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A B S T R A C T   

In this study, we designed a heterogeneous graphene oxide (GO) grafted on chitosan decorated with MnO2 
nanorods (α-MnO2NRs/GO-Chit) composite materials and its ability to remove the cationic and anionic toxic 
dyes from wastewaters were analysed. The synthesised materials presented an effective stabilization of active 
MnO2 nanorods (NRs) on the GO-Chit surface. The synthesised materials were detailed characterised by several 
spectroscopic and microscopic techniques such as, FT-IR, P-XRD, SEM, TEM, Raman, TGA, XPS, BET, CO2-TPD 
and UV–Visible analysis. In addition, α-MnO2NRs/GO-Chit material is successfully applied in removal of in-
dustrial ionic dyes such as amido black 10B (AB) and methylene blue (MB), respectively. The dye adsorption 
experiments confirmed that the GO-Chit/α-MnO2 NRs material exhibited remarkably high adsorption capacity in 
efficient removal of cationic dye methylene blue (MB) and anionic dye amido black 10B (AB). The maximum MB 
dye removal (97%) process completed in 24 min at C0 = 30 mg⋅L− 1, but in the case of AB the maximum dye 
removal (80%) process was reached in 700 min. Over GO-Chit/α-MnO2 NRs hybrid material, a maximum 
theoretical monolayer adsorption (qmax values is 328.9 mg g− 1) of MB was calculated from the Langmuir 
isotherm equation. In case MB, a faster adsorption and 2.18 times maximum adsorption capacity was achieved 
than that of AB10 dye. The enhanced adsorption over α-MnO2NRs/GO-Chit is due to the increased surface 
functionalities (i.e., oxygen-containing groups), high basicity and strong electrostatic forces between MnO2 
nanorods and GO-Chit. Furthermore, α-MnO2NRs/GO-Chit hybrid material displayed good stability after 10 
successive adsorption tests.   

1. Introduction 

Dyes are the most significant chemical substances that have been 
extensively used in textile, printing, dyeing and paper industries. The 
industrial dyes are commonly classified as cationic (all basic dyes), 
anionic (reactive, acid, and direct dyes) or non-ionic (dispersed) dyes. 
Further, the basic and reactive dyes are the most preferred ones owing to 

their better properties and favorable characteristics such as water sol-
ubility, bright coloration, less expensive and easy fabrication [1–5]. 
These toxic ionic dyes remain unaffected when treated conventionally 
because of their structural complexity and synthetic origin. The toxic 
ionic dyes released into water streams from textile industries are carci-
nogenic, hazardous, mutagenic and can cause serious threat to the 
aqueous environments [6–9]. Typically, these toxic dyes can be found in 
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small traces in industrial waste waters. Thus, there is a need an efficient 
and easy method to remove these dyes from the wastewaters and possess 
a big challenge for the scientific community to develop and design a 
promising method and material. Industrial wastewater treatment plants 
are equipped with many process steps such as flocculation, coagulation, 
and precipitation for reducing the effluent harmful compounds. More-
over, the emerging technologies such as photo-, biological and electro-
chemical dye degradation were also reported. However, the adsorption 
method is widely used technique, highly feasible, economical, and 
effective in dye removal from aqueous streams. The photocatalytic, 
biological, and electrochemical dye degradation has its limitations and 
disadvantages than adsorption method [2,3,8]. 

Over the past few decades, carbon-based hybrid adsorbent systems 
such as metal and metal oxides or mixed oxides-based carbon compos-
ites have attracted significant attention in the removal of industrial dyes. 
Researchers reported that the graphene oxide (GO), activated carbon 
(AC), graphene, mesoporous carbon, and carbon nanotubes (CNTs), 
have been stacked and functionalized with various inorganic com-
pounds (metal oxides and metal nanoparticles) [10–15] to exhibit better 
adsorption performance and stability. Moreover, many different 
methods introduced to design a composite based material to have better 
conductivity, higher surface area, mechanical and thermal stability. 

Graphene oxide (GO) has emerged as a promising and versatile 
material owing to its outstanding physicochemical properties such as 
porous structure, tunable structure, high surface area and high specific 
reactivity [16,17]. Moreover, graphene oxide can be modified, func-
tionalized, or pretreated to change its morphological or structural 
changes based on the application. For example, GO can be functional-
ized with abundant functional groups such as epoxy, hydroxyl, and 
carboxylic acid groups in providing multiple roles and functionalities of 
GO for the utilization in desired applications. Functionalized GO pro-
vides an exceptional support for docking the catalytic agent for surface 
chemical reactions. Further, these materials trestle with substrate mol-
ecules via various bonding interactions like hydrogen, hydrophobic, 
electrostatic interactions and π-π* stretching for stimulating and acti-
vating the groups over the substrate and proximity to the catalysts [18]. 
Functionalized graphene sheets have enhanced the encapsulating effi-
ciency, as the GO sheets possess more active surface area, thereby 
improving the increased accessibility to the substrate molecules. The 
incorporation of a moderately minimal number of nanoparticles over the 
GO sheets was exhibited due to limitation in surface oxygen function-
alities. Thus, this surface limitations can be overcome by grafting the 
polymer structure onto the surface of GO, thereby proliferating the 
encapsulation or functionalized sites for metal or metal oxide nano-
particles [18]. Hence the primary goal was to graft chitosan with 
appropriate functional groups, such as -NH2, -OH groups onto the gra-
phene oxide substrate to increase the adsorptive sites. 

One of the most abundant adsorbents is the manganese dioxide 
(MnO2), which has been contemplated as the potent adsorbent because 
of its environmental benign, cost-effectiveness, and abundance [19]. 
Moreover, it is known and highly applicable as a promising adsorbent 
such as in adsorption of heavy metals and methylene blue cationic 
pollutants owing to its negatively charged surface [20,21]. Additionally, 
in an aquatic environment, MnO2 nanoparticles have better self- 
aggregating properties with various ionic, organic, and inorganic pol-
lutants [22]. 

In this work, we successfully designed novel MnO2 nanorods deco-
rated on graphene oxide grafted chitosan composite system in removal 
of toxic ionic industrial dyes for environmentally friendly method. For 
comparison, the dye removal ability of bare MnO2 samples, both com-
mercial ones and lab synthesised MnO2 NRs were also tested. 

2. Experimental 

2.1. Chemicals 

Sulfuric acid, potassium permanganate, sodium nitrate, sodium hy-
droxide, hydrogen peroxide, manganese sulfate monohydrate, chitosan, 
amido black 10B (AB), and methylene blue (MB) were purchased from 
Merck India Graphite, the particle size of 150 μm was obtained from 
Sigma Aldrich India. 

2.2. Grafting chitosan polymer on the graphene oxide surface [GO-Chit] 

Graphene oxide (GO) was prepared using a reported procedure of 
Hummers and Offeman’s method [18] with minor modifications. In a 
typical reaction, 1 g of graphite, 1 g of NaNO3 and 50 mL of H2SO4 were 
stirred together in an ice bath. KMnO4 (3 g) was slowly added to the 
stirring mixture and the rate of addition was controlled to prevent the 
temperature of reaction vessel from exceeding 20 ◦C. The mixture was 
then transferred in to a 35 ◦C water bath and stirred for 1 h resulting in 
the formation of a thick paste. Subsequently, 50 mL of deionized water 
was added slowly, resulting in an increase in temperature to 98 ◦C. After 
15 min, the mixture was further treated with 150 mL deionized water 
and 10 mL of 30% H2O2 solution. The warm solution was filtered and 
then washed with deionized water until a pH of 7 is reached and then the 
synthesised GO was dried at 65 ◦C under vacuum (Scheme 1). 

Graphene oxide (0.5 g) was dispersed in SOCl2 (30 mL) and stirred 
for 24 h at 70 ◦C. The resultant acylated GO was collected by filtration 
and washed with tetrahydrofuran (THF) and the final product (GO- 
COCl) (0.495 g) was dried under vacuum for 24 h at room temperature. 
The acylated graphene oxide (0.5 g) was first dispersed in 20 mL water 
using an ultrasonic bath for 1 h. The reaction mixture was then shifted to 
20 mL of 2% acetic acid containing 1 g of chitosan. The resultant mixture 
was further allowed to stir at room temperature for 24 h. The final GO- 
Chit solution was filtered and then cleaned with de-ionized water. The 
filtered product was dried over night at 65 ◦C under vacuum conditions. 

2.3. Preparation of MnO2 nanorods 

The α-MnO2 nanorods were synthesised according to the method 
reported by Weidong He method [23]. Initially, 0.000624 mol (0.1055 
g) of manganese sulfate monohydrate (MnSO4 H2O) and 0.00374 mol 
(0.5925 g) of potassium permanganate (KMnO4) were dissolved in 17.5 
mL of water and then 0.0233 mol (1.25 mL) of sulfuric acid (98 wt%) 
was added dropwise. Further the mixture was kept under stirring to 
acquire a homogeneous solution and was autoclaved at 160 ◦C for 8 h. 
The product was filtered and washed with double distilled water and 
ethanol. The final product was allowed to dry under vacuum at 50 ◦C for 
overnight. 

2.4. Dispersion of MnO2 nanorods on the graphene oxide grafted chitosan 
surface 

MnO2 nanorods were dispersed in ethanol before the addition of GO 
chitosan. The resulting suspension was sonicated for 5–10 min and then 
subjected to overnight stirring at 600 rpm using a magnetic stirrer. The 
overnight agitated sample was centrifuged and dried in a vacuum at 
40 ◦C. The sample with nominal 6 wt% MnO2 NRs loading was termed as 
GO-Chit/MnO2NRs. Commercial MnO2(p) loaded onto the GO-chitosan 
was designated as MnO2(P)/GO-Chit. 

2.5. Method for adsorption of ionic organic dyes using GO-Chit/ 
MnO2NRs 

Ionic (cationic (MB) and anionic (AB 10B)) dye adsorption ability on 
the GO-Chit/MnO2NRs were examined by batch experiments. System-
atic adsorption kinetics test has been carried out with initial 
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concentration of 30 mg L− 1 dye solution, 0.6 g L− 1 amount of adsorbent 
dose, natural pH and room temperature (298 K) [5,21]. During the 
adsorption to minimizing other effects dye solutions were wrapped with 
alumina foil to intercept the light. The adsorption kinetics of the dyes 
removal process was studied by recording the absorption spectrums 
using Ocean optics (HR4000) spectrophotometer at different time in-
tervals. Effect of other parameters such as initial dye concentration (10, 
30, 50, 100 and 200 mg L− 1), pH (2, 4, 6.5, 8, 10, and 12) and foreign 
ions (KCl, NaCl, LiCl, KNO3 and KClO4) for the MB adsorption on the GO- 
Chit/MnO2NRs material was systematically carried out. The pH of the 
solutions was tuned by using a 0.1 M HCl or 0.1 M NaOH concentrated 
solutions. The UV–Visible spectroscopy was used to determine the 
adsorption capacity (qe), dye removal efficiency (R) with the following 
equations: 

R(%) =
C0 − Ct

C0
× 100 (1)  

qe =
C0 − Ce

W
×V (2)  

where C0 dye concentration at initial, Ct dye concentration at contact 
time (t), Ce concentration of dye at equilibrium (mg L− 1), respectively. V 
and W stands for volume of dye solution (L) adsorbent dosage (mg) 
respectively [21]. 

2.6. Instrumentation and tools 

The crystalline properties of the synthesised GO, GO-Chit and GO- 

Chit/α-MnO2NRs were analysed by using an X-ray diffractometer (XRD- 
PANalytical’s X’Pert PRO) employing Cu Kα radiation by obtained XRD 
patterns. The covalent successful functionalization of the prepared ma-
terials was further confirmed using Fourier-Transform Infrared (FT-IR) 
spectroscopy (Nicolet 6700 FT-IR spectrometer) through the KBr 
method. The Raman spectra of the prepared GO-Chit/α-MnO2 NRs were 
determined by Witec Confocal Raman instrument (CRM200) with Ar ion 
laser (λ = 514.5 nm). The complete surface morphology changes of the 
synthesised GO-Chit/α-MnO2NRs were studied by Scanning Electron 
Microscopy (SEM, HITACHI S-3400N model). The transmission Electron 
Microscope (TEM) images were captured with a Tecnai F-30 instrument 
at high resolution. Additionally, thermal analyzer (TG-DTA-Q 600 SDT) 
was used to confirm the formation of GO-Chit and GO-Chit/α-MnO2NRs 
composites and the thermal analysis were analysed. The adsorption ki-
netics of the dyes were studied by recording the absorption spectrums 
using Ocean optics (HR4000) spectrophotometer at different time in-
tervals. The surface area of all the samples was determined by BET 
method using Quantachrome instrument. The temperature programmed 
desorption of CO2 studies was also conducted on Auto Chem 2910 
(Micromeritics, USA) instrument. 

3. Results and discussion 

3.1. Formation of GO-Chit supported MnO2NRs (GO-Chit/MnO2NRs) 

In Fig. 1(a, b) shown the XRD patterns of graphite (GR) and graphene 
oxide (GO). The appearance of a new diffraction peak at 12.5◦ and the 
disappearance of diffraction pattern at 26.4◦ indicates the successful 

Scheme 1. Systematic representation of the preparation of graphene oxide (GO) grafted chitosan stabilized MnO2NRs (GO-Chit/MnO2 NRs).  

R. Rajendiran et al.                                                                                                                                                                                                                            



Journal of Water Process Engineering 47 (2022) 102704

4

formation of single-layer graphene oxide (GO) (JCPDS 75-2078) with 
oxygen functionalities (Fig. 1b). Additionally, chitosan grafting phase 
can be seen in Fig. 1c, through the appearance of semi-crystalline chi-
tosan polymer diffraction peaks at 2θ = 20.1◦, 47.6◦, 54.3◦ and 77.6◦. 
The XRD patterns described in Fig. 1d attributed to the complete phase 
formation of GO-Chit/MnO2 NRs composite structure. The peaks at 2θ 
values of 12.9◦, 18.1◦, 28.9◦, 38◦, 42.1◦, 49.8◦, 56.3◦, 60.1◦ and 69.7◦

indicates the α-MnO2 (JCPDS 440141), representing the pure phase of 
α-MnO2 [19,23]. 

Further characterised by FTIR analysis to confirm the GO formation, 
chitosan grafting and decorated MnO2 nanorods (NRs) over GO-Chit 
scaffold. It is evident that the formation of GO from Fig. S1(b) through 
the reflections of various types of oxygen-based functionalities over the 
surface of GO was evident through the appearance of O–H stretching 
vibrations at 3422 cm− 1, C––O stretching vibration at 1725 cm− 1, 
unoxidized graphite domains C––C at 1666 cm− 1, C-OH stretching vi-
brations at 1220 cm− 1 and stretching vibrations for C–O at 1060 cm− 1, 
respectively [24]. In contrast, Fig. S1(a) doesn’t show any peaks related 
to the bending and stretching vibrations of pure graphite due to absence 
of surface functionalities. Nevertheless, only one vibrational peak is 
visible for graphitic aromatic benzene at 1666 cm− 1 [25]. Confirmative 
FT-IR peaks are noticed for acyl group functionalized graphene oxide 
(GO–COCl) as shown in Fig. S1(c). Moreover, the introduction of a new 
peak at 694 cm− 1 along with C––O peak shift at 1694 cm− 1 and the 
complete disappearance of –OH stretching vibration at 3435 cm− 1 was 
evident due to the construction of new C–Cl bond formation [26,27]. 
The covalent immobilization of chitosan on to the GO was further 
confirmed in Fig. S1(d) through the appearance of –CONH (amide bond) 
peak at 1645 cm− 1, –CH2 (aliphatic) peak at 2095 cm− 1 and the free 
–NH and O–H peaks of the chitosan polymer appearing at 3480 cm− 1 

[28]. Additionally, the stabilization of MnO2NRs on the GO-Chit can be 
seen in Fig. S1(e). The disappearance of –NH and –OH stretching vi-
brations at 3480 cm− 1 is due to decomposition and creation of defect 
sites which formed new interactions with MnO2 nanorods by replacing 
the –NH and –OH functional groups. 

In order to confirm the formation of GO-Chit/MnO2 NRs hybrid, we 
measured the percentage of chitosan content grafted over the GO and 
the supported MnO2 NRs through weight loss between the 200 and 
800 ◦C temperature range. The TGA results depicted in Fig. 2 showed a 
significant weight loss of ~13% between 120 and 300 ◦C due to the 
pyrolysis of –COOH, –OH and epoxy groups [29]. In the case of pure 
chitosan, two types of weight losses were observed. Primarily, 11% 
weight loss was noted between 30 and 100 ◦C due to the evaporation of 
absorbed water followed by 46% of weight loss obtained between 450 

and 700 ◦C because of the polysaccharide unit degradation. Interest-
ingly, witnessed a 16% gradual weight loss occurs in GO-Chit material 
below the temperature of 400 ◦C which is probably due to the loss of 
glucopyranose ring of the chitosan. Additionally, we observed a 
decrease in the total weight loss (~36%) for the GO-Chit sample which 
revealed the covalent immobilization between GO and chitosan through 
the epoxide and hydroxyl groups of GO. TGA analysis of GO-Chit/MnO2 
NRs composites experienced a gradual weight loss of 6% between 500 
and 600 ◦C, which may be due to loss of MnO2 NRs. 

Further, Raman spectral analysis was performed to identify and 
characterise the physical and chemical properties of the GO-Chit/ 
MnO2NRs hybrid. The Fig. 3 illustrates the spectral analysis of (a) 
graphite, (b) GO-Chit and (c) GO-Chit/MnO2 NRs, respectively. Two 
major D and G bands for all the samples between 1330 and 1590 cm− 1 

were clearly visible [17,30]. Normally, the D band in pure graphitic 
lattice is quite weak or sometimes nearly invisible, which arises from the 
k-point phonons of the A1g (Csp3) atom first-order scattering process, 

Fig. 1. Powder XRD patterns of (a) graphite (GR), (b) graphene (GO), (c) GO- 
Chit, and (d) GO-Chit/MnO2NRs, respectively. 

Fig. 2. Thermal gravimetric analysis (TGA) of graphene oxide (GO), GO-Chit, 
GO-Chit/MnO2NRs and pure Chitosan (Chit). 

Fig. 3. Raman spectra of (a) graphite, (b) GO-Chit and (c) GO-Chit/ 
MnO2NRs materials. 
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while E2g phonons of the (Csp2) atom is responsible for the G band arise 
(Fig. 3a). In contrast, D band that appeared at 1314 cm− 1 for the GO-Chit 
sample could be linked to the increasing sp3 carbon atoms that arise due 
to covalent the immobilization of chitosan polymer on the graphene 
oxide surface [28]. Moreover, a reasonable shift of 25 cm− 1 (1573 to 
1597 cm− 1) for the G band in the GO-Chit sample was observed which 
could be due to the detachment of GO layers (Fig. 3b). We speculate that 
the glucopyranose ring of the chitosan is the major reason for the greater 
intensity of the D band of the GO-Chit sample. In the case of MnO2 NRs 
incorporated in GO-Chit, different behavior in the lower region 
(100–1000 cm− 1) of the Raman spectrum was noted. Moreover, the 
MnO2 NRs dispersed over GO-Chit spectra in (Fig. 3c) peak was observed 
at 350 and 643 cm− 1, which belongs to the bending modes of O-Mn-O. 
Further, GO-Chit/MnO2 NRs, GO and pure graphite samples presented 
D/G band ratios of 0.9886, 0.9124 and 0.204, respectively. The 
enhanced D/G ratio implies that the successful formation of GO–Chit 
and the surface decorated MnO2 NRs was evident. 

We examined SEM analysis to confirm the composite structural for-
mation and chemical changes in the surface morphology of grafted 
graphene oxide and GO-Chit/MnO2NRs. The highly visible thin gra-
phene oxide layers images determine the single layer of GO formation 
(Fig. 4a) [25]. In contrast, a randomly mixed rope-like structure was 
noticed in the GO-Chit (Fig. 4b), which depicts the successful grafting of 
a chitosan polymer over GO. The surface morphology of GO-Chit/ 
MnO2NRs revealed the distribution of nanorods over the GO-Chit 
functionalized structure, indicating the highly decorated and dispersed 
of MnO2 nanorods and their uniform distribution over the GO-Chit 
surface (Fig. 4c and SI Fig. S2). 

TEM analysis was performed to further confirm the morphology and 
size of the GO-Chit/MnO2 NRs (Fig. 5). Fig. 5(a, b) TEM images revealed 
the finest rod-like structures with uniform size formed by the manganese 
oxide nanoparticles. Furthermore, the TEM images confirmed the for-
mation of GO-Chit stabilized MnO2NRs that are uniformly distributed on 
the GO-Chit surfaces with sizes of ~700 nm length and 15.5 nm width 
(Fig. 5c and d). The detailed TEM images of the GO, GO-Chit, MnO2NRs 
and GO-Chit stabilized of MnO2NRs are presented in Figs. S3–S5. 

The XPS spectra of the GO-Chit/MnO2 nanohybrids in Fig. 6 provide 
further insight into the oxidation state of the elemental composition. The 
C1s XPS spectra of the GO-Chit/MnO2 nanohybrid sample consist of sp2, 
sp3 and O-C=O bands in the range of 283.1, 291.2 and 295.1 eV 
respectively [16]. A strong band observed at 281.1 eV indicates sp2 

carbon atom majorly presented in the nanohybrid. Moderate XPS peak 
appeared at 291.2 eV and 295.1 eV indicates successful insertion of sp3 

carbon atom and formation of O-C=O functional group in the nano-
composites. Further, MnO2NRs incorporation on the GO-Chit network 
can be confirmed through the O 1s and Mn 2p XPS characteristic peak 
(Fig. 6b–c). Metal oxygen O 1s peak (Mn–O) at 529.1 eV and 2p3/2 and 
2p1/2 states of Mn 2p characteristics peaks at 641.1 and 654.2 eV, 
respectively indicates that the MnO2NRs are presented in the material 
(Fig. 6b) [23]. Additionally, the survey spectrum of GO-Chit/MnO2 
nanohybrid indicated that the synthesised material consists of C, N, O 
and Mn elements (Fig. S6). The XPS spectrum results clearly screen the 
successful formation of GO-Chit-MnO2 nanohybrid composites. 

The N2 sorption isotherms of GO, GO-Chit, and GO-Chit-MnO2NRs 
are shown in Fig. 7 and corresponding textural properties are summa-
rized in Table 1. The type IV isotherm (IUPAC classifications) with H1 
hysteresis loop was observed for all the samples in the Fig. 7. The GO- 
Chit and GO-Chit-MnO2NRs powder showed the highest pore volume 
than the GO and MnO2NRs samples indicates GO-Chit and GO-Chit- 
MnO2NRs samples has highest surface area, pore volume and pore size 
than the GO and MnO2NRs [17,18]. 

In order to investigate the differences in adsorption of ionic dyes of 
various GO, GO-Chit, GO-Chit-MnO2NRs hybrids, the basic strengths of 
the hybrid materials were determined by the temperature-programmed 
desorption of CO2 (CO2-TPD) and the results are shown in Fig. S7 values 
are summarized in Table S1, from which it can be seen that the pure GO 
showed a desorption peak at 534 and 687 ◦C corresponding to 0.36 and 
2.48 mmol CO2 desorbed respectively. In the case of GO-Chit-MnO2NRs 
shows two peaks at 293 and 655 ◦C attributed to the 15.13 mmol and 
9.78 mmol of CO2 desorption, respectively. It is well known that NH2 
groups of chitosan impart basicity as well as being involved in specific 
interactions with metal oxide. In the present case, may be interaction of 

5 μm 5 μm

2 μm5 μm

a b

dc

Fig. 4. SEM images of (a) GO, (b) GO-Chit and (c and d) GO-Chit/MnO2NRs.  
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MnO2 with –OH, and –NH2 groups of chitosan on the GO surface is 
responsible for the basicity of the GO-Chit-MnO2NRs hybrid. Hence, GO- 
Chit-MnO2NRs showed higher basicity than that of GO-Chit and GO 
[31]. 

3.2. Application of AB and MB ionic dye removal using GO-Chit/ 
MnO2NRs 

Since the synthesised GO-Chit/MnO2NRs hybrid material shows 
attractive adsorption behaviors towards MB and AB toxic ionic organic 
industrial dyes, experiments have been done for successful removal of 
cationic MB and anionic AB organic dyes by simple adsorption method. 
The dye removal experiments were carried out for MB and AB in 
aqueous solutions by UV–Vis spectroscopy with GO-Chit/MnO2NRs 
hybrid under the absence of external reducing or oxidizing agent or 
sunlight at room temperature for different time durations. The main 
absorption peaks were found for AB and MB dyes at 610 nm and 660 nm 
respectively (Fig. 8a, b) [1]. We found that the dyes are stable and do not 
undergo any chemical/physical changes or changes in absorbance by 
themselves in the presence/absence of light. However, the absorbance of 
these dyes decreased drastically in the presence of GO-Chit/MnO2 NRs, 
and it became near to zero in about 700 min and 24 min for AB and MB 
respectively. Removal of dye was confirmed through the appearance of 
complete colorless solution and the absence of absorbance peak in the 
spectrum. 

Additionally, we have carried out several attempts to compare the 
adsorption activity of prepared catalysts with pure graphite, GO, bare 
MnO2NRs, and MnO2(P) separately and we could not observe any 
changes in the absorbance for above mentioned samples. The adsorption 
ability of bare MnO2 i.e., without GO-Chit shown low adsorption 

capacity below 5% Fig. S8. Hence, the enhanced adsorption activity of 
GO-Chit/α-MnO2NRs composites in the removal of cationic dyes (MB), is 
attributed to the synergic effect due to the presence of both GO-Chit and 
MnO2NRs material. Besides, the re-usability experiment of the GO-Chit/ 
α-MnO2 NRs hybrid for the dye removal was investigated. Additionally, 
systematic adsorption kinetics was also examined to have a better un-
derstanding towards the adsorption phenomena. 

It can be further confirmed by FT-IR spectroscopy, through the 
appearance of appropriate stretching frequency of corresponding 
adsorbed ionic dyes (Fig. 12). It designates that a strong electrostatic 
interaction is required for the adsorption of dyes on the surface of GO- 
Chit/MnO2NRs. We found that the shape and size of the MnO2 nano-
particles plays a vital role in the dye adsorption process. The adsorption 
capability of the synthesised nanohybrid might have the possibility to 
contribute to the various interactions between adsorbent and adsorbate 
in adsorption phenomenon. The schematic representation of adsorption 
mechanism of AB and MB dyes on the GO-Chit-MnO2 NRs is presented in 
Fig. 8. The adsorption phenomenon between GO-Chit/MnO2NRs hybrid 
and ionic dye substrate can be summarized as follows; (i) MnO2NRs: 
negatively charged MnO2NRs has the strong electrostatic attraction with 
positively charged MB, resulting in the enhanced adsorption towards 
cationic dyes, (ii) higher surface area of the graphene oxide helps to 
adsorb a greater number of ionic dye molecules. Additionally, π-π 
stacking interactions between bulk π-system of sp2-carbon graphene 
oxide helps to bring the dye molecules near to the GO-Chit/MnO2NRs. 
(iii) Strong hydrogen bonding between the chitosan and dye molecule is 
mediated through the -OH and -NH group of chitosan substrate. 
Furthermore, the adsorbed dyes could not be leached with alcoholic or 
other organic solvents after adsorption which indicates that the 
adsorption was very strong. 

500 nm 50 nm

100 nm 20 nm

a b

dc

GO-Chit

MnO2NRs

200 nm

Fig. 5. TEM images of adsorbents (a and b) α-MnO2NRs, (c and d) GO-Chit/MnO2NRs.  
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3.3. Systematic adsorption kinetics studies 

To validate the efficiency of the adsorbent (GO-Chit-MnO2NRs) 
ability initial concentrations of MB and AB 10 B dyes were evaluated to 
the adsorption experiments [7,12]. GO-Chit/MnO2NRs adsorption ca-
pacity increases 16.66 to 320 mg g− 1 Table S2, with the initial con-
centration of MB dye increases from 10 to 300 mg L− 1, while the 
efficiency of dye removal is decreased. Greater than ~95% dye removal 

efficiency was obtained up to C0 = 100 mg L− 1 initial concentration, and 
it degreased dramatically to ~75% at the C0 = 200 mg L− 1 initial con-
centration (Table S2). In contrast in the case of initial concentration 300 
mg L− 1 MB dye removal efficiency drastically decreased in to 64% at 
that time the adsorption capacity was 320 mg g− 1 (Table S2). Details of 
the dye removal efficiency and adsorption capacity as a function of 
initial concentration were presented in Table S2. Noticed rapid MB dye 
removal process was occurred with the addition of low initial (C0 = 10 
mg L− 1) concentration. GO-Chit/MnO2NRs material was rapidly 
removed MB dye within 25 s; therefore, adsorption kinetic experiments 
were conducted with higher MB initial concentration above 30 mg L− 1 

to validate the time dependent adsorption phenomenon. Thus, the above 
results designate GO-Chit/MnO2NRs material effectively removed MB 
dye from the dye solution. Additionally, the pH effect of adsorption of 
MB on GO-Chit-MnO2NRs material was carried out in aqueous solution 
because of pH nature effectively affecting the dye adsorption phenom-
enon [5]. MB adsorption capacity on the GO-Chit/MnO2NRs hybrid 
material increases 109.1 to 164 mg g− 1 with increase in pH from 2 to 12 
at 30 mg L− 1 MB initial concentration (Fig. S9). 

Dependence of adsorption ability has been investigated with the two 

Fig. 6. Represents the XPS spectral analysis of GO-Chit/MnO2 nanohybrid. (a) C 1s, (b) O 1s, (c) N 1s and (d) Mn 2p binding energy spectrum.  

Fig. 7. N2 physisorption isotherms of a) GO, b) GO-Chit, c) GO-Chit-MnO2NRs 
and d) MnO2NRs. 

Table 1 
Textural properties of various adsorbent materials studied in this work.  

Entry Adsorbent Textural properties 

BET (m2/ 
g) 

Pore volume (cm3/ 
g) 

Pore size 
(nm) 

1 MnO2NRs  9.5  0.432  0.99 
2 GO  263  0.028  0.99 
3 GO-Chit  277  0.037  2.189 
4 GO-Chit- 

MnO2NRs  
280  0.059  2.439  
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Fig. 9. (a, b) shows UV–Visible absorption kinetics peaks at function of time for the MB and AB 10B dye adsorption (298 K, C0 = 30 mg L− 1, 0.6 g L− 1 of adsorbent, 
and natural pH). Fig. 6(c, d) shows MB and AB 10B dye adsorption capacity in function of time (298 K, C0 = 30 mg L− 1, 0.6 g L− 1 of adsorbent, and natural pH). 
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initial concentrations of 30 and 100 mg L− 1 methylene blue and amido 
black 10 B dye solution with function of contact time (Fig. 9). It is 
evident that the increased equilibrium adsorption with the initial con-
centration of dyes was observed (Fig. 9a). Further, MB dye was rapidly 
adsorbed on the GO-Chit/MnO2NRs hybrid at the initial stage within 25 
min and then gradually reached equilibrium. This result suggests that 
the GO-Chit/MnO2NRs hybrid contains higher number of active sites in 
the initial adsorption, there after active sites declined with steric hin-
drance [32,33]. In the case of AB10 anionic dye, equilibrium adsorption 
reaches after 800 min, at that time, adsorption capacity reaches 40, 120 
mg g− 1 for the 30 and 100 mg L− 1 initial concentration with declined 
dye removal efficiency from 81% to 72% Fig. 9(b). In contrast, drasti-
cally declined in AB10 dye removal efficiency to 28% with initial con-
centration 300 mg L− 1 at that time adsorption capacity 140 mg g− 1. The 
results indicate that the prepared GO-Chit/MnO2NRs materials are more 
suitable for the adsorption of cationic (MB) dyes than the anionic 
(AB10). In order to further understand the MB adsorption phenomenon 
on GO-Chit/MnO2NRs hybrid we further examined the adsorption ki-
netics. The measured MB dye adsorbed experimental kinetics values 
were fitted with two linear forms of pseudo-first order (PFO) and 
pseudo-second order (PSO) kinetics model respectively [34–37]. 

The Fig. 10 shows MB dye adsorption kinetics model of (a) Pseudo 
first order (PFO) plot between log (qe-qt) vs contact time (t), (b) Pseudo 
second order (PSO) plot between t/qt vs contact time (t). Fig. 10(c, d) 
shows Langmuir equilibrium adsorption isotherm kinetic models (ho-
mogenous monolayer) and Freundlich equilibrium adsorption isotherm 
kinetic models (heterogeneous multilayer) respectively. qt and qe cor-
responds to adsorption capacities (mg g− 1) at contact time (t, min) and 

equilibrium, respectively for the MB dye adsorption. The k1 (min− 1) and 
k2 (g mg− 1 min− 1) represents are the rate constants at the equilibrium 
for the Pseudo first order (PFO), Pseudo second order (PSO) kinetic 
model respectively. k1 and k2 were determined from the slope and 
intercept values of log(qe – qt) vs. t and t/qt vs. t respectively (Fig. 10a, 
b). Correlation coefficient (R2) and rate constants (k1 and k2) values 
observed for the PFO model (R2 > 0.9884, k1 = 0.0541) and for PSO 
model (R2 > 0.9978, k2 = 0.02142) respectively. When compare the two 
models the correlation coefficient (R2) values evidently indicate the 
adsorption of MB on GO-Chit/MnO2NRs hybrid materials mainly follows 
PSO model, through the rate-limiting step connecting chemisorption 
between the adsorbent and adsorbate [38,39]. 

Though, it is difficult to decide the diffusion mechanism by using 
above mentioned two kinetic models. Further, in order to examine the 
sorption study, we utilized linear form of interparticle diffusion (method 
of Weber and Morris) kinetic model with 30 mg L− 1 MB initial con-
centration Fig. S10 [40,41]. It can be seen in Fig. S10, two linear por-
tions, it is suggesting that the MB adsorption can be explained by two- 
stage process: (i) stage one is MB adsorption on external surface, i.e., 
occurring mass transfer via boundary-layer diffusion. It can be 
confirmed through the appearing first stage steep slope in Fig. S10, and 
(ii) the step-by-step sorption stage also called interparticle diffusion, it is 
evidently confirmed with appearing plateau slopes at the second stage 
(Fig. S10) [41]. Results of interparticle diffusion methods clearly in-
dicates MB adsorption process rapidly occur at the initial stage, followed 
by gradually attained their equilibrium [38]. 

Fig. 10. The adsorption kinetics and isotherm models plot. (a) Pseudo first order (PFO) plot between log (qe-qt) vs contact time (t), (b) Pseudo second order (PSO) 
plot between t/qt vs contact time (t). Fig. 10(c, d) shows Langmuir equilibrium adsorption isotherm kinetic models and Freundlich equilibrium adsorption isotherm 
kinetic models, respectively. 
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qmax
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bqe

(3)  

ln(qe) = ln(KF)+
1
n

ln(Ce) (4) 

The systematic adsorption isotherm kinetics studies provide detailed 
of the efficient adsorption behavior through obtained parameters basis. 
Hence, the linear form of Langmuir and Freundlich equilibrium 
adsorption isotherm model further applied to find out the equilibrium 
adsorption isotherm phenomenon. Linear form of Langmuir and 
Freundlich isotherm model describes in Eqs. (3) and (4) respectively. 
Here, Ce and qe represents dye concentration at equilibrium (mg L− 1) 
and adsorption capacity at equilibrium (mg g− 1) respectively. b repre-
sents Langmuir constant and qmax is belongs to Langmuir theoretical 
maximum adsorption capacity of the adsorbent in monolayer adsorp-
tion. qmax and b values measured through the obtained the slope and 
intercept values from linier plot between Ce/qe vs Ce. KF is the Freund-
lich constant (mg g− 1), 1/n is heterogeneity parameter. Langmuir 
equilibrium adsorption isotherm model is based on the theory of 
monolayer adsorption by homogenous adsorbent surface [42–44]. In 
contrast Freundlich adsorption isotherm model is based on the theory of 
multilayer adsorption on the heterogeneous adsorbent surface [42]. The 
Fig. 10(c, d) demonstrates linear form of monolayer (Langmuir) and 
multilayer (Freundlich) adsorption models of the MB dye adsorption 
using GO-Chit/MnO2NRs. The obtained R2 values from the Langmuir 
(R2 = 0.9945, k = 0.00304) and Freundlich (R2 = 0.8115, k = 0.871) 
isotherm model clearly indicates the highest regression correlation of R2 

value suggests MB adsorption process mainly occurs through the ho-
mogenous monolayer Langmuir adsorption. Results suggest Langmuir 
equation can be used to calculate the maximum adsorption capacity 
(qmax). The measured theoretical qmax value is approximately 328.9 mg 
g− 1 this value is almost similar to experimentally obtained value 320 mg 
g− 1. Similarly, we calculated theoretical qmax value for the AB anionic 
dye adsorption on GO-Chit/MnO2NRs materials, is 150.6 mg g− 1 and 
almost close to experimentally obtained value of 140 mg g− 1 (Fig. S11). 
As a result indicates that the maximum adsorption capacity value for AB 
dye adsorption is 2.18 times lower than that of MB adsorption maximum 
value. We compared adsorption capacity of our synthesised GO-Chit/ 
MnO2NRs materials with other adsorbents including metal oxide, car-
bon, and metal oxide/carbon composites with existing literature 
Table 2. Our material shows better adsorption capacity than the existing 
literatures especially for MB cationic dye removal system, it can be used 
as a promising adsorbent material for the cationic dye removal 
application. 

3.4. Effect of foreign ions 

In order to find out the effect of foreign ions on the adsorption of MB 
over GO-Chit/MnO2NRs hybrid, we carried out MB dye removal ex-
periments in the presence of 0.01 mol/L KCl, NaCl and LiCl as a function 
of pH Fig. 11(a). Fig. 11(a) shows MB removal efficiency is lower in KCl 
solution than that of LiCl and NaCl with the pH range of 2 to 12, cations 
could influence the surface properties of GO-Chit/MnO2NRs material 
results changes in the dye removal efficiency. 

The major reason for the lowest MB dye removal in KCl solution K+

has smaller hydration radios than that of Na+ (2.76 Å) and Li+ (3.40 Å) 
[5]. Further, the K+ ions have highest affinity towards the GO-Chit- 
MnO2NRs surface, this tendency is the reasons for counter ion exchange 
oxygen-containing groups on the GO-Chit-MnO2NRs surface, which lead 
to diminish the active interaction sites on the GO-Chit/MnO2NRs surface 
[55]. Furthermore, the removal efficiency of MB dye drastically affected 
by the addition of foreign anions due to competitive adsorption 
(Fig. 11b). Interestingly, different phenomenon was observed with the 
addition of KNO3, KClO4 anions in the MB dye removal. Removal effi-
cacy of MB was found to be higher in KNO3 and KClO4 solutions than 
that of KCl solution. It may be due to these major reasons: (1) radius 
order of the inorganic acid radical Cl− < NO3

− < ClO4
− [56], inorganic 

acid with smaller radius can occupy the higher ionic exchange sites re-
sults degrease the removal efficiency of GO-Chit/MnO2NRs. (ii) Further 
Cl− was easily captured by the hydroxyl or amino groups on the GO- 
Chit/MnO2NRs surface, it may be the reason to reduce the binding sites 
availability [5]. (iii) In the case of KClO4 solution dye removal efficiency 
is not depends on the initial pH of the solution. In aqueous solution MB 
easily react with ClO4 by complexation appears with light green color, 
results in the efficacy of MB adsorption are enhanced in GO-Chit/ 
MnO2NRs [38]. 

3.5. Recyclability of GO-Chit/MnO2NRs 

In order to make the synthesised GO-Chit/MnO2NRs hybrid mate-
rials to be suitable for practical and industrial applications, we carried 
out the recyclability test. After every dye removal adsorption kinetic 
experiment, the adsorbent was recovered by centrifugation at 6000 rpm 
followed by washing with distilled water and ethanol. The recyclability 
experiment was conducted by measuring the UV absorbance of every 
cycle after the complete removal of dyes. The experiment confirmed that 
the developed material was found to be an active even after 10 succes-
sive cycles. Nevertheless, after the fifth cycle the effectiveness of the 
material reduced minimally which is attributed due to the minor 
leaching of MnO2NRs. Similarly, recycle experiment performed in AB 
dye revealed that the GO-Chit/MnO2NRs nanohybrid can be effectively 
employed as an adsorbent material at least for 10 times without note-
worthy loss in its dye removal activity (Fig. S12). 

3.6. Characteristics discussion of adsorption of GO-Chit/MnO2NRs 
towards AB and MB ionic dyes 

The upcoming characteristic discussions express that the successful 
formation of GO-Chit and their supported MnO2NRs. The versatile na-
ture of the GO-Chit/MnO2NRs hybrid will bring about physical and 
chemical transformations on interaction with the potential substrate. 
Henceforth, we examined the efficiency of the synthesised GO-Chit/ 
MnO2NRs hybrid towards the adsorption of various ionic dyes. 

To investigate the physical adsorption properties of the adsorbed MB 
and AB organic dyes over GO-Chit/MnO2NRs, FT-IR investigation was 
performed. After the adsorption process, GO-Chit/MnO2NRs hybrid 
material was removed carefully using an easy filtration technique and 
followed by five times constant washing with distilled water and then 
dried under vacuum at 50 ◦C. We noticed in the FT-IR spectra after the 
AB dye adsorption process, the new -N=N- azo bond and sulfonate group 
(-SO3

̶ ) stretching vibrational peaks appeared at 1604 cm− 1 and 1030 

Table 2 
The comparison of maximum adsorption capacity (qmax) of MB dye removal 
process with the existing literature.  

S. 
No. 

Adsorbents qmax (mg 
g− 1) 

Temp. 
(K) 

pH Ref. 

1 Activated carbon  345 293 7 [45] 
2 Functionalized CNT (f- 

CNT)  
99.80 298 Natural [46] 

3 Graphene oxide (GO)  144.92 298 5.4 [47] 
4 Mesoporous (δ-MnO2)  90.83 293 7 [48] 
5 TiO2/SiO2/Fe3O4(TSF- 

HMMS)  
147 298 6.82 [49] 

6 Fe3O4 nanopowder  25.54 298 6.5 [50] 
7 Zeolite–activated carbon  143.47 303 – [51] 
8 Activated carbon-MnO2 

nanocomposites  
45.454 – – [52] 

9 Graphene/Fe3O4/C  73.26 298 – [53] 
10 Graphene nanosheet/ 

Fe3O4  

43.82 298 – [54] 

11 GO-Chit/MnO2NRs  328.9 298 Natural This 
work  
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cm− 1 respectively (Fig. 12b). Similarly, the typical -NO2 functional 
group vibration bands of the AB dye appeared at 1662 and 1510 cm− 1. 
Interestingly, strong physical adsorption through the valuable red shift 
in the -NH2 vibration after AB adsorption (3423 cm− 1 is shifted to 3351 
cm− 1) was observed [25]. The successful removal of MB adsorption was 
confirmed using FT-IR investigation (Fig. 12c). MB adsorbed GO-Chit/ 
MnO2NRs material exhibited four strong stretching vibrational FT-IR 
peak for 3◦ amine at 1231, for -N=N- at 1220, for –S– at 1226 and 
for quaternary (4◦) amine at 2924 cm− 1 respectively. FT-IR results of 
newly appearing characteristic peak of adsorbed MB and AB dye and 
their notable -NH2 peak shift in the stretching vibration denotes that all 
the dyes are completely adsorbed on the GO-Chit/MnO2NRs hybrid 
system. 

4. Conclusions 

Industrial toxic dyes are polluting aquatic environments and have 
serious health effects. In this work we successfully synthesised and 
designed MnO2 nanorods (NRs) decorated on chitosan-grafted graphene 
oxide (MnO2NRs/GO-Chit) hybrid material, which is an effective 
adsorbent in removal of cationic (methylene blue (MB)) and anionic 
(amido black 10 (AB10)) dyes. From XRD, it is confirmed the formation 
of single-layer GO and the semi-crystalline GO-Chit/MnO2 NRs 

composite structure. From the characterisation results, it is evident that 
the oxygen-containing functional groups were exist over the GO-chit 
surface, which lead to π-π interactions and reactive defect sites for 
MnO2 NRs. Moreover, after the incorporation of MnO2, surface basicity 
improved significantly and lead to high adsorption capacity towards 
ionic dyes. Both dyes are completely removed from the solution. How-
ever, the removal of cationic dye MB took 24 min i.e., 29 times much 
faster absorbance time than anionic AB10 dye (700 min) for the com-
plete adsorption. The synergistic effects of MnO2 and GO-chit exhibited 
stronger electrostatic attractions towards cationic MB than anionic dyes. 
At C0 = 100 mg⋅L− 1, higher than ~95% dye removal efficiency with 
maximum capacity of qmax = 329 (mg⋅g− 1) was achieved. At higher pH 
value i.e., in basic nature, a maximum adsorption capacity can be ach-
ieved. From the adsorption kinetic and isotherm models, MB adsorption 
over MnO2NRs/GO-Chit hybrid material follows Pseudo second order 
(PSO) kinetic model and homogenous monolayer Langmuir adsorption. 
Finally, MnO2NRs/GO-Chit hybrid material found to be highly stable 
after 10 successive adsorption cycles and promising candidate to 
develop further for full commercialisation. 
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