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ARTICLE INFO ABSTRACT

Keywords: In this study, the adsorptive removal of methylene blue dye, which is commonly used in textile
Chemisorption industries, was investigated using the MnO@reduced graphene oxide (rGO) adsorbent. The
Isotherms

sonication-assisted synthesis from rGO nanosheets and MnO, nanoparticles resulted to the
MnO,@rGO nanocomposite with improved physicochemical properties. The characterization
results showed the improved surface area, porous structure and adsorption sites from the nitrogen
adsorption-desorption studies, improved morphology from the Scanning Electron Microscope
(SEM) and Transmission Electron Microscope (TEM) and the improved crystal structure from X-
ray powder diffraction (XRD). The improved physicochemical properties on the MnO,@rGO
nanocomposite played a significant role in enhancing the dye removal in textile wastewater. The
equilibrium experimental data was best described by the Langmuir isotherm model with a
maximum adsorption capacity of 156 mg g~!, suggesting a monolayer adsorption. The kinetic
data best fitted the pseudo-second order kinetic model, suggesting a chemisorption adsorption
process. The thermodynamic data (AG°, AH° and AS°) confirmed the feasibility, randomness and
spontaneous nature of the adsorption process. The mechanism of adsorption involved the
hydrogen bonding, n-n interactions and electrostatic interactions. The removal of methylene blue
using MnO,@rGO nanocomposite in spiked textile wastewater yielded a 98-99% removal. The
method demonstrated competitiveness when compared with literature reported results, paving
way for further investigations towards industrial scale applications.

Kinetics

Methylene blue
MnO,@rGO nanocomposite
Textile wastewater

1. Introduction

The textile industry is one of the largest industrial sectors which accounts for about one-fifth of worldwide industrial water
pollution [1]. Commonly, a broad range of synthetic materials are used in the textile industry, associating the industry with the
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excessive use of chemicals, in addition to water and energy [2]. Subsequently, post the textile processes, the discharged textile
wastewater usually contains a variety of dye molecules that are harmful, thus posing a serious threat to the environment [3].
Methylene blue (MB), a commonly used thiazine cationic dye known to be stable in water at room temperature, remains as one of the
toxic dyes usually found in textile wastewater [4]. As methylene blue is used significantly as a colourant in textile industries, the threat
to the environment escalates [5]. To circumvent this threat, the discharged textile effluent has to be treated within the industries before
being discharged into the environment.

Meanwhile, MB dye molecules, and other dyes, in the textile wastewater pose challenges to the treatment processes, as they are
difficult to biodegrade or photodegrade [6]. Thus, common conventional methods such as oxidation processes, microbial treatment,
ozonation, photocatalysis, cloud point extraction, coagulation, and nanofiltration have yielded unsatisfactory results when explored
for the removal of dyes in wastewater [7-9]. The adsorption method, however, has shown significant potential as a method of choice
for the removal of MB and other various dyes, specifically due to the fast adsorption kinetics, simplicity in design and operation, and
low cost [10].

Notably, adsorption equilibria data is the most significant segment of data needed to understand an adsorption process [11]. Thus,
the interaction between the adsorbent and the adsorbate dye solutions at equilibria is key to the adsorption process. Various adsorbents
have been engineered with the key goal of specifically interacting with the target MB dye molecules based on the possible surface
chemistry existing between the adsorbent and MB dye molecule [12-15]. Tuning/engineering the surface area, active sites, electronic
conductivity and porous structure are key to the development of adsorbents that are specific to the target MB dye molecule [16].
Interestingly, engineered nanocomposites have been shown to interact well with dye molecules based on these deliberations.

Reduced graphene oxide (rGO) is an economically favoured form of graphene used to manufacture graphene based nanocomposites
for various applications. Various synthetic routes such as chemical, photo-chemical, microwave, thermal, photo-thermal and micro-
bial/bacterial processes have been used to produce large yields of rGO [17]. However, the thermal process has become the most
attractive route for rGO production due to simplicity and low cost [18]. In this method, graphene oxide (GO) is prepared from graphite
using the modified Hummers’ method and the sonication-assisted exfoliation to form single/few layers of GO. The single/few layers of
GO are then thermally heated at moderately higher temperatures to form rGO of higher quality at a relatively short time, without using
any harsh chemicals [19].

Reduced graphene oxide has attracted significant interests for the adsorption of various dyes in aqueous solutions. For instance,
Jahan et al. [20] compared the removal of MB on GO and rGO materials, with GO removing 98.67% of the MB dye within 4 h against
93.47% removal by rGO within 7 h. However, the stability and reusability of GO was very low, compared rGO due to the presence of
various expandable oxygen atoms on GO than in rGO. It is noteworthy that although rGO nanosheets possess interesting electronic
structures that allow them to interact strongly with organic dyes through various covalent and non-covalent forces, they suffer from
nanosheets stacking leading to aggregation which reduces their adsorption capabilities [21-23]. However, integrating rGO nanosheets
with metal oxides allows for the retention of single-thinned rGO layers with improved adsorption sites, surface area and reduced
aggregation/agglomeration [24,25]. Nevertheless, Adel et al. [26] prepared the magnetic MgFe;O4/reduced graphene oxide that was
deployed for the removal of MB in aqueous solutions, with a removal efficiency of 98% in 60 min. Although the magnetism of MgFe;04
was important for the easy separation of the adsorbent from the adsorbate, the composite showed poor reusability due to the
agglomeration of the magnetic nanoparticles. The adsorption capacity was also very low due to the agglomeration of the magnetic
MgFe»04 nanoparticles. Thus, the eco-friendly, low cost, stable and abundant MnO3 nanoparticles appear to reduce the agglomeration
state of rGO whilst adding more active sites for adsorption.

In this study, the integration of rGO nanosheets with MnO5 nanoparticles has shown to improve the physicochemical properties
such as the surface area, active sites and porous structure as reflected on the Nitrogen adsorption-desorption studies. The electron
conductivity was also uncovered on the XRD analysis, making MnO»,@rGO nanocomposite a potential adsorbent for the removal of MB
dye in aqueous solutions. Subsequent to the optimization studies, the equilibrium data was used to evaluate the adsorption charac-
teristics such as the adsorption kinetics, isotherms, thermodynamics, as well as the adsorption mechanism. The study further inves-
tigated the removal of MB from spiked textile industrial wastewater using MnO,@rGO nanocomposite adsorbent under optimum
conditions.

2. Experimental procedure
2.1. Reagents and materials

Analytical reagent grade chemicals and double distilled water were used in all the experiments. Methylene blue dye, graphite
powder, potassium permanganate (KMnO4), manganese chloride hexahydrate (MnCly-6H0), sulphuric acid (H2SO4), phosphoric acid
(H3POy), hydrochloric acid (HCI), hydrogen peroxide (H203), diethyl ether and absolute ethanol were all purchased from Sigma-
Aldrich (St. Louis, MO, USA).

2.2. Synthesis of rGO nanosheets

The synthesis of rGO followed the previous method by Mnyipika et al. [27] with minor modifications. Initially, graphene oxide
(GO) was prepared using the modified hummers’ method. To this end, HoSO4 and H3PO4 were mixed in a ratio 9:1 (360 mL: 40 mL,
v/v) prior stirring for 30 min in an ice bath. To this solution, graphite powder (3.14 g) and KMnO4 (18.33 g) were added to the
afore-prepared solution under stirring. The mixture was transferred to an oil bath and heated to 85 °C overnight. Then, 200 mL of ice
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Scheme 1. Schematic illustration for the preparation of the MnO,@rGO nanocomposite.

water was added, before the reaction was terminated using 20 mL Hy0, slowly added to mixture. An exothermic reaction occurred, and
the solution was allowed to cool down. Then, 50 mL of 1 M HCl solution was added prior centrifugation, followed by washing with 200
mL ethanol and 200 mL diethyl ether. The product was then dried in an oven at 80 °C for 12 h. Then, GO was converted to rGO by
thermal exfoliation at 500 °C on a muffle furnace with a heating rate of 2 °C min~"! for 2 h.

2.3. Synthesis of MnO2 nanoparticles

The synthesis of manganese oxide followed a drop-feeding method previously reported by Yogambicha et al. [28], with minor
modifications. In a beaker, 18.55 g manganese chloride hexahydrate was dissolved in 50 mL deionized water and stirred for 30 min.
Then, 10 mL of ethanol was added to the solution and allowed to stir for a further 10 min. In a separate beaker, 9.89 g potassium
permanganate was also dissolved in 50 mL deionized water and stirred for 30 min. The potassium permanganate solution in the second
beaker was then added dropwise to the solution in the first beaker forming a black precipitate. The precipitate was then centrifuged
and washed with ethanol, before being dried in an oven at 110 °C overnight.

2.4. Synthesis of MnO2@rGO nanocomposite

The MnO,@rGO nanocomposite was prepared by dispersing 1.14 g rGO in 200 mL of ethylene glycol in an ultrasound sonicater for
1 h. To this colloidal solution, 1.12 g of MnO, was added, and the solution was ultrasonicated for a further 1 h. The product was washed
with deionized water and twice with ethanol under centrifugation, and then dried in an oven at 100 °C for 12 h. The overall synthesis of
the MnO>@rGO nanocomposite is illustrated in Scheme 1.

2.5. Characterization of the synthesized materials

High resolution Transmission electron microscopy (JEM-2100, JEOL, Tokyo, Japan) and field-emission scanning electron micro-
scopy/energy dispersive X-ray spectroscopy (EDS) (TESCAN VEGA 3 XMU, LMH instrument, Czech Republic) were used to study the
morphology of the prepared nanomaterials. EDS was operated at an accelerating voltage of 20 kV for elemental analysis. Fourier
transform infrared spectrum was recorded in the range 4000-400 cm™! on a PerkinElmer spectrum 100 Fourier transform infrared
spectrometer (Waltham, MA, USA). The crystal structures of the prepared nanomaterials were evaluated on a Rigaku Ultima IV X-ray
diffractometer using a Cu-K, radiation with a wavelength of 0.154 nm. Nitrogen adsorption-desorption studies were carried out on a
Tristar II instrument (Micromeritics, Norcross, GA, USA). Prior measuring the BET properties using nitrogen gas at 77 K, the samples
were degassed at 110 °C for 16.5 h. The H1 9811-5, pH meter (HANNA Instruments, Smithfield, RI, USA) was used for all pH
measurements.

2.6. Equilibrium studies of batch adsorption experiments

The batch adsorption experiments were executed on an ultrasound cleaner (703 Scientech ultrasonic cleaner, Rochelle lab
equipment, South Africa) with voltage = 230 V-50 Hz and a power of 150 W at mild frequencies for 60 min at a temperature range of
25-40 °C (adjusted by cooling the ultrasound cleaner with ice cubes). The method was optimized using a central composite design,
with key independent factors such as sample pH, sample dosage and sonication power investigated, as presented in Tables S1 and S2.
Essentially, the batch adsorption experiments were carried out by weighing appropriate amounts of the adsorbent in 100 mL conical
flasks, followed by the addition of 50 mL of the prepared 30 mg L™! methylene blue solution prior to sonication in an ultrasound
cleaner. Afterwards, 3-5 mL of the solutions were filtered using 0.22 pm PVDF filters prior to analysis with an ultraviolet-visible
spectrophotometer (UV-Vis 180, Thermofischer) at a predetermined absorption wavelength of 625 nm. The UV-Vis spectropho-
tometer was initially calibrated using the prepared methylene blue working standard solution with concentrations of 0, 5, 10, 20, 30,
40, 50 and 60 mg L~! from a 100 mg L~! stock solution that was diluted with deionized water. The calibration curve was plotted using
the absorbance and concentration of the dye solution obtained at the absorption wavelength of 625 nm, with the coefficient of
determination (r2) of 0.9999, suggesting a perfectly linear calibration. The concentrations in the samples were then determined against
the prepared calibration curve by directly running the samples on the UV-Vis and the readings of the concentrations obtained from the
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Fig. 1. XRD spectra of rGO nanosheets (a) and MnO,@rGO nanocomposite (b).

instrument [29,30]. The adsorption removal efficiency, adsorption capacity at equilibrium (q.) and adsorption capacity at time t were
determined using equations (1)—(3).

%RE:(COC;Q)* 100 (€9)]
0

ZZW 2
a=0=G)Y ®

where: %RE = removal efficiency, Cp and C. represent the initial concentration (mg L™ and equilibrium concentration (mg LY
respectively, V = volume of aqueous solution (L), m = mass of the adsorbent (g), qe and q; represent adsorption capacity at equilibrium
(mg g~ 1) and adsorption capacity at time t (mg g~ 1).

Under optimum conditions, the equilibrium adsorption isotherms were studied in triplicates at a concentration range of 10-160 mg
L~! and the adsorption capacity was calculated using equation (2). Furthermore, the equilibrium adsorption kinetics were investigated
in triplicates in the time range of 1-60 min, with the adsorption capacity at time t calculated using equation (3).

2.7. Sample collection and analysis

The influent and effluent wastewater were collected from a textile industry in KwaZulu-Natal using pre-cleaned plastic containers
and stored in the refrigerator at 4 °C prior analysis. The textile wastewater was found to contain 2.34 mg L™! and 3.19 mg L™! of
methylene blue in influent and effluent wastewater, respectively. These concentrations were considered when adsorption experiments
were carried out for the textile wastewater samples analysis. The accuracy of the developed adsorption method was studied using the
spike and recovery method. The procedure was carried out by adjusting the pH of the wastewater solutions (using hydrochloric acid
and sodium hydroxide) to 1.55, and then preparing a MB dye solution of a concentration of 30 -+ 1.04 mg L™ before using the prepared
solutions on the previously developed batch adsorption process.

3. Results and discussion
3.1. X-ray powder diffraction (XRD)

Insights on the crystallographic structures of rGO nanosheets and MnO,@rGO nanocomposite were deliberated, as shown in Fig. 1.
The XRD pattern in Fig. 1(a) shows a broad peak around 26.6° representing the amorphous (002) plane of the rGO nanosheets [31,32].
The XRD pattern of rGO was compared to the GO pattern (inset graph in Fig. 1(a)) which shows the (001) plane around 10° whilst rGO
shows the (002) plane around 26°, confirming that the reduction of GO to rGO was successful, and agreed with the literature reports
[33,34]. The XRD pattern of the MnO,@rGO nanocomposite (Fig. 1(b)) displayed the characteristic peaks of MnO5 nanoparticles at 26
=18.2°,30.2°, 35.3°, 43.1°, 53.5°, 56.9°, 62.5°, 71.1°, and 73.8° corresponding to the (200), (310), (211), (301), (411), (600), (521),
(541) and (312) crystalline planes [28,35,36]. The sharp intense MnO, nanoparticles peaks clearly show the high crystallinity of the
prepared material. Evidently, the (002) broad peak observed around 23.6° corresponding to the rGO nanosheets appear to have shifted
significantly, suggesting the change in rGO crystal structure owing to the formation of the MnO,@rGO nanocomposite [27,35]. It is
anticipated that the incorporation of the MnO5 nanoparticles on the crystal structure of the rGO nanosheets would improve the overall
crystallinity of the nanocomposite and therefore the conductivity due to higher order [37,38].
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Fig. 3. N, adsorption-desorption isotherms for rGO nanosheets (a) and MnO,@rGO nanocomposite (b).

3.2. Fourier transform infrared spectroscopy (FTIR)

To identify the chemical bonds that are present in the rGO and MnO,@rGO nanocomposite, FTIR spectra is shown in Fig. 2. The
bands observed around 3440 cm ™! in both spectra can be ascribed to the ~OH stretching vibration of absorbed water molecules [28].
The bands observed around 2928 cm ™! and 2848 cm ! can be attributed to —CH and —CH, of the rGO nanostructure [27], respectively.
Furthermore, the stretching bands observed around 1640 cm_l, 1384 cm ™! and 1105 cm ™" can be attributed to the stretching C—=C,
hydroxy C-OH and epoxy C-O of the carbon backbone in rGO [39], respectively. Due to the grafting of MnO, on rGO, the Mn-O bands
are observed around 468 cm ™!, 605 cm ™! and 661 cm ™}, confirming the successful integration of MnO, nanoparticles on the rGO
nanostructure [24,25,27,28].

3.3. N adsorption-desorption studies

To evaluate the surface characteristics of the prepared materials, the N» adsorption-desorption isotherms of rGO nanosheets and
modified MnO,@rGO nanocomposite were studied as shown in Fig. 3. The MnO,@rGO nanocomposite clearly display a type IV
isotherm with an Hs-type hysteresis loop in the range 0.7-1.0 (P/Po), which suggests the presence of mesopores [27]. The constant C
obtained from the BET equation of 122.53 further confirmed the mesoporous structure of the MnO»,@rGO nanocomposite [40-42]. On
the other end, the rGO nanosheets displayed a curve with the resemblance of a type IV and a type I porous structure. However, the
constant C obtained from the BET equation was 174.97, confirming the type I microporous structure [40-42]. Furthermore, the
Barrett-Joyner-Halenda (BJH) analysis was employed to study the pore size distribution as shown on the inset graphs in Fig. 3a and b.
The IUPAC classification of porous materials is centered around three different types namely, macroporous (>50 nm), mesoporous
(2-50 nm) and microporous (<2 nm) [43]. Thus, the BJH pore size distribution of the MnO,@rGO nanocomposite ranged from
mesoporous to macroporous [44], with the average pore size of 12.8 nm, as shown in the inset graph in Fig. 3b. The results agree with
the previously reported literature results [45-47]. The BJH pore size distribution of the rGO nanoparticles ranged from microporous to
mesoporous, with an average pore size of 1.12 nm, suggesting a microporous structure [48,49]. The pore size distribution points of
both materials were centered around the average pore size, suggesting the reliability of the average pore size that was used to
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Table 1
BET properties of rGO nanosheets and MnO,@rGO nanocomposite.
Surface properties rGO nanosheets MnO,@rGO nanocomposite
BET surface area (m? g’l) 54.46 159.32
Average pore size (nm) 1.12 12.81
Total pore volume (cm® g 1) 0.29 0.54

Fig. 4. FE-SEM of rGO nanosheets (a and b) and MnO,@rGO nanocomposite (c and d), with corresponding EDX spectra of rGO nanosheets (i) and
MnO,@rGO nanocomposite (ii).

Table 2
EDX elemental representation of rGO nanosheets.
Element line Weight % Weight % Error Atom % Atom % Error
CK 84.04 +0.31 93.96 +0.35
OK 15.96 +0.33 6.04 +0.27
Total 100.00 100.00

determine the overall pore structure. The surface properties were further summarized in Table 1. It can be perceived that the BET
surface area of rGO nanosheets increased from 54.46 m? g~! to 159.32 m? g ! after the surface modification with MnO, nanoparticles.
Expectedly, the surface improved MnO,@rGO nanocomposite also displayed an increased pore size and pore volume compared to the
rGO nanosheets as shown in Table 1, indicating that the surface grafting of MnO, nanoparticles onto rGO nanosheets significantly
improved the surface chemistry of the formed MnO,@rGO nanocomposite [50].

3.4. Field emission scanning electron microscope/energy dispersive X-ray spectroscopy (FE-SEM/EDX)

The morphology of the rGO nanosheets and MnO,@rGO nanocomposite were studied using FE-SEM and presented in Fig. 4. As
expected, Fig. 4(a and b) display the flat nanosheets of rGO, with an average thickness of about 3-4.5 nm, and a lateral dimension in
the range of several hundred nanometres. The anticipated microporous nature of the rGO nanosheets can be visualized in Fig. 4a, as
discussed in the N adsorption-desorption results. Subsequently, the MnO,@rGO nanocomposite in Fig. 4(c and d) display the rGO flat
nanosheets with spherical MnO, nanoparticles embedded on the surface of the nanosheets, with an increased thickness of about
4.7-6.3 nm. The expected mesopores in the MnO,@rGO nanocomposite can be visualized in Fig. 4c, agreeing with the N adsorption-
desorption results. Although the N, adsorption-desorption results have shown the BET surface area to have increased, the rGO
nanosheets appear to be more agglomerated due to the integration with MnO, nanoparticles and therefore shows a much-increased
thickness and lateral dimensions in the MnO,@rGO nanocomposite. The EDX elemental composition confirmed the successful syn-
thesis of RGO with a high carbon content of 84%, and the remaining percentage being oxygen, as displayed in Fig. 4(i) and Table 2.
Likewise, the EDX spectrum of MnO»@rGO nanocomposite (Fig. 4(ii) and Table 3) shows the existence of carbon (47%), O (24%) and
Mn (27%), confirming the successful integration of MnO, nanoparticles on the rGO nanosheet structure. Al observed in both EDX
spectra was due to the sample’ contact with the specimen stubs.
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Table 3
EDX elemental representation of MnO,@rGO nanocomposite.
Element line Weight % Weight % Error Atom % Atom % Error
CK 47.38 +0.48 76.24 +0.70
OK 24.87 +0.13 11.69 +0.14
ALK 0.14 +0.04 0.29 +0.03
Mn K 27.61 +0.74 8.79 +0.23
MnlL - - - -
Total 100.00 100.00

Fig. 5. TEM of MnO,@rGO nanocomposite (a—c), with corresponding SAED pattern (d).
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Fig. 6. Thermal analysis curves (TGA and DTG) of MnO,@rGO nanocomposite.
3.5. Transmission electron microscope/selected area electron diffraction (TEM/SAED)

Further insights on the morphology of MnO,@rGO nanocomposite were deliberated using TEM as presented in Fig. 5. The TEM
image in Fig. 5(a) unravels the structure of the rGO flat nanosheets which are slightly agglomerated. The TEM image in Fig. 5(b) shows
the spherically shaped MnO, nanoparticles embedded on the flat rGO nanosheets. The spherical MnO, nanoparticles are well
distributed across the rGO surface, suggesting that there would be abundant active sites for adsorption [36,50]. The HR-TEM in Fig. 5
(c) also clearly visualizes and confirms the distribution of the evenly spherically shaped MnO, nanoparticles across the rGO
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nanosheets. Interestingly, the SAED pattern in Fig. 5(d) shows multiple polyatomic rings showing the characteristics of both rGO
nanosheets and MnOs nanoparticles. The first two polyatomic rings show multiple bright spots confirming the adherence of MnO,
nanoparticles on the last two less visible rGO amorphous rings [27,50]. It is noteworthy that the bright spots indicate the high
crystallinity of the MnO, nanoparticles [36,50]. The two MnO, nanoparticles polyatomic rings correspond to the (211) and (521)
facets on the XRD, whereas the two amorphous rGO nanosheets rings correspond to the (002) facet, corroborating with the XRD results.

3.6. Thermogravimetric analysis (TGA)/derivative thermogravimetry (DTG)

The thermal analysis of MnO,@rGO nanocomposite was studied, with the TGA and DTG curves shown in Fig. 6. The TGA curve
shows four stages of weight loss, with the initial stage showing a small weight loss of 8.29% observed below 100 °C which can be
ascribed to the dehydration of the surface adsorbed water from the moisture content [51]. The second stage with the weight loss of
5.03% in the temperature range of 100-339 °C can be due to the loss of some oxygen atoms and bonded water molecules. The third
stage of substantial weight loss of 18.54% observed between 340 and 600 °C can be attributed to the decomposition of the carbon
material. The final stage of the weight loss of 7.83% can be ascertained to the release of lattice oxygen due to possible phase changes at
high temperatures [52]. The total weight loss across the entire temperature range was 41.27%, showing that the MnO,@rGO nano-
composite can withstand harsh conditions. The DTG peaks at 53.15 °C, 261.63 °C, 562.46 °C and 845.80 °C agreed with the four stages
observed in the TGA curve.

3.7. Optimization of the adsorption processes

A central composite design was used for the optimization of the adsorption of methylene blue dye onto MnO,@rGO. Three in-
dependent factors were optimized at 2 levels, namely (1) dosage, (2) sample pH and (3) sonication power. The design matrix was
analyzed using the analysis of variance (ANOVA), response surface methodology and desirability function, the results are presented in
Figs. 7-9, as a Pareto Chart, three dimensional plots and desirability profiles, respectively. The Pareto Chart (Fig. 7) of standardized
effects was used to investigate statistical significances of the main effects (represented by horizontal bars). The bars were considered
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Table 4
Adsorption isotherm constants for the adsorption of methylene blue on MnO,@rGO nanocomposite.
Analyte Langmuir isotherm Freundlich isotherm
gqmax (mg g~ 1) KL (Lg™h) RL R2 1/n n KF (L mg™ 1) R2
Methylene Blue dye 156.25 0.0886 0.6796-0.0655 0.9901 0.55 1.83 15.89 0.9624
Tembkin isotherm Dubinin-Radushkevich isotherm
BT (J mol ™) KT (Lg™h) R2 qD-R (mg g ™) E (KJ mol ™) R2
85.74 1.20 0.9785 87.02 11.18 0.7851
Redlich-Peterson isotherm
KRP (Lg™ 1) i} oRP R2
23.86 0.50 1.02 0.9465

significant at 95% confidence level when they pass the redline which indicates a p = 0.05 [53]. In this study, the only factor that was
found to be significant at 95% confidence level was sample pH. The sample pH could drive the behavior of both the adsorbent and
adsorbate. The adsorbent was found to have a point of zero charge of 1.03 and 6.94.

The interactions between independent factors were investigated using 3-D surface plots. Fig. 8(a) shows the relationship between
sample pH and adsorbent dosage on the percentage of analyte adsorbed. The interaction showed that at low pH and increasing dosage,
the percentage of the adsorbed adsorbate increases towards a maximum. A similar trend was observed for the relationship between
sample pH and sonication power (Fig. 8(b)). In contrast, Fig. 8(c) shows that the interaction between dosage and sonication power did
not seem to have any quantitative result on the adsorptive recovery of the adsorbate.

The profiles for predicted values and desirability function on the Statistica software were used to estimate optimum conditions
(Fig. 9a—d). The most desirable percentage adsorption (% Ads) was assigned a value of corresponding to a % Ads of 92%, a middle
(42%) and least desirable (0%) were assigned 0.5 and 0.0 respectively [54,55]. According to Fig. 9a-d, the optimum conditions
associated with a theoretical % Ads were an adsorbent dosage of 0.41 g L™, sample pH of 1.5 and up to 4.4 sonication power.

3.8. Adsorption isotherms

Adsorption isotherms are mathematical models used to describe how the adsorbent material interacts with the adsorbates when the
adsorption process reaches the equilibrium state, established on a set of presumptions associated with how heterogenous or ho-
mogenous the solid surface might be and the type of coverage involved [56]. Due to complex adsorption system in liquid phase, a
variety of isotherms were explored to find meticulous relationships between the dye in liquid phase and on the surface of the adsorbent
material [57]. The isotherm models used to fit experimental data include two-parameter (Langmuir, Freundlich, Temkin,
Dubinin-Radushkevich) and a three-parameter (Redlich-Peterson) isotherm model, as presented in Table 4. Using the following
conditions in the adsorption experiments; pH = 1.5, sonication power = 4, dosage = 0.4 g¢ L™! and volume = 50 mL; the overall
adsorption model was displayed in Fig. S1(a).

The Langmuir isotherm model (Fig. S1(b)) assumes that; (1) molecules are adsorbed at discrete active sites on the adsorbent
surface, (2) each active site on the adsorbent adsorbs only one molecule, and when the available active sites are fully occupied, a
maximum adsorption capacity is reached (3) The adsorbing surface on the adsorbent is generally uniform, (4) There is no interaction
between the adsorbed molecules on the adsorbent surface [58]. The data in Table 4 confirm the monolayer adsorption of methylene
blue dye onto MnO,@rGO nanocomposite surface, with a high value of the coefficient of determination (r? = 0.9901). The Langmuir
constant (K;, = 0.09) was consistent with the high adsorption capacity of 156 mg g~! obtained, suggesting a strong affinity of the dye to
the adsorption sites relative to a large surface area and pore volume, corroborating with the Ny adsorption-desorption analysis results
obtained [59,60]. The value of the separation factor (Ry) indicates the type of adsorption to be unfavourable (R, > 1), favourable (0 <
Ry < 1.0), linear (Ry, = 1.0) or irreversible (Ry, = 0) [60]. Thus, the Ry, obtained in this study in the range 0.6796-0.0655 from low to
high concentrations indicate that the adsorption of methylene blue onto the MnO,@rGO nanocomposite surface is favourable.

The Freundlich isotherm model (Fig. S1(c)) is appropriate for the description of the adsorption process occurring on heterogeneous
surfaces where the energy of the adsorption sites show an exponential distribution [59]. As indicated in Table 4, key Freundlich
parameters such as Kg, and n were calculated as 15.89 mg g~ ! and 1.83, respectively. Meanwhile, n indicates the intensity and
feasibility of the adsorption process, with the n value in the range 1-10 indicating good adsorption characteristic and below 1 indicting
poor adsorption characteristics [61]. Furthermore, the low 1/n below 1 indicates the favourable adsorption characteristics and
validate the heterogeneity of the adsorbent material [56]. Thus, the 1/n and n values of 0.55 and 1.83 were obtained in this study,
respectively, indicating favourable adsorption characteristics. However, the coefficient of determination in the Freundlich isotherm
model for the adsorption of methylene blue onto the MnO>@rGO nanocomposite surface is 0.9624, which is lower than that of the
Langmuir isotherm. This indicates that the equilibrium data fitted well with the Langmuir isotherm.

The Temkin isotherm model (Fig. S1(d)) considers the influence of some indirect adsorbate-adsorbent interactions on the
adsorption process, with the assumption that the heat of adsorption of all adsorbed molecules decreases linearly when the surface
coverage increases [59,62]. The Temkin constant (Br), which is related to the heat of sorption, and Temkin isotherm constant (Kr),
which is the equilibrium binding constant; were calculated as 85.74 J mol ! and 1.20 L g}, respectively. Based on the coefficient of
determination (r* = 0.9785), it can be clearly seen that this model does not fit well with the equilibrium data when compared to the
Langmuir isotherm, although it fits better than the Freundlich isotherm.

10



T.S. Munonde et al. Heliyon 9 (2023) e15502

Table 5
Adsorption kinetic parameters for the adsorption of methylene blue on the MnO,@rGO nanocomposite.

Pseudo-1st order model

Intercept Slope q. (mg g™Y) Qe Bxp (Mg g™ 1) K, R?
2.1366 —0.0174 8.47 79.33 —0.00029 0.6411
Pseudo-2nd order model

Intercept Slope qe (mg g™ Qe Exp (Mg g™ 7) Kz R?
0.0054 0.0131 76.34 79.33 0.048616 0.9999
Elovich model

Intercept Slope o p R?
63.75 3.209 45.32 0.31 0.8499
Intraparticle diffusion

C Kiq R?

60.39 3.271 0.9680

74.64 0.1165 0.8229

The Dubinin-Radushkevich (D-R) isotherm (Fig. S1(e)) is a model that is fundamentally capable of distinguishing between a
chemical and a physical adsorption process resulting from the mean free energy of adsorption [59]. Consequently, the mean free
energy (E) value below 8 kJ mol~! demonstrates a physical adsorption process, whereas the E value between 8 and 16 kJ mol !
demonstrates a chemical process [57]. As seen in Table 4, the E value obtained from the D-R isotherm is 11.18 kJ mol’l, which in-
dicates the chemisorption adsorption of methylene blue on MnO,@rGO nanocomposite surfaces. As reflected by r? = 0.7851, the D-R
isotherm is not the most ideal isotherm compared to Langmuir isotherm, however it serves a purpose of identifying the adsorption
process type.

Redlich-Peterson (R-P) isotherm model (Fig. S1(f)) is a hybrid isotherm model featuring both the Langmuir and Freundlich iso-
therms in a three-parameter empirical equation. As shown in Table 4, Redlich-Peterson isotherm is comprised of three-parameters; Kgp
(L g1 =23.86, ogp (L. mg 1) = 1.02 and P = 0.5. Accordingly, the constant p takes values between 0 and 1, but if p approaches 1, the
model reduces to the Langmuir equation, and if  approaches 0, it reduces to the Freundlich equation [63]. Subsequently, Table 4
shows that a p value of 0.50 was obtained in this study, agreeing with the Langmuir isotherm. However, this model was not ideal in the
overall fitting of the equilibrium data as it possessed a coefficient of determination of 0.9465 which was lower than that of the most
ideal Langmuir isotherm, although it supported the Langmuir isotherm to describe the equilibrium interaction between methylene
blue and MnO>@rGO nanocomposite [56,64].

3.9. Adsorption kinetics

Kinetic studies provide valuable insights on the equilibrium adsorption rate, as well as the mechanism of the adsorption reaction.
Following the equilibrium experiments using the optimum conditions of pH = 1.5, sonication power = 4, dosage = 0.4 g L™} tem-
perature = 25 + 2 °C and volume = 50 mL, the overall adsorption kinetic model was presented in Fig. S2(a). It is noteworthy that the
initial adsorption stage (0-25 min) is rapid due to the fast adsorption of the MB molecule on the active sites within the surface of the
MnO,@rGO nanocomposite. The second stage shows the equilibrium stage (25-60 min) which is a slow adsorption process due to the
slow diffusion of MB molecules into the mesoporous structure of the adsorbent, identified on the N5 adsorption-desorption analysis, as
most adsorption sites have been occupied in the initial stage [65]. The high surface area, pore sizes and pore volume observed on the Ny
adsorption-desorption analysis and the single atom layered structure observed in FE-SEM results were highly beneficial for the speedy
adsorption of MB on the MnO,@rGO nanocomposite. Furthermore, the pseudo-first-order (Fig. S2(b)), pseudo-second-order (Fig. S2
(c)), Elovich (Fig. S2(d)) and intraparticle diffusion (Fig. S2(el and e2)) were plotted, with the parameters and coefficients of
determination shown in Table 5. Subsequently, for the adsorption process can be described by either the pseudo-first or second order
equations; there should be a good linear relationship such that the trendline should pass through most of the points, the qe (experi-
mental) and q. (calculated) should be close to each other and the R? should be close to 1 [6]. The pseudo-first order plot (Fig. S2(b))
shows that the linearity was poor with an R%0f0.6411 and a qe of 8.47 which was not close to the experimental qe of 79.33, indicating
that the adsorption of MB onto MnO»,@rGO cannot be described by pseudo-first order model. However, the pseudo-second order plot
(Fig. S2(c)) shows a good linearity with an R? of 0.999 and a q of 76.34 which was closer to the experimental qe of 79.33 suggesting
that the pseudo-second order mechanism was predominant for the adsorption of MB dye. The applicability of the model indicates that
the adsorption of MB was driven by chemisorption, thus agreeing with the D-R isotherm model’s findings. Fundamentally, it is known
that the pseudo-first and second order kinetic models cannot identify the diffusion mechanisms, thus the intra-particle diffusion model
was involved [56]. Subsequently, when the MB dye solution is mixed with the MnO,@rGO nanocomposite adsorbent, transportation of
the dye molecules from the solution through the interface region between the adsorbent and the solution occurs into the mesopores
within the adsorbent material [66]. This creates a different pathway for the adsorptive removal of MB dye. The intra-particle diffusion
plot (Fig. S2(el and e2)) shows that the intra-particle diffusion occurred in two stages, stage 1 (first linear portion) attributed to the
most readily available sites on the adsorbent surface and stage 2 (second portion forming a plateau) ascribed to the diffusion through
inner pores. Thus, the initial uptake of MB by MnO,@rGO nanocomposite occur through surface diffusion process, whilst the latter part
is controlled by pore diffusion [8,56,66]. The mesopore structure identified on the N, adsorption-desorption results play a major role in
the pore diffusion process. The Elovich model (Fig. S2(d)) further confirmed that chemisorption described the uptake of MB by the
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Table 6
Thermodynamic parameters for the adsorption of methylene blue on MnO,@rGO nanocomposite.
Adsorbent Temp (K) Qe Kc AG® (KJ mol ™' K1) AH° (KJ mol ™) AS° (Jmol ' K1) R?
MnO,@rGO nanocomposite 298 74.47 4.81 —3.89 26.83 63.09 0.9523
303 75.83 5.18 —4.14
308 76.47 5.36 —4.31
313 76.96 5.51 —4.44
MnO,@RGO

Methylene blue

Scheme 2. Possible mechanism responsible for the adsorption of MB in the MnO,@rGO nanocomposite.

MnO,@rGO nanocomposite adsorbent with a good correlation coefficient.

3.10. Adsorption thermodynamics

As adsorption strongly relies on temperature, the thermodynamic investigations for the methylene blue adsorption on MnO,@rGO
nanocomposite were carried out to assess the feasibility of the adsorption process and the relevant mechanism of adsorption involved
[67]. Thus, various temperatures ranging from 25 to 40 °C were investigated and key thermodynamic parameters including AG®, AH°
and AS° were determined (Table 6). The Van Hoff linear plot of In Kc versus 1/T was plotted (Fig. S3) and the slope and intercept were
used to obtain the values of AH° (26.83 kJ mol’l) and AS° (63.09J mol ! K’l), respectively. The positive AH® value demonstrated the
endothermic character of the adsorption process, and the positive AS° suggested an increase in randomness/disorder across the
adsorbent-adsorbate interface during the adsorption process [64]. Furthermore, the negative values of AG® (—3.89 to —4.44 kJ mol !
K1) suggest that the adsorption of methylene blue on MnO,@rGO nanocomposite was spontaneous [67]. Interestingly, the AH°
greater than 20.9 kJ mol~! was deemed to render chemisorption mechanism as dominant [64], which is consistent with the AH® =
26.83 kJ mol ! obtained in the study and agrees with the Dubinin-Radushkevich isotherm results. The Arrhenius equation (eq. (4))
was used to determine the activation energy (Ea) which was found to be —6.83 kJ mol~!. The Ea was very small, with the negative
value suggesting that the rise in solution temperature was not favourable for MB adsorption onto MnO>@rGO nanocomposite [68].
Thus, the energy barriers are absent as there is a reduction in the probability of the colliding dye molecules being captured by the
adsorbent [69].

E(l
InKzflnAfﬁ 4
where K is the rate constant, E, is the activation energy (kJ mol’l), Ris the universal gas constant (8.314 J mol ! K’l), T is the absolute
temperature (in K) and A is the Arrhenius factor (g mol ! s™).

3.11. Adsorption mechanism

Insights on the possible interactions involved on the adsorption of methylene blue dye (chemical structure displayed in Fig. S4)
onto MnO,@rGO nanocomposite surface were explored. Subsequently, the pareto chart analysis identified the pH as the most sig-
nificant factor on the adsorption of MB. Thus, the pH drift method was used to identify the point of zero charge (PZC), to understand
the pH at which the adsorbent behave as a neutral species [27]. Interestingly, the PZC was obtained at 1.03 and 6.94 (Fig. S5),
indicating that at the pH below the obtained PZC the surface charge on the adsorbent is positive, and at the pH above the obtained PZC
the surface is negative [70]. The MB dye is cationic in solution and the optimum pH of 1.5 suggests that MB interacts favorably with the
acidified surface of MnO,@rGO nanocomposite via the electrostatic interaction. The FTIR was further deployed to study the
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Table 7
The removal of MB in textile wastewater samples (n = 3).
Sample Before adsorption (mg L") After adsorption (mg L") % RE
Influent textile wastewater 32.64 £ 0.34 0.57 + 1.12 98.25
Effluent textile wastewater 33.68 +0.77 0.19 + 0.81 99.43
Table 8
Comparison of the performance of various rGO-based adsorbents used for the removal of methylene blue in aqueous solutions.
Adsorbent Analyte pH  Dosage (g Volume Equilibrium time Adsorption capacity Reference
LY (mL) (min) (mgg™h) (s)
Reduced graphene oxide (rGO) Methylene 6.0 0.8 50 30 121.9 [73]
blue
MgFe,04/reduced graphene oxide Methylene 80 2 50 60 21.0 [26]
blue
Polyaniline/reduced graphene oxide Methylene 6.5 0.6 50 270 19.2 [74]
(PANI/RGO) blue
Ni@rGO Methylene 83 0.2 50 45 946.1 [75]
blue
MnO,@rGO nanocomposite Methylene 1.5 04 50 25 156.2 This work
blue

interactions involved in MB adsorption as displayed in Fig. S6. The binding interaction (n-n stacking) existed between the aromatic
rings of MB dye and rGO within the MnO,@rGO nanocomposite as reflected by the shifting of the C=C band from 1580 to 1592 cm™!
[71,72]. Hydrogen bonding might also act as a predominant interaction following the immediate existence of a band around 1020
cm ™! that might be due to the aromatic or aliphatic amines leading to the interaction of the N atoms in MB and H atoms on the surface
of the MnO,@rGO nanocomposite [71]. It is noteworthy that the hydroxy (both OH and C-OH) and epoxy (C-O) groups which all
appear to have shifted on the FTIR spectra of MnO,@rGO nanocomposite are easily deprotonated to interact readily with N atoms in
MB dye. The Mn-O bands from MnO, appear to have interacted with the OH in the MB dye via the electrostatic interactions. The CH
and CHj bands appear to be more prominent after adsorption, suggesting the strong interaction between MB dye and MnO,@rGO
nanocomposite. The results confirm that chemisorption adsorption mechanism was dominant for the removal of MB using MnO,@rGO
nanocomposite, further agreeing with the D-R isotherm results. All the possible interactions involved in the adsorption of MB onto the
MnO,@rGO nanocomposite were illustrated in Scheme 2. The following mechanistic steps are therefore predicted:

[1] The movement of the of the MB dye from the solution to the surface of the MnO,@rGO nanocomposite adsorbent,

[2] Adsorption of MB dye through active sites resulting from functional groups present on the surface of the MnO,@rGO nano-
composite adsorbent,

[3] Diffusion of the MB dye through the mesopores on the MnO,@rGO nanocomposite adsorbent structure.

3.12. Analysis of textile wastewater samples

The adsorptive removal of MB in spiked textile wastewater was carried out to evaluate the effectiveness of MnO,@rGO nano-
composite in complex matrices. Using the obtained optimum conditions, the developed method resulted in high removal efficiency in
the influent textile wastewater (98.25%) and effluent textile wastewater (99.43%), as presented in Table 7. The high percentage
recoveries suggest that there were no interferences in the form of other constituents within the wastewater matrices that could hinder
the removal of MB.

The performance of the synthesized MnO,@rGO nanocomposite was compared with the previously reported rGO based adsorbents
as presented in Table 8. Compared with other adsorbents, it is noteworthy that the synthesized MnO2@rGO nanocomposite exhibited a
relatively high adsorption ability, reaching equilibrium in an impressive time of 25 min. This could be ascribed to the improved
adsorption kinetics emancipating from the highly porous surface, abundant surface-active sites and large surface area.

3.13. Regeneration and reusability of the spent adsorbent

The regeneration and reusability of the spent MnO,@rGO nanocomposite adsorbent was studied by performing a sequence of
adsorption-desorption experiments. Concisely, adsorption was carried out as previously described and desorption was carried out
using 0.5 M HCl as a desorption medium [6,72]. After desorption, the spent adsorbent was washed with water, and then ethanol, before
being dried overnight at 60 °C. The removal efficiency and adsorption capacity only reduced to 89% and 130 mg g™, respectively,
after 8 cycles showing that MnO»,@rGO nanocomposite adsorbent can be successfully regenerated using HCl to desorb the adsorbed
dye as shown in Fig. 10. The excellent performance and reusability of the MnO,@rGO nanocomposite adsorbent paves new avenues for
the removal of MB dye using a sustainable material.
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Fig. 10. The removal efficiencies and adsorption capacity after multiple adsorption-desorption cycles of MB using MnO,@rGO nanocomposite
adsorbent at pH 1.5, dosage of 0.4 g L™}, volume of 50 mL and a concentration of 30 mg L™?.

4. Conclusion

The feasibility of the adsorptive removal of methylene blue using MnO,@rGO nanocomposite was investigated. Methylene blue
was found to adsorb strongly on the surface of the MnO,@rGO nanocomposite adsorbent, reaching equilibrium in just 25 min. The
adsorption behavior was described by the monolayer Langmuir isotherm type, with the Dubinin-Radushkevich (D-R) isotherm con-
firming the chemisorption mechanism to be predominant for the adsorption of MB. The adsorption kinetics followed a pseudo-second
order model, with the intra-particle diffusion as one of the rate-determining-step. The kinetics and thermodynamic data confirmed the
chemisorption mechanism, which was explicitly configured following the hydrogen bonding and n-n stacking as predominant in-
teractions on the MB adsorption process. The adsorption mechanisms involved suggested that the surface area, binding sites and pore
diffusion were very important on the adsorption of MB onto MnO>@rGO nanocomposite adsorbent. The high performance on the
removal of MB in textile wastewater and the interesting regeneration-reusability suggest that MnO,@rGO nanocomposite can be
applied as an adsorbent even in matrices with various pollutants and reused many times without a significant loss in performance.
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