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Abstract: Sustainable synthesis of reduced graphene oxide (rGO) is of crucial significance within
the development of carbon nanomaterials. In this study, a green and eco-friendly strategy for the
synthesis of rGO using lemon juice as the reducing agent for graphene oxide (GO) without using toxic
and harmful chemicals was demonstrated. The reduction with lemon juice effectively eliminated the
oxygen-containing functionalities of GO and regenerated the conjugated systems as confirmed by
the UV-vis and FTIR spectroscopic and X-ray diffraction analyses. Microscopic evaluation showed
the successful manufacturing of exfoliated and separated few layers of nano-sheets of rGO. The
application of the resultant rGO as an adsorbent for organic pollutants was investigated using
methylene blue (MB) as a model. The adsorption kinetics of MB on rGO is best matched with the
pseudo-second-ordered kinetic model and the Langmuir model with a high adsorption capacity of
132.2 mg/g. The rGO exhibited good reusability with a removal efficiency of 80.4% in the fourth cycle.
This green method provides a new prospect for the large-scale production of rGO in a cost-effective
and safe manner.

Keywords: lemon juice; green synthesis; reduced graphene oxide; pollutants; adsorption

1. Introduction

The discovery of graphene [1] changed the scenario of the research world of nanoma-
terials. Graphene and its derivatives have become one of the most fascinating and hottest
research topics in the empire of carbon nanomaterials [1–9], because of their versatile
properties like high surface area, high mechanical strength, and excellent electrical and
thermal conductivities, and promising applications in the field of material science and
engineering, including energy storage, catalysis, drug delivery, sensing and biosensing, and
water treatment [10–18] Various methods have been employed to produce graphene and
its analogue, reduced graphene oxide (rGO). In particular, chemical reduction of exfoliated
graphene oxide (GO) is efficient and advantageous in the large-scale production of rGO,
because high-quality rGO with a relatively lower oxygen content can be obtained at a low
cost in a short time [19,20]. Despite the significant advantages of this method, uses of toxic
and dangerously unstable reducing agents including sodium borohydride [21], hydrazine
and its derivatives [22,23], hydroquinone [24], and hydrogen sulfide [25] are a major limita-
tion due to the requirements of exceptional care for handling and environmental hazard.
Therefore, environmentally friendly and facile alternative methods are highly demanded
to resolve the above-mentioned limitations. Aqueous-phase reduction of GO, utilizing safe
and abundant natural sources as reducing agents, is a pioneering approach for efficient
green and facile methods [2,3,26,27]. Among the various natural sources, plants allow
scalable, safe, and cost-effective processes. Reported plant sources as reducing agents
for the reduction of GO to rGO include green tea [6], mango leaves and potato [28], Aloe
vera [29], eucalyptus bark [30], sugarcane bagasse [31], kaffir lime peel [32], Terminalia
chebula seed [33], and rose water [34]. These green-synthesized rGOs were investigated for
applications in sensing, photocatalysis, electrochemical charge storage, etc. Furthermore,
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some of these green synthesized rGOs have the tremendous ability to adsorb organic
dyes [29,31,32,35]. Although a lot of plants have been investigated, plant sources accessible
regardless of the region are still attractive for practical uses.

Lemons have a special taste and aroma and are extensively fed on globally. Lemon
[Citrus limon (L.) Burm] is the second maximum planted citrus fruit [36]. As of 2016, India
has been the world’s main lemon producer with 2.98 million tons of yearly manufacturing,
while Mexico secured the second position with 2.43 million tons, and China become third
with 2.33 million tons (www.atlasbig.com) (accessed on 8 October 2021) [37]. The huge pro-
duction of lemons represents its high commercial value and consumption flow. Lemons are
rich in phytochemicals including ascorbic acid, citric acid, sugars, and polyphenols [38–41]
that can serve as reducing agents for the synthesis of various metal nanoparticles from
their corresponding metal ions [42–44]. Specifically, the high contents of ascorbic and
citric acids in lemons are well known, and the detail of the typical composition of lemon
juice is summarized in a review by Szopa et al. [45]. Gurbani et al. employed a biogenic
strategy for the fabrication of rGO using lemon juice [46]. The rGO based on lemon juice
hybridized with Pt exhibits a higher catalytic ability in hydrogen production by water
splitting than rGO prepared by reduction with ascorbic acid, while the optimization of
synthetic conditions has not been addressed.

Therefore, in this paper, we demonstrate the preparation of rGO using lemon juice
as an abundant, efficient, and economical reducing agent through a simple, ecofriendly,
and cost-effective approach by optimizing the synthetic conditions and application of the
obtained rGO as a potential adsorbent for the removal of dyes using methylene blue (MB)
as a model compound.

2. Materials and Methods
2.1. Collection of Lemon Juice

Yellow lemon was purchased from a supermarket in Yonezawa city of Yamagata
prefecture, Japan, and thoroughly washed with deionized distilled water. The juice was
collected by squeezing the lemon followed by centrifugation (13,000 rpm, 10 min) and
filtration, and finally stored at 4 ◦C for further use.

2.2. Materials

Graphite powder purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium
borohydride (NaBH4), sodium nitrate (NaNO3), hydrogen peroxide (H2O2), sulfuric acid
(H2SO4), MB, and sodium hydroxide (NaOH) were purchased from Kanto Chemical Co.
Inc. (Tokyo, Japan). Potassium permanganate (KMnO4) was obtained from Tokyo Chemical
Industry Co. Ltd. (Tokyo, Japan). All of the reagents were of analytical grade and were
used directly without further purification. Deionized (DI) water was used throughout
the study.

2.3. Measurements

UV-vis spectroscopic analysis was carried out on a HACH (Loveland, CO, USA)
DR 5000 spectrometer. Absorption spectra were recorded at a resolution of 1 nm within
200–800 nm. Fourier-transform infrared (FTIR) spectra were recorded on a Shimadzu
(Tokyo, Japan) IRSprit spectrometer equipped with a Shimadzu QATR-S single-reflection
ATR accessory and a diamond prism with 32 scans (both for sample and air background)
and a scan rate of 4 cm−1 s−1 approximately at 25 ◦C in the range of 400 to 4000 cm−1.
Approximately 0.5 mg of samples were used for the measurements. Scanning electron
microscopy (SEM) measurement was conducted on a Hitachi (Tokyo, Japan) SU-8000
microscope at accelerating voltages of 10 and 15 kV. Energy-dispersive X-ray spectroscopy
(EDX) analysis was conducted on a JEOL (Tokyo, Japan) JSM-6510A analytical scanning
electron microscope equipped with a JEOL JED2300 EDX spectrometer operated at an
acceleration voltage of 10 kV using sample as a compressed disk placed on an SEM pin
with the help of double-sided carbon tape. Transmission electron microscopy (TEM)
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measurement was conducted on a JEOL TEM-2100F field emission electron microscope.
X-ray diffraction (XRD) analysis was conducted on a Rigaku (Tokyo, Japan) MiniFlex
600 diffractometer with Cu-Kα radiation. Raman spectra were recorded on a JASCO
(Tokyo, Japan) RPM-320 spectrometer with a laser of 532 nm using powder samples.
Thermogravimetric analysis (TGA) was carried out on a Seiko Instruments (Tokyo, Japan)
TG/DTA 6200 (EXSTER6000) at a heating rate of 10 ◦C min−1 under N2.

2.4. Synthesis of Graphene Oxide (GO)

GO was prepared by a modified Hummer’s method based on previous reports [28,47].
Briefly, 2 gm of graphite powder was mixed with 80 mL of concentrated sulfuric acid under
ice bath conditions by maintaining the temperature below 0–5 ◦C. After 30 min, 2 gm of
sodium nitrate was added, and the mixture was stirred for 1 h. Then, 12 gm of KMnO4
was added slowly to the mixture, and the temperature was controlled below 10 ◦C with
stirring for 1 h. Subsequently, the flask was transferred to an oil bath, maintained at 40 ◦C,
and the mixture was constantly stirred for 2 h. After the addition of 80 mL of water, the
mixture was stirred for another 1 h at 90 ◦C, and then, at room temperature overnight.
To control the pH of the reaction medium and to terminate the reaction, 180 mL of water
and 20 mL of H2O2 were sequentially added to the reaction mixture. The color of the
suspension changed from brown to light yellow indicating oxidation of graphite to GO.
After centrifugation of the solution at 10,000 rpm for 10 min, GO was washed with 2 M
HCl to remove metal ions and with distilled water several times. The resulting GO was
vacuum-dried at 50 ◦C for 24 h and stored for further use for the preparation of rGO.

2.5. Green Synthesis of rGO Using Lemon Juice (Typical Procedure)

GO (50 mg) was mixed with 20 mL of lemon juice by sonication, and the pH of the
mixture was adjusted to 12.3 using 4 M aqueous NaOH. Then, the mixture was stirred
in an oil bath at 80 ◦C for 2 h. After that, the resultant black product was collected by
centrifugation and washed with water four times. Then, the product was vacuum-dried
for 24 h at 50 ◦C and stored at 25 ◦C for further use.

2.6. Preparation of Methylene Blue (MB) Solutions

A stock solution of 1000 mg/L MB was made by dissolving MB powder in water. The
solution used in the experiments was prepared by diluting the stock solution.

2.7. The Adsorption of MB on rGO

To evaluate the adsorption kinetics and the effect of contact time (batch tests), ad-
sorption of MB was carried out by adding 15 mg of rGO into 100 mL of 20 mg/L MB
solution in a 200 mL round bottom flask. The resulting mixture was stirred at 150 rpm
using a magnetic stirrer up to 2.5 h at three different temperatures (25, 40, and 60 ◦C). At
the specified time, rGO was precipitated by centrifugation at 10,000 rpm for 5 min, and the
final concentration of MB in the supernatant was determined from optical absorption at
665 nm. Similarly, adsorption isotherm was obtained by batch experiments adding 10 mg
of rGO in 100 mL of MB solutions with different concentrations in the range of 8–20 mg/L
with the step of 2 mg/L at 25 ◦C. Dependence of removal of MB on the mass of rGO was
determined by using different addition masses of rGO (4–9 mg with the step of 1 mg) into
a series of Erlenmeyer flasks, which contain 50 mL of 20 mg/L MB solution. The effect
of pH in the range of 2–9 (step size: 1) was studied by adding 8 mg of rGO in 100 mL of
16 mg/L MB solution at 25 ◦C. The initial pH of the MB solution was adjusted by HCl
(0.1 M) and NaOH (0.1 M).

The adsorption capacity (qt, the amount of adsorbed MB per unit mass of adsorbent)
of rGO was calculated by the following equation [35]:

qt =
(C0 − Ct)V

W
(1)
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where C0 and Ct are the concentrations (mg/L) MB at initial and at time t, respectively;
V represents the volume of the solution (L); and W is the adsorbent mass (g). Ce (mg/L)
and qe denotes the equilibrium concentration and the equilibrium adsorption capacity,
respectively. The removal efficiency (RE%) was calculated by the following equation [35,48]:

RE% =
(C0 − Ce)

C0
× 100 (2)

3. Results and Discussion
3.1. Characterization

The reduction of GO to rGO was carried out using lemon juice as an efficient and
economical green reducing agent. The change of the color of the reaction mixture from
brownish to deep black indicates the reduction of GO. The reduction of GO to produce rGO
was first confirmed by UV-vis spectroscopy with the characteristic absorption peaks of GO
and rGO (Figure 1). We employed rGO prepared by the reduction of GO with lemon juice
at 80 ◦C for 2 h. The absorption spectrum of GO exhibits a peak at 231 nm corresponding
to the π – π * transitions, whereas the spectrum of rGO shows a broad absorption peak
around 272 nm due to the π – π * transitions of more conjugated double bonds [30]. In
addition, the cut-off wavelength significantly shifted to the infrared region. This change
indicates that the conjugated structures were regenerated by the reductive removal of
oxygen functionalities in GO cleaving the conjugated system.

Technologies 2021, 9, x FOR PEER REVIEW 5 of 21 
 

 

 
Figure 1. (a) UV-vis spectra of GO and rGO synthesized using lemon juice (conditions: pH = 12.3, 
80 °C, and 2 h; dispersed in water) and Tauc plots of (b) GO and (c) rGO for the optical band gap 
determination. 

The time-dependent progress of the reaction was monitored by UV-vis spectroscopy 
(Figure 2). The absorption maxima red-shifted as time with the increasing of the absorp-
tion intensity. The spectra show that the red shift reaches the characteristic peak of rGO 
at 272 nm at 30 min and that the intensity becomes identical, suggesting the completion 
of the reduction. The slight difference in the peak intensity probably originates from the 
sedimentation of rGO during the reaction and measurement due to the low dispersibility 
as the loss of the functional groups by the reduction. 

Figure 1. (a) UV-vis spectra of GO and rGO synthesized using lemon juice (conditions: pH = 12.3,
80 ◦C, and 2 h; dispersed in water) and Tauc plots of (b) GO and (c) rGO for the optical band
gap determination.



Technologies 2021, 9, 96 5 of 20

The optical band gap energy was estimated from UV-vis results using the following
Tauc’s expression [49]:

αhν = B
(
hν − Eg

)m (3)

where α is the absorption coefficient, B is a constant, hν is the photon energy, Eg is the
optical band gap and m = 1

2 for direct allowed transitions. The optical band gap was
obtained from the extrapolation of the linear region to the x-axis of the (αhν)2 vs. hν plot
(Figure 1b,c). The optical band gap of GO decreases from 4.25 eV to 2.95 eV upon the
reduction by lemon juice, supporting the formation of rGO. A similar trend was reported
for the reduction of GO using the gas-based hydrazine method by Mathkar et al. [50]
and for the reduction of GO using mild reagents (glucose, fructose, and ascorbic acid) by
Velasco-Soto et al. [51].

The time-dependent progress of the reaction was monitored by UV-vis spectroscopy
(Figure 2). The absorption maxima red-shifted as time with the increasing of the absorption
intensity. The spectra show that the red shift reaches the characteristic peak of rGO at
272 nm at 30 min and that the intensity becomes identical, suggesting the completion of
the reduction. The slight difference in the peak intensity probably originates from the
sedimentation of rGO during the reaction and measurement due to the low dispersibility
as the loss of the functional groups by the reduction.
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Figure 2. Time-dependent UV-vis spectra of the reaction mixture of the reduction of GO to rGO using
lemon juice (conditions: pH = 12.3 and 80 ◦C).

To understand the role of temperature on the reduction of GO by lemon juice, the
reaction was conducted at different temperatures and the obtained rGO was characterized
by UV-vis and FTIR spectroscopy and XRD analysis (discussed later). UV-vis absorption
spectra of reaction mixtures (Figure 3) show that the intensity of absorption maxima
increased as the temperature increased, indicating speeding up of the reduction.

The surface functionality of GO and rGO was evaluated by FTIR analysis. Figure 4
shows the FTIR spectra of GO and rGO synthesized using lemon juice at different tempera-
tures, clearly reflecting the removal of the oxygen functionalities in GO.
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Figure 4. FTIR spectra of GO and rGO synthesized using lemon juice at different temperatures
(conditions: pH = 12.3 and 2 h).

The spectrum of GO exhibits a broad band at 3447 cm−1 of the O–H stretching of the
hydroxyl group [17,28,52]; sharp peaks of the C=O stretching at 1705 cm−1 [15,28] and
C=O bending at 1610 cm−1 [28]; and C–O stretching of C-O-H stretching at 1056 cm−1,
ester group (C–O) at 1398 cm−1, and epoxy groups at 1215 cm−1 [3,6,52,53]. In the spectra
of rGO, the peaks at 1705 cm−1 are completely unobservable, while the intensities of the
peaks at 1056 cm−1 and 3447 cm−1 gradually decreased due to the accelerated reduction of
GO as the temperature increased. The signals finally became almost unobservable as can
be confirmed by the low signal to noise ratios, indicating that the oxygen functionalities
are adequately removed in comparison to the previously reported rGO based on lemon
juice [46]. The intensity of detectable peaks that appeared in the range of 1000–1400 cm−1

was considerably weaker. By contrast, the peak at 1570 cm−1 unobservable for GO is
assignable to the in-plane vibration of the C=C skeleton and adsorbed phytochemicals,
mainly carboxylate moieties of lemon juice [44]. These changes in FTIR spectra clearly
indicate that GO was successfully reduced to rGO and higher temperatures make GO
reduction more convenient.



Technologies 2021, 9, 96 7 of 20

To characterize the interlayer spacing and crystal structure, powder XRD analysis
was carried out. Figure 5 shows the XRD patterns of graphite powder, GO, and rGO
synthesized using lemon juice at different temperatures.

Technologies 2021, 9, x FOR PEER REVIEW 7 of 21 
 

 

 
Figure 4. FTIR spectra of GO and rGO synthesized using lemon juice at different temperatures (con-
ditions: pH = 12.3 and 2 h). 

The spectrum of GO exhibits a broad band at 3447 cm−1 of the O–H stretching of the 
hydroxyl group [17,28,52]; sharp peaks of the C=O stretching at 1705 cm−1 [15,28] and C=O 
bending at 1610 cm−1 [28]; and C–O stretching of C-O-H stretching at 1056 cm−1, ester 
group (C–O) at 1398 cm−1, and epoxy groups at 1215 cm−1 [3,6,52,53]. In the spectra of rGO, 
the peaks at 1705 cm−1 are completely unobservable, while the intensities of the peaks at 
1056 cm−1 and 3447 cm−1 gradually decreased due to the accelerated reduction of GO as 
the temperature increased. The signals finally became almost unobservable as can be con-
firmed by the low signal to noise ratios, indicating that the oxygen functionalities are ad-
equately removed in comparison to the previously reported rGO based on lemon juice 
[46]. The intensity of detectable peaks that appeared in the range of 1000–1400 cm−1 was 
considerably weaker. By contrast, the peak at 1570 cm−1 unobservable for GO is assignable 
to the in-plane vibration of the C=C skeleton and adsorbed phytochemicals, mainly car-
boxylate moieties of lemon juice [44]. These changes in FTIR spectra clearly indicate that 
GO was successfully reduced to rGO and higher temperatures make GO reduction more 
convenient. 

To characterize the interlayer spacing and crystal structure, powder XRD analysis 
was carried out. Figure 5 shows the XRD patterns of graphite powder, GO, and rGO syn-
thesized using lemon juice at different temperatures. 

 

Figure 5. XRD patterns of graphite powder, GO and rGO synthesized using lemon juice at different
temperatures (conditions: pH = 12.3 and 2 h).

The XRD pattern of graphite powder exhibits a characteristic diffraction peak at 26.6◦

corresponding to the basal reflection (002) with an interlayer d-spacing of 0.335 nm [30]. On
the other hand, the diffraction peak of GO appeared at a lower diffraction angle of 12.04◦

with interlayer d-spacing of 0.734 nm widened the presence of functional groups and the
intercalation of water molecules. The XRD patterns of rGO prepared by the reduction of
GO with lemon juice at different temperatures shows a broad peak approximately at 24◦. At
lower temperatures, the GO peak is still observed with a broad shoulder of the characteristic
peak of rGO, indicating the incomplete reduction of GO. As the temperature increased
the sharpness and intensity of the peak improved. At 80 ◦C, the peak was observed at
24.26◦ with interlayer d-spacing of 0.367 nm, while the diffraction peak at 12.04◦ [30] was
unobservable, indicating the completion of GO reduction. This interlayer spacing of rGO,
identical to those of previously reported rGO and close to that of graphite, indicates the
efficient removal of oxygen functionalities of GO by reduction [6,30,54]. However, the
shape of the characteristic diffraction of rGO produced in this work is broader than the
previously reported lemon-juice-based rGO, showing both shape and broad peaks [46].
The sharp peak is assignable to the graphitic structure that remained unreacted in the GO
precursor, and the sufficient oxidation to GO probably resulted in the formation of well-
exfoliated rGO in this work. The broad and weak (002) reflection of rGO is also attributed
to a small size (<1 µm) and disordered stacking of rGO sheets, as similarly reported by
Penki et al. [55].

Overall, at 25 ◦C, all the analytical data indicate that the reaction does not proceeds
insufficiently and that the product partially contains the GO structure. At 40 ◦C, the UV-
vis and IR spectra show that the reaction proceed more than 25 ◦C but less than 60 ◦C,
and the XRD profile shows the absence of the diffraction originating from layers of GO.
The identical UV-vis spectra of the products obtained at 60 and 80 ◦C indicate that the
conjugation length of rGO reached effective conjugation length of UV-vis spectroscopy.
The XRD profiles indicate that the diffraction of rGO obtained at 80 ◦C is clearer than
that obtained at 60 ◦C containing a trace amount of functional groups as confirmed by
the IR spectra. Therefore, the rGO synthesized at 80 ◦C for 2 h was used for further
characterizations and adsorption study.

Electron microscopy analysis was employed for morphological studies of the ob-
tained rGO. Figure 6 shows the SEM images GO and rGO. The SEM image of GO shows
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the 3D-stacked layers of GO sheets. By contrast, the SEM image of rGO shows exfoli-
ated and separated few layers of sheets in a similar manner with previously reported
rGO [31,35,52,56].
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The TEM image (Figure 7) also proved that the lemon juice-based synthetic process suc-
cessfully produced exfoliated nano-sheets of rGO. The number of layers of 2D nanosheets
of rGO cannot be determined exactly, but the absence of graphitic aggregates indicates the
efficient formation of exfoliated rGO sheets.
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A qualitative analysis of the graphene structures in GO and rGO synthesized using
lemon juice was carried out by Raman spectroscopy (Figure 8). The Raman spectra of GO
exhibited the D and G bands as the major characteristic bands at 1348 cm−1 and 1589 cm−1,
respectively, which are shifted to 1344 cm−1 (D band) and 1574 cm−1 (G band) after
reduction. This behavior complies with the previously reported works [52,53,57,58]. The D
band corresponding to sp3 carbon atoms results from the formation of structural defects,
whereas the G band referred to the vibration of sp2 carbon atoms. The intensity ratio of the
D band and G band (ID/IG) can be used to estimate the degree of disorder in the graphitic
structure [3,58], where the higher ID/IG values of rGO than their counterparts suggest
a high degree of disorder, in contrast, the lower values indicate fewer defects [56,59–61].
As shown in Figure 8, the ID/IG value of rGO is calculated to be 1.05, which is closely
resembles the value of GO (1.04), indicating that the obtained rGO contains a structural
disorder almost identical to GO. Whereas previously reported lemon juice-based rGO (0.99)
exhibited fewer structural defects than GO (0.83) [46], it is unable to compare the difference
with this work due to the presence of the graphitic domain in GO in the previous work.
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Figure 9 illustrates the EDX spectra of rGO synthesized using lemon juice and GO.
The spectrum of rGO (C = 81%, O = 16%, and Na = 3%) exhibits a higher intensity ratio
of carbon to oxygen than that of GO (C = 61% and O = 39%). The higher intensity ratio
of carbon to oxygen originated from the elimination of the oxygen functionalities in GO
during the reduction process, confirming the formation of rGO using lemon juice. In the
case of rGO, the peak at ~1.1 keV associated with Na in sodium carboxylate moieties
probably originating from NaOH contained in the reaction medium.
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The thermal stability of rGO was evaluated by TGA (Figure 10). The TGA curve of GO
shows a three-stage weight loss. The first weight loss of approximately 17% before 120 ◦C
can be attributed mainly to the removal of water molecules trapped between GO sheets.
The next approximately 32% weight loss up to 300 ◦C originates mostly from the pyrolysis
of functional groups. The third weight loss from 300 ◦C to 800 ◦C, was approximately 15%,
which corresponds to the elimination of remaining functional groups and combustion of
the carbon skeleton of GO. The TGA curve of rGO shows the first to third weight losses
of approximately 10, 15, and 15%, respectively. The lower weight losses than that of GO,
specifically at the first and second stages, are due to the removal of the functional groups.
Previous works reported by Gan et al. [31] and Hou et al. [62] also showed a similar trend
of weight losses for GO and rGO.
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3.2. Adsorptions Kinetics

The adsorption of MB onto obtained rGO in an aqueous medium was studied at three
different temperatures (298, 313, and 333 K) using 20 mg/L of MB and 25 mg of rGO. In
every case, rapid adsorption took place within the first 15 min, and then the rates were
slowed down. The adsorption reached equilibria in 90 min (Figure 11a) with a removal
efficiency of 98 to 99% (Figure 11b). Thus, we set 90 min as the reference time for the
upcoming adsorption study.
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The experimental data were fitted to four kinetic models, namely pseudo-first and
pseudo-second orders, intraparticle diffusion (IPD), and Boyd kinetic models [29,35,57,63,64]
(Figure 12), and the obtained parameters of the adsorption kinetics of MB on rGO are
summarized in Table 1. The kinetic model plots fitted the pseudo-second-order model
(Figure 12b) better than the pseudo-first-order model (Figure 12a) as can be confirmed
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by the higher correlation coefficients (R2) exceeding 0.999. In addition, the calculated qe
(cal) values from the pseudo-first-order model (93.4, 77.1, 86.6 mg/g) were lower than the
experimental data (104.3, 104.2, 105.4 mg/g), while the values from the pseudo-second-
order model (111.1, 108.7, 111.1 mg/g) agreed well with the experimental data. The kinetics
obeying the pseudo-second-order kinetic model means that the adsorption of MB on rGO
synthesized using lemon juice is mostly controlled by chemisorption.

Table 1. Parameters obtained from different kinetics models for MB adsorption on rGO a.

Models and Equations Temperature Parameters
K1 (×10−2/min) qcal (mg/g) qexp (mg/g) R2

pseudo–first order
log(qe − qt) = logqe − k1

2.303 t

298 K
313 K
333 K

6.1
6.2
6.2

93.4
77.1
86.6

104.3
104.2
105.4

0.998
0.977
0.989

K2 (×10−3

g/(mg·min)
qcal (mg/g) qexp (mg/g) R2

pseudo–second order
t
qt

= 1
k2q2

e
+ t

qe

298 K
313 K
333 K

1.4
1.9
1.6

111.1
108.7
111.1

104.3
104.2
105.4

0.999
0.999
0.999

kdif
(mg/(g·min1/2)) Ri C (mg/g) R2

Intraparticle diffusion 298 K 3.4 0.34 69.6 0.733
qt = kdi f t1/2 + C 313 K 2.8 0.28 75.5 0.659

Ri =
qre f −C

qre f
333 K 3.2 0.32 72.6 0.667

R2

Boyd kinetic 298 K 0.998
Bt = −0.4977 − ln(1 − F) 313 K 0.977

F =
qt
qe

333 K 0.989

a Conditions: CMB0 = 20 mg/L, V = 100 mL, WrGO = 15 mg.

The transport mechanism of the adsorption process was investigated by the Weber
and Morris intra-particle diffusion (IPD) [56] and Boyd kinetic [57] model. IPD model
considers multi-linearity in qt vs. t1/2 plots with two or three steps in the whole adsorption
process. If a plot becomes a straight line passing through the origin, the intra-particle
diffusion is the rate-limiting step. In our study, the plots of the IPD model consisted of
two parts and did not pass through the origin (Figure 12c), indicating that intraparticle
diffusion is not the rate-limiting step of this adsorption process. The initial and later stages
are associated with the transportation of MB to the exterior surface of rGO and gradual
adsorption, respectively. In addition, calculated Ri values less than 0.5 also testify surface
adsorption of MB on rGO [58]. Furthermore, the actual rate-limiting step was determined
with the help of the Boyd kinetic model, where the Boyd number, Bt was plotted against
time, t (Figure 12d). If a plot shows a linear relationship and passes through the origin,
the intra-particle diffusion is the rate-limiting step, on the other hand, if the plot is linear
and does not pass through the origin, external mass transfer is the rate-limiting step. In
our study, the plots of the Boyd model provided a linear relationship without passing
through the origin (Figure 12d). Thus, the transportation of MB to the exterior surface of
rGO governs the rate-limiting step of the adsorption process. A similar result was reported
for the adsorption of MB on rGO by Bhattacharya et al. [27].
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Figure 12. Adsorption kinetics of adsorption of MB by rGO for (a) pseudo–first order,
(b) pseudo–second order, (c) intraparticle diffusion (IPD), and (d) Boyd kinetic models (conditions:
CMB0 = 20 mg/L, V = 100 mL; WrGO = 15 mg).
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3.3. Adsorption Isotherm

The interaction of dyes with adsorbents can be interpreted from adsorption properties
and equilibrium data, which is referred to as the adsorption isotherm. The adsorption
isotherms were studied at 298 K over a span of 90 min. In this study, we applied the
Langmuir, Freundlich, and Temkin models. The observed results are displayed in Figure 13
and the parameters are summarized in Table 2 with the mathematical expressions.
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Table 2. Constant parameters and correlation coefficients calculated for different adsorption isotherm
models at different temperatures for MB adsorption on rGO.

Models and Equations Constants
Langmuir qm (mg/g) 130.2

Ce
qe

= 1
qmb + Ce

qm
; RL = 1

1+bC0

RL (C0 = 8 mg/L
C0 = 10 mg/L
C0 = 12 mg/L
C0 = 14 mg/L
C0 = 16 mg/L
C0 = 18 mg/L)

0.0245
0.0197
0.0164
0.0141
0.0124
0.011

b (L/mg) 4.98
R2 0.988

Freundlich n 4.11
KF (mg/g(L/mg)1/n) 99.7

ln qe = ln KF + 1
n ln Ce R2 0.898

Temkin bT 102.76
AT (L/g) 67.33
B (J/mol) 24.1qe = B ln AT + B ln Ce;

considering B = RT
bT R2 0.852

The adsorption behavior fitted best to Langmuir’s model. The Ce/qe vs. Ce plot for
the adsorption of MB on rGO shows a linear relationship with a good correlation coefficient
(R2) of 0.988. By contrast, the plots of Freundlich and Temkin models, typically suitable for
systems with heterogeneous surface and adsorbate-adsorbate interactions respectively, are
not linear with low R2. This result indicates the homogeneous surface of rGO for mono-
layered adsorption. In addition, the dimensionless constant RL referred to as the separation
factor or the equilibrium parameter was calculated, and the obtained values (Table 2) lie be-
tween 0 to 1, indicating favorable adsorption isotherm. Moreover, the calculated maximum
amount of dye per unit weight of adsorbent for complete monolayer coverage (qm) value
was comparable to the experimental values, testifying to the applicability of the Langmuir
isotherm model. Compared with other reported graphene-based adsorbents, rGO produced
in this study exhibits a qm value (130.2 mg/g) higher than exfoliated GO (17.3 mg/g) [57],
rGO-based hydrogel (7.85 mg/g) [11], nanocomposite of β-cyclodextrin/magnetic GO
(94 mg/g) [65], interconnected rGO (106.0 mg/g) [66], rGO (121.95 mg/g) synthesized
using citric acid [35], glycine-functionalize rGO (117.6 mg/g) [63], suggesting that lemon
juice-based rGO is a prominent candidate for removal of organic pollutants.

3.4. Effect of Mass of rGO

The maximum efficiency of this rGO toward the adsorptions of MB over rGO was
investigated using different masses of rGO (4–9 mg) toward a fixed initial concentration
of MB (20 mg/L) at 298 K. The effect of the mass of rGO on the adsorption of MB is
demonstrated in Figure 14. The removal efficiency of MB increased from 69.0 to 99.3% by
an increase of rGO from 4 to 9 mg due to the increase in the adsorption sites. In contrast,
the adsorption capacity dropped from 143.6 to 89.0 mg/g as the increase of mass of rGO
from 5 to 9 mg due to the increase in the unutilized adsorption sites.
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3.5. Effect of the Initial Concentration of MB

The effect of the initial concentration of MB on the adsorption process was demon-
strated in Figure 15. The experiments were carried out using 10 mg of rGO to 100 mL of
MB solution at 298 K. The removal efficiency decreased from 96.6 to 67% as the increase
of the concentration of MB from 8 to 18 mg/L with a steady-state (87.3 to 85.1%) at the
concentration range of 12 to 18 mg/L. At lower concentrations of MB, enough amounts
of rGO resulted in high efficiency. As the increase of concentration of MB, the active sites
become saturated, resulting in lower dye removal efficiency in spite of the increase of qe.
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to the incomplete recovery of adsorption sites because some of the adsorption sites were 
blocked by a trace amount of MB or its degraded products that are produced at higher pH 

Figure 15. Effect of the initial concentration of MB on the adsorption process (WrGO = 10 mg,
V = 100 mL, T = 298 K).

3.6. Effect of pH

The effect of pH was investigated at 298 K using 16 mg/L MB solution with 8 mg of
rGO (Figure 16). The removal efficiency increased with increasing pH. Under highly acidic
conditions, the basic moieties in MB (pKa = 2.6) accept protons to make MB di-cationic, and
the high polarity of MB results in low affinity with the hydrophobic rGO surface, leading
to very low removal efficiency. As the pH gets higher, MB becomes stably mono-cationic
with a moderate amphiphilicity, and the adsorption becomes preferable to enhance the
removal efficiency [54,67,68]. It is reported that the decrease in the cationic nature of MB in
basic media increasingly facilitates its adsorption [54,69].
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Figure 16. Effect of pH on the adsorption of MB on rGO (CMB0 = 16 mg/L, WrGO = 8 mg, V = 100 mL,
T = 298 K).

3.7. Recycling and Reuse Study

The reusability of rGO was examined by four successive adsorption/desorption cycles
according to the method developed by Aboelfetoh et al. [70] (Figure 17). The desorption
of MB from spent rGO was conducted by separating rGO by centrifugation, followed
by sequential washing with 0.1 M NaOH (aq), diluted ethanol (aq), and distilled water.
Figure 17 indicates that the removal efficiency was above 80% even after four cycles of its
usage with a decrease in the efficiency from 95.5 to 80.4%. This decrease can be attributed
to the incomplete recovery of adsorption sites because some of the adsorption sites were
blocked by a trace amount of MB or its degraded products that are produced at higher
pH during the desorption processes as confirmed by the appearance of two tiny peaks at
1375 and 1315 cm−1 assignable to the aromatic rings in the FTIR spectrum of rGO after
being used for three consecutive adsorption-desorption cycles (Figure 18). Presumably,
MB or its degraded products are attached with rGO either by physical adsorption or any
chemical bond formation with the functional groups of rGO. By contrast, the morphology
of rGO was not changed as confirmed from the SEM image of rGO (Figure 19) showing
the exfoliated and separated few layers of sheets used for three consecutive adsorption-
desorption cycles. Thus, it can be supposed that the high significant reusability of rGO
suggests its potential for broad applications.
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4. Conclusions

A successful green approach was demonstrated for the reduction of GO to exfoliated
rGO using lemon juice as an efficient, cheap, and green reducing agent. The excellence
of this method is its low cost, avoidance of toxic agents and hazardous wastes, worthy
elimination of functional groups from GO, and scalability. The adsorption study performed
on MB revealed that rGO exhibits fast dye adsorption with a maximum adsorption capac-
ity of 132.2 mg/g. The adsorption process follows pseudo-second-order kinetics and is
best described by the Langmuir isotherm model. In addition, synthesized rGO showed
good recyclability. The present study indicates that lemon juice is an ideal substitute for
hazardous reducing agents like sodium borohydride, hydrazine, and dimethylhydrazine
in the large-scale synthesis of rGO. The high adsorption ability of rGO originates from the
high efficiency of exfoliation. Therefore, further investigation on the applications of lemon
juice-based rGO will lead to industrial applications.
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