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ABSTRACT

Herein we report the synthesis of graphene oxide-based agar composites using a solution casting method. Graphene oxide was
synthesized by modified Hummer’s method and was characterized using X-ray diffraction (XRD) and Raman spectroscopy. The
graphene oxide-based agar composites were characterized using X-ray diffraction (XRD) and UV-visible spectroscopy. Optical
band gap obtained from the Tauc plot showed that the composites could be used in the photodegradation of dyes. The
synthesized composite material was checked for its practical applicability in the degradation of methylene blue dye under solar
irradiation; with an increase in the concentration of graphene oxide, catalyst, and H2O», the rate constant increases. The rate
constant was found to be inversely proportional to the concentration of methylene blue dye. Dosage of graphene oxide was found
to be the most prominent factor in increasing the rate of photodegradation. It is clear from the data for the reaction system that
the degradation reaction follows pseudo-first-order kinetics.
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INTRODUCTION

Dyes are an important class of synthetic organic compounds used in many industries, especially textiles. Consequently, they have
become common industrial environmental pollutants during their synthesis and later during fiber dyeing.! The harmful organic
substances generated from chemical, textile, and dye industries are highly polluting the water resources and producing serious
problems to all life and their environment. Organic dyes are toxic, mutagenic, and carcinogenic.? Around 10-20% of the dyes are
lost during the dyeing process, and hence, the removal of textile dyes from contaminated water bodies has become a concern
wotldwide.? The natural photosynthesis cycle process is also affected by the discharge of the textile industry effluents into the
environment.* If allowed to flow in drains and rivers, it affects the quality of drinking water in hand pumps, rivers, lakes, and
potable reservoirs, making them unfit for human consumption. It is important to remove these pollutants from the wastewaters
before their final disposal. Hence, there is a need to address the pollution problem immediately. Due to the chemical and
biological stability, the removal of the toxic dyes by natural degradation processes is difficult.>® The effective removal of these
dyes before discharge or their conversion into useful or less harmful products is of great importance. Various attempts are being
made worldwide to address this issue by synthesizing novel materials for degradation or conversion of dyes into less harmful
products. However, many of these materials, such as TiO», are toxic to living communities. Replacement of such materials with
biodegradable or biocompatible ones is the most attractive yet simple strategy and has received much attention in the last few
years.> !l

Graphene oxide (GO), a derivative of graphene, is in use for about one and a half centuries. It is a two dimensional (2-D)
covalently bonded and oxygen-rich carbon skeletal. Because of its large surface area, excellent strength, and reactive oxygenated
groups spread over its surface, it has recently attracted attention in various fields such as optoelectronics, energy storage, catalysis,
thermoelectric devices, tissue engineering, and drug delivery.’>16 The functionalized sutface of graphene oxide with reactive
oxygenated species distinguishes it from graphene and has attracted scientists towards its valuable applications in chemistry
(Figure 1). This oxygen-rich nature of graphene oxide is responsible for its easy dispersibility in water. This is the most important
property of graphene oxide as it enables one to dope it into the polymer and ceramic matrices. Moreover, it also shows excellent
dispersibility in most of the organic solvents such as N, N-dimethylformamide.l” Hence, graphene oxide is used in the wet
preparation experiments in both aqueous media as well as in organic media. The electrical, mechanical, catalytic properties of
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ceramics, polymers, and composites can be enhanced by doping them with graphene oxide. It was also found that the mechanical
strength, electrical conductivity of polymers, more specifically ceramics, were increased to many folds when doped with graphene
oxide.’¥¥ Graphene oxide is non-toxic at low concentrations, and the toxicity can be further reduced by surface modification with
biocompatible material.20

Biodegradable polymers have expanded the idea to tackle the growing environmental problem associated with the use of synthetic
polymers leading to plastic waste. The hunt for cost-effective, environmentally friendly materials has led to the development of
different biodegradable plastics.?! Agar is a jelly-like substance obtained from red marine algae and possesses distinctive
characteristics such as biocompatibility, solubility in water, biodegradability, and low cost. It gets its gelling properties from an
unbranched polysaccharide, which is obtained from the cell walls of some species of red algae, primarily from Gelidiaceae and
Gracilaria. It has a wide range of applications, most commonly in the pharmaceutical and medical industries.?

There are numerous reports in the literature where graphene oxide has been combined with other materials to make
nanocomposites for application in the degradation of industrial dyes. M. Bakhtir Azim e/ a/. synthesized GO-TiO,
nanocomposites for degradation of methylene blue (MB), which showed around 89% degradation.? Humaira Seema e¢# a/. had
reported the synthesis of GO-SnO; composites which gave complete degradation of methylene blue under solar light.2* Yanhui Li
et al. synthesized GO-Agar aerogel for removal of methylene blue dye, which exhibited an excellent adsorption capacity of 578
mg/g and reusability up to 3 cycles.?s Gelatin/PVA-GO biocomposites have been reported by L. E. Crica e/ al., which showed
remarkable improvements in mechanical properties.26

Methylene blue is an industrial dye that is commonly used for dying fabrics and in staining biological samples. Apart from
industries, it finds application as medication. It is mainly used to treat methemoglobinemia and methemoglobin levels that are greater
than 30%. However, if present in high concentrations, it is extremely hazardous to human health. Direct contact of methylene
blue with eyes causes extreme irritation, and it is highly toxic by oral and intravenous routes. It is also combustible in powder
form and releases highly toxic gases such as nitrogen oxides. Therefore, proper treatment is necessary before releasing such dyes
into water bodies.

Verma ¢f al. and their group have reported biocompatible graphene and graphene oxide doped agar composites, which exhibited
excellent tensile strength, thermal properties, and water resistance property.?’ The present work is on the same line as Verma e/ 4/.
and aims to synthesize biocompatible Agar@GO composites by a simple solution casting method. Various analytical techniques
such as XRD, Raman, UV-Visible were utilized. Further, the composites were tested for photocatalytic degradation of methylene
blue.
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Figure 1. Properties of graphene oxide.
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EXPERIMENTAL

1. Materials:

Finely powdered graphite was purchased from LOBA Pvt. Ltd. Gelatin Agar powder was purchased from Weiss mill. Potassium
permanganate (KMnOy), sulfuric acid (H2SO4, 98%), hydrochloric acid (HCI, 10%), hydrogen peroxide (H2O2, 30%), sodium
nitrate (NaNO3) were of the analytical grade and were used as received.

2. Synthesis of Graphene oxide:

Graphene oxide was synthesized by modified Hummer’s method.?8 2.0 g of finely powdered graphite and 1.0 g of sodium nitrate
(NaNOs3) were added to HoSO4 (46 ml; 98%). The mixture was subjected to constant stirring for 1 hour. 6.0 g of analytical grade
KMnOy was then added gradually to the mixtute. The temperature of the reaction system was maintained at 20°C using an ice
bath. After addition, the mixture was stitted constantly for 12 hours at 35°C using a magnetic stitrer. The solution thus obtained
was diluted with 500 ml distilled water under constant stirring. Dilution was followed by the addition of 5.00 ml H>O; (30%). The
resulting product was washed with distilled water to remove the traces of acid, followed by washing with absolute alcohol. The
product was dried at 60°C for 2 houts and stored in a vial for further expetiments.

3. Synthesis of Agar@GO composites:

Agar@GO composites were synthesized by a simple solution casting method.?? To prepare 5% (w/w) Agar@GO composites, 5.0
mg of graphene oxide powder were dispersed in 10% absolute alcohol and subjected to ultra-sonication for 30 min. Agar solution
was prepated by dissolving 100.0 mg of agar powder in distilled water at 60°C followed by ultrasonication for 30 min. Both the
solutions were then mixed and ultra-sonicated at 60°C for 60 min. The adduct so formed was then allowed to cool down at room
temperature to obtain jelly-like material, which was air-dried and pulverized to obtain the composites. Similatly, composites with
10%, 20%, and 25% of graphene oxide (w/w) were synthesized and studied for further applications.

4. Characterization:

The structural properties of the synthesized graphene oxide and Agar@GO composites were investigated by X-ray diffraction
(XRD) technique at room temperature with Xpert pro MPD X-ray diffractometer with Cu - Ka radiation (A — 1.5405 A).
Diffraction patterns were recorded at a scan speed of 0.3%at 40KV /30 mA. Raman spectroscopy was cartied out using
RENISHAW micro Raman system with power 5 Mw to confirm the formation of graphene oxide. The optical properties of
composites and photodegradation of methylene blue dye were studied using a UV-visible spectrophotometer (Shimadzu 1800)
with a scanning interval of 0.5 nm from 200 nm to 800 nm.

5. Photodegradation Experiment:

A simple photodegradation experiment was carried out for the degradation of methylene blue dye under sunlight to investigate
the photocatalytic activity of composites. 100 ppm stock solution of the dye was prepared by dissolving 0.1 g of methylene blue
(molecular weight — 319.85 g/mol) in 1000 ml of distilled water. 50.00 ml 20 ppm solution of dye was then prepared using the
stock solution. To the 50.00 ml of the above dye solution, the desired amounts of Agar@GO composites were added, followed
by the addition of oxidizing agent H>O». The mixture was then exposed to irradiation with occasional stirring. Aliquots of the
irradiating mixture were taken at a constant interval of 10 min and were analyzed by a UV-visible spectrophotometer. The effect
of various reaction parameters 27z, amount of Agar@GO composites, the concentration of the dye solution, and the amount of
H>O; was investigated.

RESULTS

1. X-ray Diffraction and Raman Spectroscopy:

The X-ray diffractogram of chemically synthesized graphene oxide is shown in Figure 2a. Along with an intense peak around 20
= 10°, a small hump appeared at 20 = 43.1°. No peak was obsetved around 20 = 26°, which indicates the complete conversion of
graphite into graphene oxide.?? The Raman spectra recorded for graphene oxide (Figure 2b) shows two bands at 1349 cm™! and
1599 cm!. They are D and G bands, respectively, which arise due to sp? hybridization of carbon atoms. X-ray diffraction patterns
confirmed changes in the chemical structure of agar after the incorporation of graphene oxide (Figure 2c). Agar shows two
intense 20 peaks at 12.56” and 19.21° due to its semi-crystalline nature.3? A slightly intensified peak is observed at 12.56° along with
a slightly broader 20 peak at 43.13".
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Figure 2. 2) XRD pattern of GO b) Raman Spectra of GO ¢) XRD patterns of Agar@GO composites with varying concentration of GO (GO — graphene oxide).

2. Optical Properties:

The synthesized Agat@GO composites were analyzed for optical properties using a UV-visible spectrophotometer. The UV-
Visible spectrum of the composites was monitored from 200 nm to 800 nm by dissolving a certain amount of composites in
distilled water. This provided the first confirmation for the formation of Agar@GO composites. Figure 3a depicts the plot of
Y%Transmittance vs. wavelength (nm). For agar, almost constant transmittance was observed in the visible range, whereas a
sudden decrease was observed in the UV range of the spectrum. The sudden decrease in % Transmittance (~10%) is observed in
the case of composites and is constant in both UV as well as in the visible region?. High %Transmittance was observed (~94%)
in the case of agar due to its low concentration. The optical band gap was calculated from UV-visible spectra by Tauc plot
method3! (Figure 3b). Extrapolating of the straight line in the plot of (¢hv)? vs. Energy (hv) gives the value of the optical band
gap of composites, which was found to be 3.58 eV. Normally lower the value of band gap, the higher is the photocatalytic activity.
The observed value (i.e., 3.58 V) is sufficiently high and indicates that the energy requirement for excitation of electrons in the
composites cannot be fulfilled in the visible region but requires a slightly higher amount of energy (i.e., corresponding to UV-
Visible region).
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Figure 3. 2) % Transmittance of Agat@GO composites with 25% (w/w) of GO b) Tauc Plot for Agar@GO composites with 25% (w/w) of GO (GO —
graphene oxide).

3. Photodegradation Experiment:

The ability of the Agar@GO composites was investigated for the degradation of methylene blue dye under solar irradiation. The
degradation was monitored using a UV-visible spectrophotometer. The spectrum showed a gradual decrease in the absorption
band at 664 nm and 292 nm (Figure 4). Systematic investigation of the effect of reaction parameters on the rate of the reaction
was carried out.
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Figure 4. UV-Visible Spectrum of MB Degradation (MB — methylene blue).

L. Control Experiment:

Various control experiments were carried out using Agar@GO composites for the degradation of methylene blue under sunlight.

The data so obtained from the analysis of the UV-Visible spectrum is depicted in Figure 5. Negligible degradation was observed
in the absence of composites and HxO, (MB + hv). A slight increase in percent degradation was observed after the addition of
H>O: in the presence of light (MB + HxO» + hv) and also in the absence of light (MB + H>O» + dark). After the addition of
Agar@GO composites (MB + HoO; + Agar@GO + hv), almost 100% degradation was observed. The rate constant was also
maximized in this case. This indicates that the composites are responsible for driving the reaction at a faster rate.

AJIR Volume 17 | Issue 3 | December 2020

33



American Journal of Undergraduate Research www.ajuronline.org

120
(d)
100
c 80
2
=
© e
E 60 a -0.0008 min
5 b - 0.0091 min”
@ ¢ -0.0293 min’
S 40 d -0.2766 min"
x :
20
(c)
, (b)
0 ﬁ . ' a(a)
0 10 20 30 40
Time (min)

Figure 5. Control Experiment of methylene blue degradation having conditions a) MB + hv b) MB + H2O» + dark ¢) MB + H20: + hv d) MB + H2O» +
Agar@GO + hv (MB — methylene blue).

1I. Kinetics of Reaction:

Reaction kinetics plays a crucial role in the investigation of reaction systems and their mechanisms. The direction of the reaction
can be studied using reaction kinetics. To study the kinetics, the reaction mixtures were analyzed for absorbance band at 664 nm
after regular intervals of 10 min in the range of 200 nm to 800 nm. A plot of In (C/Co) vs. Time (t) in min was plotted for each
system to obtain the rate constant whose values are given in Table 1. The rate constant was found to be highest in the presence
of HyO», Agar@GO, and sunlight. For an optimized system, percent degradation after 10, 20, 30, and 40 min was obsetved to be
32.34%, 55.79%, 79.51%, and 99.97%, respectively (Figure 6).
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Figure 6. %Degradation vs. Time (min) for an optimized system.

AJ[R Volume 17 | Issue 3 | December 2020

34



American Journal of Undergraduate Research

www.ajuronline.org

GO Variation Catalyst Variation Dye Concentration H>0; Variation
% (w/w) k (min) Ax(r:r(l);)nt k (min™) (pl\gzl) k (min) I;Ir;(l))z k (min™)
5 0.0560 1.0 0.0965 20 0.2765 0.05 0.1245
10 0.1256 2.0 0.1265 40 0.2015 0.10 0.1658
20 0.1765 5.0 0.1725 60 0.1568 0.15 0.2158
25 0.2791 10.0 0.2695 80 0.9574 0.20 0.2766
- . - - 100 0.0869 - -

Table 1. Variation of rate constant with change in reaction parameters.

HI. Effect of reaction parameters on rate of reaction:

Reaction parameters such as the amount of catalyst, the concentration of H2O», etc., play a vital role in determining the rate of
degradation of organic dyes under solar irradiation. In the present study, the effects of such parameters were studied
systematically.

a. Concentration of GO:

Due to the large surface area of graphene oxide, a slight change in amount can greatly influence the rate of degradation. The
systematic study of the effect of graphene oxide dosage (¢7z. 5%, 10%, 20%, and 25% w/w) on the degradation of methylene blue
shows that a larger amount of graphene oxide drives the reaction at a faster rate (Figure 7a). When the reaction was carried out
with composites containing 25% graphene oxide (w/w), the rate constant of the reaction was highest, and the plot for
%degradation vs. Time (min) exhibited an almost linear nature. Thus, 25% graphene oxide (w/w) was optimized and was used for
further experiments.

b. Concentration of Agar@GO Composites:

The degradation of organic dyes is greatly influenced by the amount of catalyst. 3 To make the process more practical and cost-
effective, the minimization of catalyst concentration is of utmost importance. The influence of the amount of catalyst (1.0 mg, 2.0
mg, 5.0 mg, 10.0 mg) on the degradation of 50.00 ml methylene blue dye (20 ppm) at H2O» — 0.20 ml and initial pH (pH = 8.4) is
shown in Figure 7b. 10 mg of composites were found to be more effective in driving the reaction at a faster rate as the rate
constant was maximum in this case compared to others. A gradual decrease in rate constant was observed with a decrease in the
concentration of composites. All further experiments were carried out at 10.0 mg of Agar@GO composites.

¢. Concentration of H>O.:

To make the reaction economically feasible, the optimization of HxO; is very important. Variation of H>O, concentration and its
effect on the rate of degradation was monitored, and the data so obtained is shown in Figure 7c. An increase in the rate of
reaction was observed with the increase in the concentration of H,O,. Kinetics studies showed an increase in the rate constant
with increasing concentration of H>O». The rate was observed to be faster, with 0.20 ml of H,O; having a rate constant of 0.2695
min!. Hence further experiments were carried out at 0.20 ml of H2O».

d. Concentration of methylene blue:

Another parameter that greatly influences the reaction rate is dye concentration. Degradation of methylene blue was studied at
various dye concentrations »7z. 20 ppm, 40 ppm, 60 ppm, 80 ppm, and 100 ppm by keeping rest parameters constant (Agar@GO
— 10 mg; H,O; — 0.2 ml; pH — 8.4). From Figure 7d, it can be seen that, as the concentration of dye increases, the rate of
degradation decreases. The rate constant was observed to be highest at a dye concentration of 20 ppm.
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Figure 7. a) Variation of graphene oxide (w/w) with conditions: a — 5%; b — 10%; ¢ — 20%; d — 25% b) Variation of Agar@GO with conditions: a — 1.0 mg; b —
2.0 mg; ¢ — 5.0 mg; d — 10.0 mg ¢) Variation of H>O: with conditions: a - 0.05 ml; b - 0.10 ml; ¢ — 0.15 ml; d — 0.20 ml. d) Effect of variation in dye concentration
on rate of degradation

IV, Plansible Mechanism of Photo Degradation:

Agar shows remarkable properties after forming composites with graphene oxide. The lower band gap is one of those remarkable
properties which allow these composites to be used for photodegradation of organic dyes. There is no exact mechanism known
tll date for degradation of otganic dyes using Agar@GO composites under solar irradiation. To the best of our knowledge, it is
the first report in which the possible mechanism for the degradation of methylene blue is reported using the Agar@GO
composites (Figure 8).

When Agar@GO composites are added to the aqueous solution of methylene blue, the molecules of organic dye get adsorbed
(MB*) on the surface of the agar. Agarose and agaropectin, the two components of agar, contain —OH groups with which the dye
molecules interact and get adsorbed. As per the literature survey, methylene blue dye gets adsorbed on agar in the form of
monolayers and is irrespective of the concentration of dye. This is due to the presence of a large number of 3, 6-anhydro-L-
galactopyranose units.3

MB + Agar 2 MB* + Agar Equation 1.

After irradiating the solution containing Agatr@GO composites with visible light, graphene oxide (GO), the key component of
Agar@GO composites, releases a pair of holes and electrons.3*

GO — ¢ + holes Equation 2.

The band gap of graphene oxide (~3.5¢V) allows this generation of pairs on its surface. This photo inductively generated
electron-hole pairs then react with the H,O and O; to form active oxygen species.

holes + H,O — H* + OHe Equation 3.

e+ Oy — Oz~ Equation 4.
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Oz~ + H* — HOge Equation 5.

The superoxide ion and hydroxyl free radicals generated from the above reaction react with organic dye and forms the
degradation products, which are CO; and H,O.3

Degradation
products

O
> |
~n L 'T/ CHy ci CH.
\
OH OH &
o&/o\ﬁ\ oH
o OH Hé) \
\a—
—N. . S
N, \
N s =
\NU y;

Possible Interaction of Methylene Blue
with Agar

<+ Graphene
Oxide

Agar@GO Agar@GO + MB*

Figure 8. Plausible Mechanism of Photo Degradation of methylene blue dye using Agar@GO composites.

DISCUSSION

The chatacteristic peak obtained at around 20 = 10° confirms the formation of graphene oxide. The peak corresponds to the 002
plane and arises due to the increase in interatomic layers, which is associated with the addition of reactive oxygenated groups. The
small hump at 20 = 43.1° can be attributed to a turbostratic disorder.3¢ Significant disorder in the as synthesized graphene oxide
was shown by the Raman spectra. The two intense peaks, namely D and G, indicate structural disorder in graphene oxide. The D
peak, which is generally referred to as disorder band at 1349 cm! represents the breathing mode of aromatic rings.3” The presence
of two additional peaks, namely 2D and D + G, also indicated disorderedness in graphene oxide. The results obtained from XRD
patterns and Raman spectra for graphene oxide were in excellent agreement with results reported in the literature and thus
confirmed its formation.%

The analysis of synthesized composites shows structural changes after the incorporation of graphene oxide into the agar. X-ray
diffraction patterns of composites teveal that, as the amount of graphene oxide increases, the intensity of the 20 peak at 43.13°
increases. A sudden decrease in the %Transmittance of composites compared to agar is associated with the presence of phenolic
groups of graphene oxide.3® Agar does not exhibit photo-induced activity, whereas the composites showed active photo nature. It
is due to the lower band gap value of 3.58 ¢V that lies in the photoactive range. All the above observations support the structural
changes in the properties of agar are due to the incorporation of graphene oxide.

The UV-visible spectrum recorded for degradation of methylene blue dye shows a decrease in absorbance bands at two
wavelengths, 664 nm, and 292 nm, respectively. The decrease in the absorbance band at 664 nm corresponds to the degradation
of chromophores of the dye, whereas a decrease in the band at 292 nm is attributed to the degradation of organic rings of the
dye.3? The degradation of organic rings leads to the conversion of harmful dye into less harmful organics such as water and COs.

The systematic study of influencing factors for rate of reaction shows that the rate of reaction is proportional to the amount of
graphene oxide loaded into agar, amount of composites used, and amount of H>O», whereas it exhibits inverse relation with the
concentration of dye used for degradation. The coefficient of determination factor (R?) obtained from the first-order kinetic
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model for an optimized system is 0.994.25 The closeness of the R? value to unity indicates that the data fit the linear model in an
excellent agreement and follows pseudo-first-order kinetics.

CONCLUSION

The synthesized and charactetized Agat@GO composites with various weight ratios of graphene oxide showed excellent
photocatalytic activity for the degradation of methylene blue dye. All the reactions were carried without 30 minutes of adsorption
in the dark and thereby reducing the cost and time of degradation. The relatively high biodegradability and lower band gap could
allow the composites to be used as a photo-catalyst for various reactions. Along with excellent photocatalytic activity, the
composites could find potential applications in the manufacturing of biocompatible materials like bio-polymers, which could
replace polythene based plastic materials.
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PRESS SUMMARY

Colorants used in textile industries are organic dyes that affect the quality of water and have been recognized as the root of
pollution over the last few years. The current study presents the investigation of structural and optical properties of biocompatible
Agar@GO composites and their photocatalytic activity in the degradation of organic dyes. The synthesis was catried out by
mixing the agar solution and dispersion of graphene oxide in the desired ratio. The critically analyzed results show that the
reaction follows the pseudo first order. Only 10.0 mg of synthesized composites were found to show an excellent activity for
degradation of methylene blue dye and thus increasing the economic viability of the reaction. Within a short period of 40 minutes,
100% degradation was observed.
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