The peaks of chitosan/gelatin at about 1543 cm™, 1456 cm™ and 1094 cm™* shifted to 1538 and 1539 cm™, 1446 cm™*
and 1450 cm™ and 1065 cm™ for 1% and 5% biochar incorporated samples, respectively. Moreover, the new peaks at
3075 cm™and 3078 cm™ and 1336 cm™ presented in 1% and 5% biochar incorporated samples indicating that physical
interaction occurred between chitosan/gelatin and biochar. The peak 3078 cm™ also indicated the amide group, too.
There was also a new peak group about 1000 cm™ related to cellulosic molecular structure. This peak and amide peak
showed that the biochar was composed of protein and cellulosic waste. It can be said that the carbonization of the biochar

was not completed, because there were cellulosic and protein peaks on the spectra.

—— Chi-Gel/BC5
—— Chi-Gel/BC1
—— Chi-Gel

Transmittance (%)

R

¥ T T T T T T 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)

Figure 6. FT-IR spectrum of the neat and biocomposite beads.
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3.3. Thermogravimetric Analysis

TGA and DTG thermograms of beads are shown in Figure 7. Thermal behaviour of chitosan/gelatin beads previously
recorded by Wu et al. [12]. Three decomposition stages were observed in the TGA curve of all biocomposite beads. The
initial weight loss was slight at the temperature range of 30-150°C [26,28] related to the evaporation of water with a
weight loss of about 2.56%, 2.69% and 3.17% for neat Chi-Gel, Chi-Gel/BC1 and Chi-Gel/BC5 beads, respectively.
The second stage of degradation occurred at 150°C and continued up to 500°C [23]. Chi-Gel, Chi-Gel/BC, and Chi-
Gel/BC5 samples had a total weight loss of 77.38%, 79.1%, and 74.75% were related to the decomposition of chitosan
main chains and amine groups of gelatin [26]. The third weight loss occurred in the range of 500-675°C [29,30]. There
were 20.05%, 18.21% and 22.07% weight loss in this stage due to the complex structure of chitosan rings for Chi-Gel,
Chi-Gel/BC1 and Chi-Gel/BC5 beads, respectively. The last step of the bead samples was related to the burning of the
pyrolysis product which was formed during analysis in the N> atmosphere. FTIR spectrum of the biochar involves peaks
related to the C-O group (1111 cm™ and 1021 cm'™®) and amine group (1592 cm™ and 1416 cm™) [18-20]. Before 600°C,
the TGA analysis was carried out in the inert atmosphere, because neat bead undergoes both decomposition and pyrolysis
reaction while biochar does not decompose. It is assumed that in this stage less amount of biochar addition increased the
heat transfer in the sample, thus Chi-Gel bead was decomposed more than the Chi-Gel/BC1 sample and less pyrolysis
product occurred. After 600°C, both pyrolysis product and biochar were decomposed while the atmosphere was changed
from N to O due to the fact that biochar loaded beads had more weight loss in the last region. In the DTG thermogram,
it is clear that the decomposition behaviour of the pyrolysis product and biochar was different due to the shape of the
peaks. While biochar decomposition gave a sharp peak, pyrolysis product resulted in a board peak. In the last region
(500-675°C), less amount of weight change in the case of Chi-Gel/BC1 sample resulted from less pyrolosis of the bead
due to biochar filler.

TGA curves of biobased beads indicated that there was no phase separation between chitosan and gelatin forms. It can
be said that the obtained blends are compatible. This is highly related to the interactions between gelatin and chitosan
through hydrogen bonding formation between their functional groups (-OH and —NH. groups in chitosan and —NH;
groups in gelatin) [28]. A similar study was reported by El-Hefian et al. [28]. The Chi-Gel/BC5 beads showed more
thermal stability than the other beads.

a) b)

1104 015
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\\*‘x/
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0.7 — neat

w

Weight Loss (%)
Deriv. Weight (%7C)

T T T T T 1 T T T T T 1
a 100 200 300 400 00 800 T00 [x1) 800 o 100 200 00 400 500 600 o0 800 900

Temperature [*C) Temperature (*C)

Figure 7. TGA and DTG thermograms of chitosan/gelatin beads.
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3.4. Water Swelling Behaviour

Swelling process can be defined as the uptaking of a liquid or gas which leads to an increment in the volume of a
connected gel or solid [31]. The swelling ability of hydrogel beads is an important feature to be evaluated that may
influence the application of the product ranging from drug delivery systems to adsorbents [32].

The maximum swelling percentages (S%) of Chi-Gel, Chi-Gel/BC1 and Chi-Gel/BC5 beads were 2361%, 4671% and
2092%, respectively (Figure 8). This reflects that the incorporation of biochar has affected the swelling behaviour of the
beads. The swelling ratio of beads were increased with the addition of 1% biochar to the polymer matrix. However, the
5% biochar incorporated beads (Chi-Gel/BC5) showed the lowest swelling capacity. The increased biochar content

might limit the effectiveness of swelling capacity by acting as the barriers for molecular diffusion of water [33 ,34].

Furthermore, the sizes of Chi-Gel and Chi-Gel/BC1 beads were a little higher than the Chi-Gel/BC5 sample which might
enable penetrating of water through the composite matrix more easily via diffusion and thus favoring the swelling. More
cross-linked matrix was obtained with the incorporation of 5% biochar and finally, the smaller mesh size of polymer
network might limit the entrance of water to the polymer structure [32]. Overall, the beads are hydrophilic which shows
that the chitosan/gelatin/biochar biocomposite beads can be applied potentially in the tissue engineering field as the
hydrophilic nature of the beads will enable the absorption of body fluid, which comprise of mainly water [35]. Digital

photographs of the initial and swelled composite beads were given in Figure 9 and Figure 10.
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Figure 8. Swelling behaviours of neat Chi-Gel, Chi-Gel/BC1 and Chi-Gel/BC5 heads.

64



Yildirim and Terzioglu et al. J Inno Sci Eng 4(2):56-68

Figure 9. Digital photographs of the biocomposite beads before swelling (a) neat (Chi-Gel), (b) Chi-Gel/BC1 and (c)
Chi-Gel/BCS5.

Figure 10. Digital photographs of the biocomposite beads after swelling for 6-hour (a) neat (Chi-Gel), (b) Chi-Gel/BC1 and (c)
Chi-Gel/BC5.

4. Conclusion

Chitosan/gelatin/biochar beads were prepared using the emulsion crosslinking method in the presence of PEG. The
biochar was efficiently incorporated into the polymer matrix. The properties of the beads were greatly affected by
biochar addition. The morphology of the neat beads became smoother with the incorporation of the biochar. The thermal
stability of chitosan-gelatin beads was enhanced with the addition of 5% biochar. The increment of biochar content from
1% to 5% in the composite bead made the bead approximately 50% less susceptible to water. In general, carbon filler
loaded chitosan and gelatin-based beads were evaluated as drug delivery systems and adsorbents to remove heavy metal
or dye from aqueous solutions. The biochar incorporated beads will be potential eco-friendly candidates for adsorption
and biomedical applications which should be demonstrated with further studies.
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