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Abstract: Kaffir lime peels extract was used as an agent for the reduction of graphene oxide (GO) into
reduced graphene oxide (rGO) via a simple room temperature-dispersion process. The GO obtained
from the Hummers process is dispersed in polyphenols rich extract at a varied GO-to-extract ratio
of 1:1, 1:2, 1:3, and 1:4. The formation of rGO was confirmed through SEM, FTIR, XPS, XRD, and
N, sorption characterization. The restoration of C=C group and the reduction of several oxygen-
containing groups confirmed the successful formation of rGO from GO. The resultant rGOs were used
in the adsorption system for methylene blue uptake. The results indicated that the rGOs prepared at
a GO-to-extract ratio of 1:2 had the highest adsorption capacity than rGO at other ratios. The XPS
spectrum analysis of rGO 1:2 showed a higher C-C/C-O ratio than the other rGOs, indicating a higher
number of adsorption sites which aid in improving the adsorption performance. The adsorption
isotherm and kinetic studies were conducted to gain insight into the mechanism and rate of methylene
blue uptake by the rGOs. The adsorption isotherm systems were consistent with Langmuir isotherm
model with the highest adsorption capacity of 118 mg g™ by rGO 1:2. The kinetic adsorption data
are well represented by the pseudo-second order model, the adsorption equilibrium was achieved

within 400 min with the overall uptake rate of 0.3 mg g~ min~!.

Keywords: reduced graphene oxide; kaffir lime peels; methylene blue; adsorption; green route

1. Introduction

The use of graphene-derived adsorbents to remove toxic substances in water and
wastewater has received considerable attention, owing to their high surface area and ex-
cellent adsorption performance [1-6], with graphene oxide (GO) and reduced graphene
oxide (rGO) being the two most popularly used graphene-derivatives. GO is well-known
for its rich oxygen-containing groups, i.e., epoxy and hydroxyl (located at the basal plane),
carbonyl and carboxyl (at the edge); these groups contribute in creating electrostatic at-
traction with the solute molecules [7]. The rGO is the reduced form of GO prepared via
oxygen-containing group elimination from GO. Several recent studies have reported better
adsorption performance of rGO than GO; the scarcity or absence of oxygen-containing
groups of rGO allows direct exposure of the aromatic structure to the solute molecules,
thereby establishing the 7— interaction that can increase adsorption capacity [2,8,9]. Fur-
thermore, rGO is usually decorated with defects, including residual oxygen-containing
groups and vacancies, that are formed due to imperfect reduction of GO [10]. The de-
fects in rGO are responsible for its poor electrical conductivity which is undesirable in its
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application in electronic devices. However, for its application in adsorption, the defects
synergistically act as additional adsorption sites which contribute to enhance the adsorption
capacity [8,11].

There are various reduction methods available for the conversion of GO into rGO,
including chemical reduction [12-14], biological reduction [15], solvothermal reduction [16],
photo-mediated reduction [17,18], microwave radiation-induced reduction [19,20], etc. The
chemical reduction method is widely performed in preparing rGO, since it can produce
rGO with a high C/O ratio [12,21] and high surface area [14]. The major drawback of the
chemical method is the use of toxic chemicals, which can potentially cause negative envi-
ronmental issues; the use of natural-derived (green) reducing agents has been proposed as
a breakthrough to overcome this drawback. The green reducing agents without toxic effects
on the environment can be obtained from plants, in the form of polyphenol-containing
extracts obtained from various parts such as flowers, fruits, leaves, bark, seeds, bud, roots,
etc. [22-24]. In recent advances, the use of agricultural waste as a source of polyphenol-
containing extract can provide not only environmentally friendly but also cost-effective
material. For example, Gan et al. demonstrated the ability of sugarcane bagasse to reduce
GO in aqueous system [25]. Sugarcane bagasse mainly contains polymer complex such as
lignin, hemicelluloses, and cellulose that yield reducing sugars after acid treatment. These
sugars act as both reducing and stabilizer agent [26]. Tamilselvi et al. reported the rGO
preparation using coconut waste via simple catalytic oxidation [27].

In this study, the extract of kaffir lime peels is utilized to prepare the reducing agent to
convert GO into rGO. Kaffir lime (Citrus hystrix) is a tropical fruit native to Southeast Asia,
the leaves and fruit of which are widely used in Asian cuisine. In addition, the intense citrus
fragrance and high essential oil content of kaffir lime make it widely used in perfumery.
However, the use of kaffir lime peels is still rare. The kaffir lime peels possess high levels of
polyphenols [28,29] which can be a potential reducing agent for GO to produce rGO, i.e., the
total phenolic content of peel extract is 0.12 mg gallic acid equivalent per mg extract [30].

The aim of this work is to develop a simple, cost-effective, and environmentally
friendly method of rGO preparation using kaffir lime peel extract that opens new consider-
ation to utilize biomass waste. To understand the green route of GO reduction, different
amounts of extract were added to GO followed by an adsorption experiment to test the abil-
ity of rGO to remove methylene blue. Several characterization techniques were performed
to support the study:.

2. Materials and Methods
2.1. Materials

Graphite (Alrich, 99%), hydrochloric acid (Fluka™, 37%), sulfuric acid (Fluka™, 97%),
hydrogen peroxide (Sigma-Aldrich, 30%), potassium permanganate (SAP, >99.0%), and
methylene blue (Merck) were used as received. All chemicals were procured form Sigma
Aldrich, Singapore and Merck, Germany, and were used without additional purification.
Kaffir lime fruits were obtained from Ponorogo, East Java, Indonesia.

2.2. Preparation of rGO

GO was prepared by a modified Hummers method [31]. The preparation of GO was
accomplished by mixing the graphite (3 g) and sulfuric acid (70 mL) in an ice bath to
set the temperature below 20 °C. After that, KMnOy (9 g) was added and subsequently,
the mixture was transferred to an oil bath, and the temperature was maintained at 40 °C.
During the reaction, the mixture was continuously stirred at 600 rpm for 30 min prior to
adding 150 mL of RO water before the mixture was further stirred for another 15 min at
95 °C. Then, 500 mL of water was added, followed by slow addition of 15 mL of H,O,
(30%) to remove the residue. The yellow suspension obtained was filtered and washed
with dilute HCl solution of 1:10 (250 mL). The GO solution was repeatedly washed with
water to remove the content of all residual salts and acids. The neutralized GO solution
was then stirred overnight, followed by the sonication process to exfoliate the graphite
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oxide into graphene oxide. The GO dispersion was then stored for the reduction process;
rGO was prepared by mixing GO and kaffir lime peel extract with a ratio of 1:1, 1:2, 1:3,
and 1:4 (denoted as rGO 1:1, rGO 1:2, rGO 1:3, and rGO 1:4, respectively) for 8 h at room
temperature. The solid precipitates were separated, washed, and dried for future use.

2.3. Adsorption Experiment

To investigate the adsorption kinetic study, methylene blue stock solution with an initial
concentration of 50 mg L. was prepared and poured into a series of Erlenmeyer flasks without
any pH adjustment. The specific amount of rGO (5 mg) was added to each flask. The flasks
were placed in a shaking water bath (Memmert). The samples were taken at a different time
interval, and the concentration of the remaining methylene blue dye was determined by using
a spectrophotometer (Shimadzu-1240) at 665 nm. The percentage removal and the equilibrium
adsorption capacity (q) were calculated by Equations (1) and (2), respectively:

Co-Cf

% removal = (

q— (COT;Ce) .V 2

where Co, Cf, and Ce are the initial, final, and equilibrium concentrations of methylene
blue (mg L), respectively, m is the mass of rGO (g), and V is the solution volume. A
calibration curve with a series of methylene blue concentrations was prepared before to
determine the initial and final concentration.

The adsorption isotherm study was carried out by preparing a series of capped
Erlenmeyer flasks containing 20 mL of methylene blue solution. Subsequently, 5 mg of
rGO was added into each flask. The flasks were shaken for 400 min before to determine the
remaining methylene blue dye solution using a spectrophotometer at 665 nm.

) x 100% 1)

2.4. Characterization

The morphology of samples was observed using a scanning electron microscope (SEM)
(EVO MA-10, ZEISS). X-ray photoelectron spectroscopy (XPS) analysis was performed
using an Mg K« source from Thermo Fisher Scientific Multilab 2000 Spectrometer. The
charging of the sample was corrected by applying the C 1s peak at 284.8 eV as a reference.
IR spectra were recorded on a Shimadzu FI-IR spectrometer using KBr as a reference.
A disk of KBr/sample mixture with a ratio of 500:1 was prepared, and the absorbance
spectra of the disk were collected at a resolution of 4 cm™. The specific surface area was
analyzed by Nj sorption at —196 °C using Autosorb (Quantachrome Corp.). Prior to the
adsorption, samples were degassed at 300 °C for 3 h. Surface area was obtained by applying
the Brunauer—Emett-Teller (BET) equation. XRD samples were prepared by packing the
sample on a glass sample plate. The sample was scanned over the range (26) of 10° to 60°
with a scanning speed at 2° per minute.

3. Results and Discussion
3.1. Structural Characteristics

The surface morphology of GO and rGO was revealed by SEM analysis. The GO
appeared as a crumpled sheet with a flaky structure (Figure 1a) and some of the layers
were randomly aggregated. Figure 1b to 1le shows the morphology of GO after reduction
using kaffir lime peel extract at a GO-to-extract ratio of 1:1, 1:2, 1:3, and 1:4. The resultant
rGOs appeared as more crumpled (compare to GO) sheets with random orientation. The
crumpled features of rGO materials can be attributed to the oxygen reduction in the basal
plane of the sp2 carbon; during the reduction, the lamellas are being self-assembled via van
der Waal forces. The rGO prepared at lower extract ratios, namely 1:1 and 1:2, had sheets
that were highly wrinkled to form a cavity-like structure. Meanwhile, the rGO prepared at
a ratio of 1:3 and 1:4 had less wrinkled sheets.
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Figure 1. Morphology of: (a) GO and rGO obtained from different GO-extract ratio; (b) 1:1; (c) 1:2;
(d) 1:3; (e) 1: 4.

FTIR analysis was performed to investigate the functional groups alteration as the
GO were being reduced to rGO. The FTIR spectrum is presented in Figure 2. The FTIR
spectrum of GO shows a band at 1633 cm™L; the band arises due to the skeletal vibration
of unoxidized moiety of GO [32]. The band at 1500 cm ! can be attributed to the C-O
stretching vibration, and the band at 1706 cm™ can be assigned to aromatic C-C bonds of
carbonyl moieties (i.e., ketone, aldehyde-like, diketone, keto-esters) [13]. A broad band at
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around 3400 cm™ arises due to the O-H stretching vibration of oxygen-containing moieties,
such as carbonyl, carboxylic, epoxy and hydroxyl in GO [25]; the rGOs show a reduced
intensity of this band (highlighted with the box in Figure 2), indicating the elimination of
oxygen moieties. Furthermore, the bands at the wavenumber range of 1400-1700 cm ™!
(highlighted with the box in Figure 2) appear in lower intensities for rtGO prepared at the
GO-to-extract ratio of 1:2, implying the higher reduction of oxygen-containing groups.
Meanwhile, the bands are still prominent for rGOs prepared at ratio of 1:1, 1:3, and 1:4,
implying the partially or imperfect reduction of GO as discussed below.

Intensity (a.u.)

RGO1:1

I
1000

T T T

1 | | : T :
1500 2000 2500 3000 3500

Wavenumber (cm™)
Figure 2. FTIR spectra of GO and rGO samples.

Kaffir lime peels contain polyphenols which are composed of various bioactive com-
pounds such as naringin, hesperidin, naringenin, hesperetin, nobiletin, gallic acid, fer-
ulic acid, catechin, p-coumaric acid, ferulic acid, rutin, quercetin, terpinolene, vitamin C,
carotenoids, etc. [30,33]. Those polyphenols act as the reducing agent that can repel some of
the oxygen-containing groups of GO. Figure 3 shows the mechanism of GO reduction into
rGO. After the dispersion of GO in extract, the polyphenols (represented by hesperidin)
attack the sp2 carbon atom at the epoxide ring of GO, which lead to the formation of
the C-O-C bond between GO and the polyphenol compound (intermediate 1). As the
reduction proceeds, other C—-O-C bonds (intermediate 2) yield the reduced form of GO. is
Ester formation from the condensation reaction of the carboxylic acid group followed by its
ring-opening also contributes to the reducing form of GO [9].
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Figure 3. A plausible mechanism for GO reduction by polyphenols of kaffir lime peel extract.
Hesperidin is one of the flavonoids in kaffir lime peels observed in our previous study [30], and it
was selected as the model to illustrate the reduction mechanism.

Figure 4 shows the set of XPS spectra of GO and kaffir lime peel-reduced GO (or
rGO). The survey spectra of GO show six characteristic C 1s peaks. Specifically, the peak at
284.8 eV is attributed to C—C/C=0 in aromatic rings. The peak at 286.1 eV corresponds to
the C-OH bond which occurs due to the surface oxidation. The peak at 287.1 eV contributes
to the C—O-C bond; the peak at 288.0 eV is associated with the C=0O bond, and the peak
at 290.0 eV is related to the O—-C=0 bonds of the carboxylate group. The rGOs exhibit a
C 1s XPS spectrum with similar peaks to that of GO; however, some of the peaks appear
at reduced intensities, specifically for the peaks corresponding to C=0O (288.0 eV) and
O-C =Obond (290.0 eV). The peak at 284.8 eV in the XPS spectrum of rGO appeared at
similar intensities to that of GO, implying that the oxygen-containing groups of GO are not
completely reduced by the kaffir lime peel extract.
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Figure 4. Core level C 1s XPS spectra of (a) GO and rGO samples: (b) rGO 1:1; (c) rGO 1:2; (d) rGO

1:3; (e) rGO 1:4.

The ratio of the C-C/C-O bond as measured using the XPS analysis can be used to
estimate the amount of oxygen reduced in rGO. The ratio can be calculated by comparing
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the area obtained from the deconvolution peak of the C 1s XPS peak; the results are
summarized in Table 1.

Table 1. Peak area and C-C/C-0 area ratio of GO and rGO.

Particle Area C-C/C-0
C-C 1410.58
C-OH 258.95
GO Cc-0-C 721.21 0.85
Cc=0 107.44
C-OOH 580.91
Cc-C 1968.00
C-OH 1148.46
rGO1:1 C-0-C 426.01 1.07
C=0 37.77
C-OOH 220.83
C-C 1988.42
C-OH 352.98
rGO 1: 2 C-0-C 408.23 2.13
C=0 20.59
C-OOH 152.43
C-C 1971.51
C-OH 859.74
rGO1:3 C-0-C 579.85 1.14
Cc=0 152.00
C-OOH 135.84
C-C 2189.70
C-OH 1058.62
rGO1: 4 C-0-C 251.25 1.38
C=0 126.17
C-OOH 154.84

The ratio of C-C/C-O for GO is 0.85. The reduction of GO using kaffir lime peel
extract into rGO caused a ~1.25 times increase of the ratio of C-C/C-O. The rGO prepared
at the GO-to-extract ratio of 1:2 has the highest C—C/C-O ratio, specifically 2.13. The
rGOs prepared at other GO-to-extract ratios show lower C-C/C-0O, specifically 1.07, 1.14,
and 1.38 for rGO 1:1, 1:3, and 1:4, respectively. The high C-C/C-O ratio for rGO 1:2
can be correlated to the presence of more defects, which later can synergistically serve as
adsorption sites. Table 1 also suggests that surface oxygen cannot be removed totally by
kaffir lime peel extract. The ability of plant extract to remove oxygen from GO has been well
documented [24,34]. Plant extracts contain large molecules such as polyphenols (phenolics
and flavonoids), polysaccharides, proteins, etc., that are able to donate hydrogen during GO
reduction (Figure 3). However, those large molecules can stay on the surface of rGO after the
reduction process [24,35]. Therefore, their presence could be detected in the rGOs.

Table 2 shows the surface area of rGOs as calculated using BET models from the Nj
sorption isotherm analysis. The rGO prepared at a GO-to-extract ratio of 1:2 exhibits the
highest surface area of 765 m?/g, followed by rGO 1:4 (604 m?/g), rGO 1:3 (582 m?/g),
and rGO 1:1 (402 m?/g). The surface area of the kaffir lime peel extract rGO is comparable
to that of reported rGO; for example, the use of rosehip extract as the reducing agent
yielded rGO with a surface area of 230 m? g‘1 [36], and the roselle extract reduced GO
resulted in rGO with a surface area of 507 m? g‘1 [37]. The addition of more kaffir lime
peel extract resulted in rGO with lower surface area. This can be possibly governed by the
deoxygenation of GO. The surface area of rGOs has a significant effect on the adsorption
performance, wherein the higher surface area can lead to the higher adsorption capacity.
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Table 2. The surface area of rGO prepared from different amounts of extract.

Particle Surface Area (m? g™)
rGO1: 1 402
rGO1: 2 765
rGO1: 3 582
rGO 1: 4 604

X-ray diffraction analysis (XRD) was performed to evaluate basal d-spacing of the
rGO. As shown in Figure 5, the GO exhibits a prominent peak at 20 of 10.15°; the peak
corresponds to the (001) crystal plane reflection, with calculated d-spacing of 0.87 nm. The
reduction of GO to rGO causes the breakdown of the crystal structure as indicated by
the disappearance of sharp peaks, wherein the rGO shows broad peaks with weakened
intensities. The peak at 20 of 10.15° for rGO was lower in intensities compared to GO, and
the calculated d-spacing of rGO was 0.34 nm. The reduced d-spacing can be associated
with the elimination of oxygen-containing groups between the layered graphene and the
construction of highly ordered few-layered graphene [38].

—Go
1200 - _ RGO1:2 _

1000 +

Intensity (a.u.)

20
Figure 5. XRD spectrum of GO and rGO.

3.2. Adsorption Studies

As shown in the abovementioned physicochemical characterizations, the ratio of GO-
to-extract was significantly affected the characteristics of the resultant rGOs. The different
characteristics of rGOs resulted in different adsorption performance toward methylene
blue. As shown in Figure 6, rGO prepared with a GO:extract ratio of 1:2 exhibits the highest
percent removal of methylene blue (56.5 & 6.2%), followed by rGO 1:3, 1:4, and 1:1 with
removal efficiency of 45.9 & 2.63, 42.2 + 2.9, and 37.1 £ 5.1%, respectively. The better
adsorption performance of rGO 1:2 can be correlated with its higher surface area. It can
create better contact of the adsorption sites with the adsorbate molecules. Furthermore, the
C-C/C-O ratio of rGO 1:2 (as obtained from XPS spectrum analysis) was higher than the
rGO prepared at other ratios. The high C-C/C-O ratio of rGO 1:2 is attributed to the higher
number of defects (i.e., oxygen-containing impurities); the defects can serve as additional
adsorption sites which contribute to the higher adsorption capacity. Furthermore, the
polyphenols of kaffir lime peel extract may also serve as additional adsorption sites which
further enhance the adsorption capacity [35].
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Figure 6. Removal efficiency of methylene blue onto rGO samples. Co = 50 mg L™, adsorbent dosage = 5 mg,
adsorption time = 400 min.

3.2.1. Adsorption Kinetics

Kinetic adsorption study was performed to study the rate and controlling mechanism
during adsorption. The adsorption kinetic profiles of methylene blue towards rGO are
shown in Figure 7.
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Figure 7. Adsorption kinetic data of methylene blue onto rGO and kinetic plots of: (a) pseudo-first-
order; (b) pseudo-second-order; (c) Elovich models.

It can be seen that the adsorption of methylene blue on rGO increases up to
150-210 min, after which it begins to slow until the equilibrium is achieved. Adsorp-
tion kinetic models investigated in this study are pseudo-first-order, pseudo-second-order,
and Elovich models. The pseudo-first-order model has the following equation:

9t = q1e (1 - e”‘“) (3)

where g; and g1, are the amount of methylene blue adsorbed per unit mass of adsorbent at
time ¢ and at equilibrium (mg g!), respectively, and k; is the rate constant of pseudo-first-
order adsorption (min™!). The pseudo-second-order model can be expressed as:

Gockot )
= _— 4
qt ‘726(1 +q2€k2t 4)



Sustainability 2022, 14, 12172

110f15

where gy, is the amount of methylene blue adsorbed per unit mass of adsorbent at equilib-
rium (mg/g), and k, is the pseudo-second-order rate constant (g mg™ min™!). The Elovich
model has a mathematical expression as:

qr = ;In(l + aft) (5)
1

Rg = 6

E "y (6)

where a and B are empirical constant related to adsorption (mg g™! min!) and desorption
(g mg™!) rate constant, respectively, and qref is the highest amount of methylene blue ad-
sorbed onto rGO based on the experimental data (mg g™'). Rg is the equilibrium parameter
of the Elovich equation. The corresponding kinetic parameters obtained by a nonlinear
least-squares method are presented in Table 3.

Table 3. Kinetic parameters for the adsorption of methylene blue onto rGO.

Model and Parameters Unit rGO 1:1 rGO 1:2 rGO 1:3 rGO 1:4
Pseudo-first-order
e mg g 82.165 110.095 102.219 97.278
k1 min™! 0.014 0.019 0.0150 0.0177
R? (Adj.) 0.989 0.977 0.988 0.983
SSE 104.595 515.209 174.394 200.425
Pseudo-second-order
G2e mg g 92.666 125.885 114.337 107.275
ky x 103 g mg! min~! 0.208 0.202 0.189 0.148
R? (Adj.) 0.997 0.992 0.994 0.996
SSE 30.511 131.617 76.496 43.897
Elovich
« mg g~} min~! 5.958 15.761 9.521 15.999
B gmg! 0.061 0.050 0.052 0061
Rg 0.196 0.168 0.185 0.167
R? (Adj.) 0.975 0.970 0.968 0.937
SSE 216.908 479.425 427.335 749.385

It can be seen from Figure 7 that the pseudo-second-order equation provides a better
agreement with the experimental results compared to the pseudo-first-order model as
indicated by greater values of the adjusted correlation coefficient (R?> (Adj.)) and lower
sum-of-squared-error (SSE) (Table 3). Therefore, the adsorption of methylene blue onto
rGO obeyed the pseudo-second-order kinetic model. The adsorbent of rGO 1:1 and 1:2
exhibited a comparable removal rate constant at around 0.0002 g mg™! min~!. The Elovich
model offered slightly lower R? values than the pseudo-second-order model. However,
from the Rg values (in the range of 0.17 to 0.2), it can be suggested that the adsorption of
methylene blue towards rGO exhibited a mildly rising behavior [39]. This is consistent
with the experimental data that moderate adsorption rate was observed until equilibrium
after 400 min.

3.2.2. Adsorption Isotherms

The adsorption isotherm indicates the distribution of molecules between the liquid
phase and the solid phase after the system reaches equilibrium. To date, many adsorption
isotherm equations are available to represent the experimental data. The most common
equations for liquid phase adsorption are the Langmuir and Freundlich isotherms [34,39].
The Langmuir adsorption model is presented as:

K1 Ce
7
Qe = Qmax1 K. C, ( )
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where gmax is the maximum adsorption capacity (mg g‘l), and K, is the Langmuir adsorp-
tion constant (L mg™!). The essential feature of the Langmuir isotherm can be expressed as
a dimensionless constant called a separation factor (R ), given by the following expression:

1

R = ——
L™ 15K ®)

where Cy is the initial concentration of methylene blue (mg L ™). The adsorption process will
be unfavorable (R;, > 1), linear (R, = 1), favorable (0 < Ry, < 1), or irreversible unfavorable
(R =0).

The Freundlich isotherm model is given by Equation (9):

ge = Kp CL/7 ©)

where Kg is the Freundlich adsorption constant (mg g7') (mg L™)™, and n is the factor
describing the favorability of the adsorption process.

The adsorption isotherms of methylene blue onto rGO are shown in Figure 8. The pa-
rameters of the Langmuir and Freundlich equations obtained from the analysis of nonlinear
least-square are summarized in Table 4.

(a) (b)
160 A 160 -
T, 120 1 T, 120 4
o ]
£ A E A
o o
T 80 - o 80 A
A 1GO1:1 A GO1:1
® rGO1:2 ® rGO1:2
40 ¢ - e 1GO13 40 - oF e 1GO13
B GO14 ® rGO1:4
Langmuir —— Freundlich
0 T T T T 0 T T T T
0 10 20 30 40 50 0 10 20 30 40 50

Ce (mg L) Ce (mg L)
Figure 8. Adsorption isotherms of methylene blue onto rGO. The data were fitted using Langmuir
and Freundlich model.

As shown in Figure 8, the Langmuir model can represent experimental data better
than the Freundlich model, as indicated by a higher R? value (Table 4). The calculated Ry
values of rGO samples are in the range between 0 and 1 (Table 4). The results indicate that
the adsorption of methylene blue onto rGO is favorable [39]. The lowest Ry, value exhibited
by rGO 1:2 suggests that the adsorbent offers the most favorable sites for methylene blue
molecules. Moreover, the n value of the Freundlich model also indicates it is in the range of
1.6 to 1.8 which shows the adsorption is favorable, in agreement with the Ry, value.
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Table 4. Langmuir and Freundlich parameters for the adsorption of methylene blue onto rGO.

Model and Unit rGO 1:1 rGO 1:2 rGO 1:3 rGO 14
Parameters
Langmuir
Qmax mg g ! 177.580 251.879 237.239 198.186
K, L mg™ 0.028 0.042 0.026 0.029
RL 0.417 0.322 0.435 0.408
R? (Adj.) 0.913 0.975 0.981 0.987
SSE 272.185 290.399 119.412 56.832
Freundlich
Kg (mg g ) (mg L™ 10.668 20.585 12.336 12.099
n 1.702 1.793 1.605 1.685
R? (Adj.) 0.875 0.932 0.956 0.963
SSE 382.503 726.612 257.608 148.853

The study demonstrated that the ability of rGO to remove methylene blue is influenced
by kaffir lime peel extract added to GO. For rGO 1:1, it was found that the adsorption
capacity is 83.8 mg g!. Increasing the amount of extract to obtain rGO 1:2 increased the
capacity by a factor of 1.4. In contrast, the addition of more extract decreased the adsorption
capacity from 117.8 to 104.7 mg g~!. The adsorption capacity continued to decrease after
adding more extract (rGO 1:4). The best adsorption performance was exhibited by rGO 1:2
with the overall uptake rate of methylene blue being 0.3 mg g™! min™!. (Figure 7). Compared
with other work, the performance of rGO 1:2 exhibits a slightly lower adsorption capacity
than rGO prepared from lemon juice (130 mg g™!) [34]. Regarding the kinetic fitting model,
it can be implied that the removal of methylene blue primarily occurs via chemisorption.
Meanwhile, a previous study [8] showed complex adsorption mechanism of methylene
blue in the presence of oxygen on the rGO.

4. Conclusions

The kaffir lime peel extract was used for the reduction of oxygen-containing groups
in GO to produce rGO. The reduction of GO into rGO resulted in material with higher
surface area. The reduced oxygen content of rGO was confirmed by FTIR, XRD, and XPS
analysis. The rGO preparation conditions evidently influenced their adsorption properties.
The best methylene blue adsorption was exhibited by rGO 1:2. The maximum methylene
blue adsorption capacity was 118 mg ¢! (56% removal). Batch adsorption results showed
that the maximum removal of methylene blue onto rGO was exhibited by rGO 1:2, and
the equilibrium state was reached after 400 min. Adsorption kinetic curves of methylene
blue towards rGO exhibited a mild rising kinetic behavior. A good fitting of kinetic data to
a pseudo-second-order model suggests the chemisorption nature of the adsorption. The
equilibrium adsorption data was best described by the Langmuir model, indicating the
monolayer adsorption of methylene blue on the rGO surface with theoretical maximum
capacity of 251.9 mg g~!. The results suggest that rGO prepared from kaffir lime peel extract
as the reducing agent can be utilized for wastewater treatment.
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