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Novel statistically optimized one pot synthesis of inherently photoluminescent and
electroactive graphene oxide nanosheets as 1, 4 dioxane sensor
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1, 4 dioxane predominantly found in industrial effluents and air force plants, is of great
concern worldwide due to its toxic and carcinogenic nature. Currently, there are limited
research on 1,4 dioxane sensors and most of these sensors are intricate metal oxide
composites. This study reports the fabrication of novel inherently electroactive graphene
oxide nanosheets derived from a natural polyphenolic compound, and the process
parameters were statistically optimized using TOPSIS based Taguchi Ly orthogonal array.
The proposed novel sensor was employed in the linear range (0.1uM to 3uM) that
conforms with the WHO guideline (0.56 pM) for dioxane in water, showed good
sensitivity (117 nAnM'em™?), detection limit (20.51 nM) and quantification limit (62.16
nM) which is far superior compared to the reported literature on dioxane sensing systems.
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1. Introduction

1,4 Dioxane (C4HgO,) is a nonbiodegradable heterocyclic diether that is used as solvent in
various industrial processes and also as an additive in automotive fluids, antifreeze and aircraft
deicing processes [1]. Due to its high solubility in water and high volatility, it is prone to polluting
water resources and contaminating the environment [2]. The US Environmental Protection Agency
has classed it as a toxic chemical, a hazardous pollutant, and a class 2B carcinogen [3.,4]. In
conjunction, 1,4-dioxane is neurotoxic and is also accountable for various organ failures in humans
[5]. This necessitates for the development of highly sensitive and reliable detection of 1,4 dioxane
in aqueous media, for which electrochemical sensing is the most promising approach.

In the last decade, graphene oxide-based electrochemical sensors have attracted
considerable interest due to their abundant oxygen containing functional groups that accords
extraordinary electrocatalytic properties particularly for the oxidation of organic molecules [6-10].
There are several reports on the synthesis of GO by various methods using graphite as the carbon
source [11], however, GO synthesized from graphite exhibits low electrical conductivity [12]. In
order to overcome this problem, GO conjugated with polymer and metal nanocomposites have
been reported for the enhanced electrochemical sensing of various target analytes thitherto [12,13].
To the best of our knowledge, this is the first report on bare GO being employed for the
electrochemical detection of an analyte. The present work has focused on fabricating a simple
metal free catalyst as the electrode material that has excellent current response to 1, 4 dioxane with
high specificity, sensitivity, reproducibility and stability. To achieve this, GO was synthesized
from a natural phytochemical named curcumin (C,;H,,Os), the active principle of turmeric, that
exhibits intrinsic electrocatalytic properties and is reported to have specificity towards dioxane
[14]. As the proposed work involves a novel method of GO synthesis, process optimization
becomes the essential part of the study. For this purpose, TOPSIS (Technique for Order Preference
by Similarity to an Ideal Solution) based Taguchi Ly orthogonal array approach was used for
optimizing the synthesis process parameters [15]. The application of the TOPSIS-based Taguchi
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method does not require complex mathematical tools and is appropriate for multi-variable
optimization problems [16,17].

This novel approach of GO synthesis from curcumin as the carbon source possesses
several advantages over the currently existing methods of GO synthesis that involve reactions of
graphite with strong oxidants, posing an explosion risk, serious environmental pollution and long-
reaction time. In addition to this, the GO obtained by this method is inherently photoluminescent
and electroactive in nature, which could be deployed in various optical and electrochemical
applications. In this study, this novel GO was utilized for the electrochemical detection of 1,4
dioxane owing to its intrinsically unique properties.

2. Experimental

2.1. Materials

1,4-Dioxane (C4HgO,, 99%), potassium hexacyanoferrate (K;FeCNg), acetone, DMF
(Dimethylformamide), DMSO (Dimethyl sulfoxide) and curcumin (C,;H,O¢) were obtained from
SRL Pvt. Ltd. Nafion solution was purchased from Sigma Aldrich. All the chemicals used in this
study were of analytical grade. The electrochemical analysis experiments were performed in 0.1M
PBS (pH 7.0) as the electrolyte. All the solutions for electrochemical characterizations were made
using Millipore deionized (DI) water (18.2 MQ cm @ 25 °C) and the studies were carried out at
ambient temperatures.

2.2. Graphene oxide synthesis from curcumin

Four samples of 25 mg/ml concentration curcumin solution were prepared by dissolving
curcumin in acetone, DMF, DMSO and water respectively. The solvents were chosen based on
their polarity indices and the solubility of curcumin in these solvents (curcumin is highly soluble in
acetone and insoluble in water) [18]. The preliminary test for graphene oxide (GO) synthesis was
performed by pyrolyzing the above 4 solutions in triplicates for 15 mins at temperatures above the
degradation temperature of curcumin (180°C) [19]. It was observed that curcumin was converted
to graphene oxide at the pyrolysis temperature of 300 °C, with acetone as the oxidizing agent.

2.2. Optimization of synthesis process parameters

The first step of this study is to identify three performance criteria (ID/IG ratio, 12D and
ID+D’ that corresponds to the sp’ carbon domains, disorder and defects in the GO structure
respectively [15,20] along with three factors (temperature, time and precursor concentration)
having three control levels (chosen based on the preliminary test result), for the Taguchi based
design of experiments (table 1). In order to analyze the factor effects, a Taguchi orthogonal array
Lo (3%) was constructed to record the experimental results (table 2). Based on this array, triplicates
of 9 samples (S1 to S9) were prepared and characterized by Raman spectroscopy (Agiltron Inc.
Peak seaker Pro 532). The excitation wavelength and the excitation laser energy were selected as
532 nm and 10 mV, respectively. The Raman spectra of the 9 samples exhibited a G-band at 1590
cm ', D band at 1350 cm ™', 2D at 2700 cm ' and D+D’ band at 2930 cm™' with slight differences
in position and relative intensity. The obtained ID/IG, 12D and I(D + D’) values of each
experimental run are given in table 3, which demonstrates the successful conversion of curcumin
to graphene oxide for the samples from S1 to S6. From S7 to S9, an increase in ID/IG ratios was
observed, which could be due to the formation of new and smaller sp> domains, thus indicating the
reduction of the oxidized product (GO) towards reduced graphene oxide (rGO). The results of the
Raman spectroscopy are displayed in Fig.1.

The multi-response was then converted to single-response by using TOPSIS methodology
steps such as calculation of the decision matrix, weighted normalized decision matrix,
identification of positive ideal and negative ideal solutions (A" and A), calculation of the
separation measures (S;" and S;") and calculation of the ranking scores or relative closeness (C*) for
GO (table 4) using the standard formulae as per the literature [15,20,21]. The values of the
decision matrix (table 4) for R1 (ID/IG), R2 (I2D) and R3 (ID+D’) were calculated to be 2.11,
68.24, 64.79 respectively. The positive ideal (A") for ID/IG, 12D and ID+D’ were calculated to be



379

0.244, 0.143 and 0.007 respectively. The negative ideal solutions (A") for ID/IG, 12D and ID+D’
were calculated to be -0.057, 0.010 and -0.148 respectively. It could be observed from Table 4 that
S4 was ranked 1, and also, table 5 shows largest delta value (8) for temperature (A) followed by
time (B) and concentration (C). Thus, it could be concluded that the temperature is the most
influencing factor for GO synthesis by this method. Thus, from the SN graph shown in table 5, the
optimum process parameters obtained from TOPSIS based Taguchi design of experiments for GO
synthesis was found to be A,B;C,.

Table 1. Performance criteria, factors and their levels.

Performance Factors Symbol Levels
criteria 1 2 3
ID/IG Temperature (° C) A 300 400 500
12D Time (min) B 10 20 30
I(D+D”) Concentration (mg/ml) C 50 25 16.67
Table 2: Ly (3°) Taguchi orthogonal array design.
Exp. Coded levels Uncoded levels
No. A B C A B C
S1 1 1 1 300 10 | 50
S2 1 2 2 300 20 | 25
S3 1 3 3 300 30 | 16.67
S 4 2 1 2 400 10 | 25
S5 2 2 3 400 20 | 16.67
S6 2 3 1 400 30 | 50
S7 3 1 3 500 10 | 16.67
S8 3 2 1 500 20 | 50
S9 3 3 2 500 30 | 25

Table 3. Response values for GO obtained by Ly Taguchi orthogonal array design.

Exp ID/IG ratio 12D values ID+D’ values
R1 R2 R3 Mean | R1 R2 R3 Mean | R1 R2 R3 Mean

S1 0.9 0.91 0.92 0.91 2.79 3.78 1.8 2.7 1.2 5.3 3.28 3.28
S2 0.95 0.96 0.97 0.96 27.4 30 31.9 29.7 23.7 21.5 25.9 23.7
S3 0.97 0.96 0.97 0.97 15.2 19.7 24.2 19.7 15 18.1 12 15
S4 0.85 0.81 0.83 0.83 1.19 1.2 1.3 1.2 1.17 1.1 1.2 1.17
S5 0.87 0.89 0.88 0.88 16.5 20.8 18.8 18.7 21.3 21.5 21.2 21.3
S6 0.99 0.98 1.01 0.99 18.2 24.6 12.0 18.2 9.25 9.12 12.2 10.1
S7 1.01 1.02 1.01 1.01 25.2 23.3 27.2 25.2 25.9 23.7 27.8 24.8
S8 1.01 1.03 1.06 1.03 27.7 26.8 24.9 26.5 27.8 29.6 26.0 27.8
S9 1.04 1.04 1.04 1.04 4.15 4.78 3.54 4.15 2.21 2.28 2.34 2.28
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Table 4. Multiresponse optimization for GO using TOPSIS L9 (33) Taguchi Design.

Exp Decision matrix Weighted normalized SEPARATION SCORE
(S/N ratios) decision matrix MEASURES RANK
R1 R2 R3 Uj1 Uiy Uj3 Si+ Si- Ci*
S1 0.76 | 8.91 -10.31 0.119 0.04 -0.053 | 0.16 0.16 0.55 3
S2 031 |29.48 | -27.51 0.050 0.14 -0.141 | 0.23 0.23 0.42 4
S3 026 | 2589 |-23.55 0.041 0.12 -0.121 | 0.23 0.23 0.39 5
S4 1.55 | 2.07 -1.36 0.244 0.01 -0.007 | 0.13 0.13 0.71 1
S5 1.03 | 2544 |-266 0.162 0.12 -0.136 | 0,15 0.15 0.61 2
S6 0.04 |2521 |-20.14 0.006 0.12 -0.103 | 0.25 0.25 0.34 6
S7 -0.16 |28.04 |-27.91 -0.025 | 0.13 -0.143 | 0.30 0.30 0.30 7
S8 029 |28.47 |-28.89 -0.046 | 0.13 -0.148 1 032 0.32 0.28 8
S9 036 | 1236 |-7.15 -0.057 | 0.06 -0.036 | 031 0.31 0.28 9
Table 5. Main effects plot for SN ratios of optimized GO.
Level Response Table for Signal to Noise Ratios
A B C Main Effects Plot for SN ratios
Data Means
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Fig. 1. Raman spectroscopy of GO synthesized by Taguchi Lo (3°) design.
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3. Results and discussion

3.1. Physical characterization of GO

In order to confirm the formation of GO from curcumin, the synthesized sample was
characterized for its physical, optical and electrochemical properties. The observations of the FTIR
spectroscopy (Jasco International Company Ltd, 6600) of the sample shown in Fig. 2(b) were in
excellent accordance with the previously published reports on GO [22-24]. The O-H stretching and
bending vibrations of GO are attributable to the wide and intense peaks at 3405 cm™ and 1403 cm’
'. The hydrogen bound OH groups of dimeric COOH groups are responsible for a minor peak at
2926 cm’, and the intra-molecular O-H stretching of alcoholic group is responsible for a smaller
peak at 2849 cm’, as illustrated in Fig. 2. The peak at 1624 cm™ is attributed to C=C stretching.
The C=0 stretching vibration of —-COOH groups found in the graphene oxide nanosheets was
observed at 1727 cm™ [25]. Thus, the synthesized sample did not show peaks pertaining to
curcumin (fig 2(a)) and showed the presence of characteristic peaks corresponding to GO, thereby
confirming the transformation of curcumin to graphene oxide. Further, the XRD (Rigaku Miniflex
600) pattern of GO shown in fig 3(a) exhibits diffraction peaks at 11.5° and 41.4°, corresponding
to 002 and 100 planes respectively, that further confirms the presence of GO [24]. Fig 3(b) shows
the SEM (Tescan, Vega.3.SBU) images of the optimized GO taken at 30kV, 10kx magnification
and 2um resolution, which shows sheet like structures stacked as layers in nanoscale confirming
that the above synthesized GO exhibits the morphology of nanosheets.
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Fig. 2. FTIR spectra of (a) Curcumin (b) Optimized GO.
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Fig. 3. (a) XRD pattern of optimized GO. (b) SEM image of optimized GO.
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3.2. Optical characterization of GO

The results of UV-absorption spectroscopy (T90+ PG INSTRUMENTS) shown in fig 4(b)
exhibit a maximum absorption peak at 225 nm that corresponds to n-n* transition of aromatic C-C
bonds and a shoulder peak at 280 nm which corresponds to n-n* transition of C=0 which are in
accordance with the previously reported studies on GO [24, 26]. The oxidation of curcumin causes
the generation of C-C bonds of the aromatic class, which reflect the abundance and distribution of
C-C bonds in GO. Additionally, a higher absorbance value of the shoulder peak indicates the
prevalence of n-mt* transition of the carbonyl groups, as per the literature [26]. The UV absorption
spectrum of curcumin is shown in fig 4(a). Hence, it is evident that the obtained GO from
curcumin contains comparatively higher number of aromatic C-C groups and carbonyl bonds than
GO obtained from graphite source. The optical bandgap energy of GO calculated using Tauc plot
equation (fig 5(a)) was found to be 4.8 eV which is 2.18 times higher than the optical bandgap of
GO obtained by conventional methods which is around 2.2 eV [27]. The photoluminescence
measurement was done by exciting the sample using a xenon lamp, and the typical excitation
intensity used was ~2.8 mW/cm®. The emitted photons were detected using a charged coupled
device spectrometer. This GO from curcumin exhibits enhanced photoluminescence showing
emission around 450 nm that corresponds to the blue region of the electromagnetic spectrum as
shown in fig 5(b), which is probably due to its increased number of oxygen containing functional
groups.
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Fig. 4. UV-Visible spectroscopy of (a) Curcumin. (b) GO.
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Fig. 5. (a) Optical bandgap energy of GO. (b) PL spectroscopy of GO.

3.3. Electrochemical characterization of GO
The electrochemical impedance measurement was made by dipping the bare GCE and GO
modified GCE in 0.1 M PBS solution containing 5 mM K;FeCNg in a frequency range from 10
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mHz to 100 KHz. Fig 6(a) shows the variations in faradic impedance for the modified and bare
electrode. From the absence of semicircle in the high frequency region of the EIS plot, it is evident
that the GO modified electrode exhibits low charge transfer resistance at the electrode-electrolyte
interface. The cyclic voltametric response of the GO modified electrode was measured and
compared with bare electrode by performing CV experiment in 0.1M PBS solution (pH 7), at the
scan rate of 50 mVs™". The cyclic voltammograms are shown in fig 6(b), from which it could be
inferred that the anodic (oxidation) peak current (Epa) and the cathodic (reduction) peak current
(E,) for GO modified GCE is at 0.58V and -0.002V respectively, whereas, there is no significant
oxidation or reduction peak observed for bare GCE. Thus, the low charge transfer resistance
obtained from EIS and the greater current response of CV clearly indicate the efficiency of novel
GO to serve as a good electrode material.
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Fig. 6. (a) Electrochemical impedance spectra of GO modified GCE and bare GCE. (b) Cyclic
voltametric response of GO modified GCE and bare GCE.

3.4. Electrochemical sensing performance of GO towards 1,4 dioxane

3.4.1. Sensitivity of the novel GO modified electrode

The sensitivity of the GO modified electrode towards 1,4 dioxane (3 pM in 0.1M PBS)
was assessed by using LSV technique (50 mV/s scan rate; potential range: 0 to +1.5 V). Fig 7
shows that the anodic peak current for GO modified electrode was obtained at 0.58V, in contrast to
the bare electrode. Fig 8(a) shows the sensitivity of the GO GCE towards different concentrations
of 1,4 dioxane (0.1 uM to 3 uM) in 30 ml of 0.1M PBS solution (pH 7). From the current response
obtained for every rise in the concentration of dioxane, it could be observed that in the absence of
dioxane, the anodic (oxidation) peak appears at 0.58 V, but with the addition of analyte (0.1 uM
1,4 dioxane), a new small peak is observed at 0.78V. As the dioxane concentration increases from
0.1 uM to 3 uM a steady rise in current at 0.78V was also observed. The corresponding calibration
curve, plotted with the obtained peak current (WA) versus the concentration (nM), is illustrated in
Fig 8(b). The linear regression equation was calculated as I(nA)= 0.0083x(nM)+19.996 with
R?=0.99. The limit of detection (LOD), limit of quantification (LOQ) and sensitivity for the linear
range 0.1 uM to 3 uM were calculated to be 20.51 nM, 62.16 nM and 117 nA nM™' cm™ as per the
standard formulae mentioned in the literature [14, 28].
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Fig. 7. Linear sweep voltammograms of GO modified GCE and bare GCE.
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Fig. 8. Linear sweep voltammograms of GO/GCE for 0.1uM to 3uM concentrations of 1,4 dioxane. (b)
Corresponding linear plot of anodic peak current versus various concentrations of 1,4 dioxane.

3.4.1.1. Possible sensing mechanism

The electrochemical detection mechanism of 1,4-dioxane is summarized in fig 10. On the
surface of the novel GO modified electrode, 1,4-dioxane gets converted to formic acid and oxalic
acid with the release of an electron which in turn increases the conductivity of the fabricated
electrode. As a result, the electrochemical response increases with increase in the concentration of
1,4 dioxane. In addition to this, the greater number of active sites and oxygen containing
functional groups of the novel GO enhance the sensing performance of the proposed sensor.

1.4 Dioxane

Electrocatalytic oxidation

Formic acid Oxalic acid

Fig. 9. Electrochemical sensing mechanism of GO GCE towards 1,4 dioxane.
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3.4.2. Specificity, reliability and stability of the novel GO sensor

The specificity of the novel GO sensor towards 1,4 dioxane was assessed by using LSV
experiment carried out with 3 uM 1,4 dioxane in 0.1M PBS (pH 7), 0-1V potential window and 50
V/s scan rate with ImM concentration of three interferents such as acetonitrile, chlorobenzene and
ethylene glycol. From fig. 10, the significant difference in the oxidation potential between 1,4
dioxane and other interferents could be observed. Thus, it could be concluded that the proposed
novel sensor has good specificity towards 1,4 dioxane. The reliability of the proposed novel sensor
was evaluated by continuously running 35 LSV runs in 2uM dioxane in 30ml 0.1M PBS. From fig
11(a), it could be observed that, for the first 24 runs, there is no significant change in the peak
current (RSD= 0.81%). After 25 run, linear decrease in current response for each run was
observed. The stability of the proposed novel sensor was tested by measuring the peak current of
the novel GO GCE in 2uM dioxane in 30ml 0.1M PBS for 14 days continuously. From fig 11(b),
no significant change in the peak current (RSD= 0.47%) was observed for the first 10 days,
however after which, a linear decrease in the anodic peak current was observed. This confirms that
the proposed novel GO sensor shows good reliability and stability.
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Fig. 10. Specificity of novel GO towards 1,4 dioxane.
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Fig. 11. (a) Reliability of the proposed novel GO sensor. (b) Stability of the proposed novel GO sensor.
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4. Conclusion

Overall, we have successfully formulated the synthesis and process optimization of novel
inherently photoluminescent and electroactive graphene oxide nanosheets from curcumin as the
precursor. The synthesis process parameters were statistically optimized using TOPSIS based
Taguchi Ly orthogonal array. In this approach, three performance criteria were identified for the
GO synthesis in which three factors having three control levels were chosen. A decision matrix
was generated from the S/N ratios calculated for all the responses by running scenarios that
combine factor levels in Taguchi design. The multi-response was then transformed to single
response by TOPSIS method.

The optimized GO was then characterized for its physical, optical and electrochemical
properties. The novel GO modified electrode showed a remarkable enhancement in the
electrochemical performance towards 1,4 dioxane with good specificity and sensitivity of 117
nAnM"'cm™in the linear range (0.1uM to 3uM) that conforms with the WHO guideline (0.56 pM)
for dioxane in water. The proposed sensor also showed detection limit of 20.51 nM and
quantification limit of 62.16 nM, with good reliability and stability. Thus, this study reports the
efficiency of novel GO as an excellent electrode material for the electrochemical sensing of 1, 4
dioxane in water.
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