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Introduction

Manganese oxide nanomaterials, due to their unique structural and chemical properties, have been mainly investigated either as catalysts (D. [START_REF] Wang | Manganese dioxide as a catalyst for oxygen-independent atrazine dealkylation[END_REF] [START_REF] Shaabani | Porous chitosan-MnO 2 nanohybrid: a green and biodegradable heterogeneous catalyst for aerobic oxidation of alkylarenes and alcohols[END_REF] and as electrodes for lithium batteries [START_REF] He | Ultrathin MnO2 nanosheets supported on cellulose based carbon papers for high-power supercapacitors[END_REF] [START_REF] Lee | Carbon Nanotube/Manganese Oxide Ultrathin Film Electrodes for Electrochemical Capacitors[END_REF] Owing to their combined oxidant and adsorbent capabilities, MnO 2 nanoparticles their combined oxidant. [START_REF] Salam | Synthesis and characterization of novel manganese oxide nanocorals and their application for the removal of methylene blue from aqueous solution[END_REF] [START_REF] Han | Degradation of aqueous and soil-sorbed estradiol using a new class of stabilized manganese oxide nanoparticles[END_REF] [START_REF] Clarke | Oxidative breakdown of acid orange 7 by a manganese oxide containing mine waste: Insight into sorption, kinetics and reaction dynamics[END_REF].However, as this nanomaterial is normally obtained in the powdered form, its applicability is impaired due to the limited possibility of easyrecovering from the reaction medium that prevents its reuse or adequate disposal after the end of the treatment process. An alternative to overcome this problem is to support the nanoparticles into suitable solid matrices.(Y. [START_REF] Wang | In situ synthesis of MnO2 coated cellulose nanofibers hybrid for effective removal of methylene blue[END_REF] [START_REF] Maliyekkal | A novel cellulosemanganese oxide hybrid material by in situ soft chemical synthesis and its application for the removal of Pb ( II ) from water[END_REF] Cellulose, a renewable biopolymer, is an interesting material to use as a film to support the nanoparticles, since it has mechanical strength, durability, and water-resistance. [START_REF] Zhang | 1-allyl-3-methylimidazolium chloride room temperature ionic liquid: A new and powerful nonderivatizing solvent for cellulose[END_REF] [START_REF] Pang | Fabrication of cellulose film with enhanced mechanical properties in ionic liquid 1-allyl-3-methylimidaxolium chloride (AmimCl)[END_REF] Cellulose is the most abundant biorenewable material on earth and presents many advantages of its use including low cost, biodegradability and no toxicity. However, it has quite poor solubility and processability. It was just in 2002 that Rogers and coworkers first dissolved cellulose with an ionic liquid [START_REF] Swatloski | Dissolution of Cellose with Ionic Liquids[END_REF] and after it the possibility to produce cellulose films by the regeneration of the dissolved cellulose with an anti-solvent was opened. [START_REF] Isik | Ionic liquids and cellulose: Dissolution, chemical modification and preparation of new cellulosic materials[END_REF] Those films could be used as support for different materials like metal or oxide nanoparticles, solving the problem of nanoparticles transport and recycling in many different technological applications.

Indigo Carmine (IC), a colorant used in food, pharmaceutical industries and mainly in textile to blue jeans, becomes a serious pollutant in aquatic environments because it prevents the photosynthesis of aquatic plants and algae and beyond that it may be toxic to humans, causing itch, eye irritation, permanent damage to the cornea and respiratory tract, if inhaled. [START_REF] Othman | Study of photocatalytic oxidation of indigo carmine dye on Mn-supported TiO2[END_REF] [START_REF] Vautier | Photocatalytic Degradation of Dyes in Water: Case Study of Indigo and of Indigo Carmine[END_REF] Thus, many studies have been carried out to remove this dye of wastewater.

Manganese dioxide nanoparticles are very effective in promoting its degradation (Vidya Lekshmi, Yesodharan, & Yesodharan, 2017)(Sanchez-Botero, Herrera, & Hinestroza, 2017) [START_REF] Mylarappa | Electro chemical and photo catalytic studies of MnO2 nanoparticle from waste dry cell batteries[END_REF]. However, the limited capacity of recovering these nanoparticles, from the reaction medium, might be a problem.

Till now, only a few studies have examined the use of hybrid materials of cellulose and manganese dioxide to degrade the Indigo Carmine. In 2013, (Chacón-Patiño, [START_REF] Chacón-Patiño | Biocomposite of nanostructured MnO2 and fique fibers for efficient dye degradation[END_REF] the in situ synthesis of nanostructured MnO 2 onto natural fibbers was reported as the catalytic activity of this material to degraded the Indigo Carmine dye from water. The MnO 2 -nanocomposite was able to remove up to 98% of the colour present in the contaminated water samples in less than 5 minutes. This was one of the first report in which a biocomposite containing a transition metal oxide was able to degrade an organic pollutant without the need of addition of an oxygen source as oxidant such H 2 O 2 . In 2016, [START_REF] Blanco | Nanostructured MnO2 catalyst in E. crassipes (water hyacinth) for indigo carmine degradation[END_REF] the use of water hyacinth's dried matter as a support matrix for nano MnO 2 was reported as well its application in the removal of Indigo Carmine dye of wastewater. The degradation tests carried out in different pH indicated that the dye discoloration occurred only in pH 2.3. The effectiveness of the degradation reaction in acidic pH conditions is explained by the electrostatic interaction established between the negative charge of the IC structure with the positive charged MnO 2 oxide surface. Since these reported nanocomposites were obtained in the powdered or fibber forms, their applicability in wastewater treatment could be impaired due to the limited recovering capacity from the medium that prevents its reuse or adequate disposal.

In this sense, this paper describes a novel method to produce free-standing films of non-modified cellulose impregnated with manganese dioxide nanoparticles and their application in the discoloration of the indigo carmine dye upon exposure to ambient light. The use of a film instead of powdered material allows a straightforward isolation from treated water, avoiding the need of more complex separation methods, such as centrifugation or filtration. Reports about the production of such cellulose films containing MnO 2 are still scarce. In 2018, Danish and co-workers [START_REF] Danish | Assessment of cellulose acetate / manganese oxide thin film as adsorbent for selective extraction of flavone[END_REF] demonstrated the efficiency of cellulose acetate/manganese oxide thin films as adsorbents for selective extraction and detection of flavone in environmental waters.

The use of cellulose acetate has many disadvantages since it is a synthetic cellulose and has sensitivity to UV irradiation and is high swellable in water presence, which makes it use in water treatment not suitable. Recently, Pend and colleagues (Ruichao Peng, Honglei Zhang, Lin Gui, Zaikun Wu & Luo, 2019) fabricated a novel porous film by simply mixing mesoporous MnO 2 with porous cellulose prepared by LiOH/urea water system with freeze-thaw method. The composite film was composed of MnO 2 microspheres spread in the reticular structure of the cellulose. The composite film was used to degrade acid orange in wastewater. Compared with pure cellulose film, the composite film of MnO 2 @cellulose had a better catalytic degradation efficiency, since after 90 minutes the acidic orange dye degradation reached 76%.

Materials and Methods

Materials

Microcrystalline cellulose, 2-butanol (99%), potassium permanganate (99%), tetramethylammonium bromide (98%) and Indigo Carmine (97%) were obtained from Sigma-Aldrich and used as received without any further purifications. 1-chlorobutane (99%) and 1-methylimidazole (99%) were also obtained from Sigma-Aldrich but they were distilled before use.

Methods

Tetramethylammonium permanganate (TMAMnO 4 )

Tetramethylammonium permanganate was prepared by using a procedure already described in the literature. [START_REF] Benedetti | Electrostatic Layer-by-Layer Deposition and Electrochemical Characterization of Thin Films Composed of MnO 2 Nanoparticles in a Room-Temperature Ionic Liquid[END_REF]) Succinctly, 2.54 g of tetramethylammonium bromide (16.5 mmol) dissolved in 10.0 mL of deionized water was added dropwise in a solution of 2.37 g (15.0 mmol) of potassium permanganate dissolved in 25.0 mL of deionized water. The mixture was stirred vigorously for 1 hour at room temperature. The precipitate was isolated by filtration, recrystallized from water and dried. The final product was a purple powder with 77% yield.

Aqueous dispersion of manganese dioxide nanoparticles

The preparation of the aqueous dispersion of manganese dioxide nanoparticles has been already described in the literature. [START_REF] Benedetti | Electrostatic Layer-by-Layer Deposition and Electrochemical Characterization of Thin Films Composed of MnO 2 Nanoparticles in a Room-Temperature Ionic Liquid[END_REF] Briefly, 290 mg (1.50 mmol) of TMAMnO 4 was added in 30.0 mL of 2-butanol and 30.0 mL of deionized water. The mixture was gently stirred during 1 hour, at room temperature. Then, the mixture was poured into a separating funnel and the dark aqueous phase containing MnO 2 was separated and used. Water was removed from the dispersion in a rotary evaporator at 80°C and then the sample was dried in a dessicator containing silica gel. This sample was denoted as MnO 2 _powder.

1-butyl-3-methylimidazolium chloride (BMImCl)

This ionic liquid was prepared by the reaction between 1-chlorobutane and 1methylimidazole following a procedure already described in the literature.(da S. [START_REF] Roselaine | Production of self-supported conductive films based on cellulose, polyaniline and silver nanoparticles[END_REF]. The BMImCl was obtained as a white solid and exhibited melting point between 61-64 o C (80% yield). 1 H and 13 C NMR were used to confirm the structure.

Cellulose solubilization and cellulose film

5.00 wt% of microcrystalline cellulose (MCC) was dissolved in BMImCl at 60 °C under stirring during 24 h, giving a clear and viscous solution. Then, 5.00 g of this solution was spin-coated onto a glass Petri dish (15.00 cm diameter) at 500 rpm for 40 s. Then, water was added into the Petri dish to regenerate the cellulose as a film. The membrane was washed with water until the complete removal of the residual ionic liquid. The film was dried for several days in a desiccator with phosphorus pentoxide. This film was denoted as cellulose film.

Cellulose film containing manganese dioxide nanoparticles (CEL_MnO 2 NP)

5.00 g of cellulose solution in BMImCl (5.00 wt%) was placed in a Petri dish (15.0 cm diameter). Then, the same procedure described to produce the cellulose film was used, except for the drying step. After that, 30.0 mL of the aqueous dispersion of manganese dioxide nanoparticles were added to that Petri dish containing the wet cellulose film and they were kept in contact without stirring during 12 hours. Finally, the film was washed several times with water and dried during several days at room temperature, affording a dark brown cellulose film denoted as CEL_MnO 2 NP.

Indigo carmine discoloration tests

The tests were carried out by placing a piece of the film CEL_MnO 2 NP with 22 mg in 5 mL of the dye solution (20 ppm) upon ambient light ( irradiation of 4 tubular fluorescent light bulbs of the indoor laboratory illumination (16 W each located at approximately two meters above the reaction vial)) under constant stirring. The pH of the dye solution was adjusted to 2.0 with the addition of acetic acid. The discoloration of the solution was monitored by electronic absorption spectroscopy at UV-Vis, by accompanying the decreasing of the characteristic absorption band of Indigo Carmine at 610 nm. Additional tests were carried out in pH 3.0 and 4.0 using the same experimental conditions.

Characterizations

Transmission electron microscopy images were acquired in a JEM 2100 electron microscope from JEOL. The sample was prepared by depositing a drop of the MnO 2 dispersion onto a carbon-coated Cu microgrid.

Scanning electron microscopy images were acquired in a JSM-7401F microscope from JEOL equipped with an energy dispersive spectrometer (EDS). The samples were coated with a thin conductive layer of gold to ensure a good electrical path to ground, providing improved SEM image quality.

Scanning transmission electron microscopy (STEM) images were registered in a JSM-7900 JEOL microscope equipped with a Deben STEM detector, at an accelerating voltage of 30 kV. The sample was prepared by immersing vertically a piece of the cellulosic film containing the MnO 2 nanoparticles (CEL_MnO 2 NP sample) in a mixture of an epoxy resin and a hardener (EpoFix, Struers) for 24 hours.

Then, ultrathin slices were cut at with a cryogenic ultramicrotome (Leica, EM UC7).

These slices were left floating in water and then recovered onto TEM grids and dried at room temperature before observation.

Particle size distribution of the MnO 2 nanoparticle dispersion was assessed by using a Malvern Zetasizer Nano instrument.

Fourier transform infrared absorption spectra were recorded on an IR-Prestige-21 spectrometer from SHIMADZU, using ATR accessory (ATR-8200HA) in the range of 400-4000 cm -1 with 4.00 cm -1 of resolution.

Raman spectra were recorded with a RENISHAW InVia Raman spectrometer working with a multichannel detection. Laser excitation was provided by a 632.8 nm HeNe laser and the spectral resolution of 4.00 cm -1 . Electronic absorption spectra were registered in an Ocean Optics spectrophotometer model USB 4000 from OCEAN OPTICS. It was used quartz cuvettes with 1.00 cm of optical path.

Nuclear magnetic resonance spectra were acquired using a VARIAN INOVA 300 spectrometer, operating at 300 MHz for 1 H NMR and at 75 Hz for 13 C NMR.

Chloroform-D containing TMS has been used as the deuterated solvent and reference. X-rays diffraction patterns were registered on D8-Advance diffractometer from BRUKER, using Cu-K anode (0.1542 nm), operating at 40 keV and 40 mA.

Thermogravimetric analysis was carried out using DTG-60 thermogravimetric analyzer from SHIMADZU under airflow (100 cm 3 .min -1 ) at a heating rate of 20 ⁰C.min -1 and the temperature range of 25 ⁰C to 900 ⁰C.

X-ray photoelectron spectroscopy (XPS) data were obtained using a THERMO SCIENTIFIC K-Alpha spectrometer equipped with an aluminium monochromator Al Kα radiation (1486.6 eV).

Results and Discussion

An aqueous dispersion of manganese dioxide nanoparticles was prepared through the reduction of tetramethylammonium permanganate with 2-butanol (inset in Fig. 1A), which resulted in a dark brown dispersion whose electronic absorption spectrum did not show bands ascribed to the presence of MnO 4 -expected at 535 nm and 545 nm, indicating the complete conversion of the starting material to MnO 2 . [START_REF] Fujimoto | Sonolytical preparation of various types of metal nanoparticles in aqueous solution[END_REF] The absorption band at 320 nm was attributed to a ligand-to-metal charge-transfer (LMCT) of the MnO 2 nanoparticles (Fig. 1A). (Brock et al., 1999a) The measured zeta potential of -50.7 ± 2.25 mV assured the colloidal stability of the dispersion, since the nanoparticles were prepared in a pH higher than the isoelectric point of the MnO 2 (pH IEP around 4.5) [START_REF] Chibowski | Comparison of the influence of a kind of electrolyte and its ionic strength on the adsorption and electrokinetic properties of the interface: Polyacrylic acid/MnO2/electrolyte solution[END_REF]. At this pH, the MnO 2 nanoparticles have negative charges due to the ionization of terminal hydroxyl groups as schematically shown in The preparation of the cellulose self-standing film containing MnO 2 nanoparticles involved several steps as shown schematically in Figure 2. First, microcrystalline cellulose (MCC) was dissolved in the ionic liquid 1-butyl-3methylimidazolium chloride (BMImCl) at 60 o C during 24 h. Then, the produced dispersion (5 wt% of cellulose in ionic liquid) was placed in a Petri dish, where water was added in order to promote the cellulose regeneration in the form of a film. In the next step, the aqueous dispersion of manganese dioxide nanoparticles was added to the Petri dish containing the wet cellulose film and they were kept in contact during 12 hours, without stirring. The progress of nanoparticles impregnation was monitored by using electronic absortion spectroscopy in the visible range. Figure 2S (supplementary information) shows the temporal evolution of the dispersion spectra profile of samples, collected every one hour, along a period of 12 h. The intensity of the band at 315 nm, ascribed to the MnO 2 nanoparticles presence, decreased with the impregnation progress.

The plot of the absorbance band maxima at 315 nm as a function of impregnation time (Inset in Figure 2S) showed a straight step decrease in the first eight hours then remained practically unchanged after that. The direct regeneration of cellulose film using the MnO 2 dispersion was not possible due to the destabilization of the colloid caused by the ionic liquid presence. The impregnation in dried cellulose films was also not effective. After impregnation, the dark brown film was washed with water and dried. This film will be referred hereafter in the text as CEL_MnO 2 NP. shows peaks at 2θ=15 °, 22 ° and 34 ° ascribed, respectively, to the (110), ( 200) and

(004) planes, of the type-I cellulose [START_REF] Liu | Characterization of the regenerated cellulose films in ionic liquids and rheological properties of the solutions[END_REF][START_REF] Terinte | OVERVIEW ON NATIVE CELLULOSE AND MICROCRYSTALLINE CELLULOSE I STRUCTURE STUDIED BY X-RAY DIFFRACTION (WAXD): COMPARISON BETWEEN MEASUREMENT TECHNIQUES[END_REF], with around 91% of crystallinity. By regenerating the cellulose as a film (blue line -Fig 3), the polymer was converted to type II cellulose, that is amorphous. [START_REF] Ciolacu | Amorphous Cellulose -Structure and Characterization[END_REF] The presence of MnO 2 nanoparticles in the regenerated cellulose film was not detected by XRD (red line -Fig. 3), probably due to the small crystalline domains of the produced nanoparticles incorporated into the film and the high dispersion of them into the film. FTIR spectrum (Fig. 4 yellow rectangle) of cellulose film (black) shows a band at 901 cm -1 attributed to the skeletal mode vibrations at the 1,4--glycosidic linkages.

The C-O stretching vibrations are observed in the range between 1000 cm -1 and 1100 cm -1 . The symmetric and asymmetric C-H stretching in 2850 and 2935 cm -1 and O-H axial deformation seen as a large band above 3300 cm -1 are detected. [START_REF] Ciolacu | Amorphous Cellulose -Structure and Characterization[END_REF] , [START_REF] Liu | Characterization of the regenerated cellulose films in ionic liquids and rheological properties of the solutions[END_REF] All mentioned bands were coherent with the amorphous cellulose phase obtained through the dissolution of microcrystalline cellulose followed by regeneration with an anti-solvent. [START_REF] Ciolacu | Amorphous Cellulose -Structure and Characterization[END_REF] In the FTIR spectrum of cellulose film containing manganese dioxide nanoparticles (CEL_MnO 2 NPred line)

additionally to the bands of the biopolymer two bands at 1488 cm -1 and 950 cm -1 ascribed to the C-H and C-N vibrations of the tetramethylammonium cation (TMA + )

were also observed. These two bands were also identified in the FTIR spectrum of neat MnO 2 nanoparticles (Figure 3S) [START_REF] Bottqer | The infrared spectra of the crystalline tetramethylammonium halides[END_REF] , [START_REF] Harmon | Hydrogen bonding. IV. Correlation of infrared spectral properties with C-H⋯X hydrogen bonding and crystal habit in tetramethylammonium ion salts[END_REF]. Vibrational bands attributed to the MnO 2 were not seen in the FTIR spectrum, however, in the Raman spectrum (Fig. 4 blue rectangle) the bands at 564 cm -1 and 645 cm -1 attributed to Mn-O vibrations were detected. [START_REF] Xie | Effect of the crystal plane figure on the catalytic performance of MnO2 for the total oxidation of propane[END_REF] , (Tsubasa Uematsu, Yumi Miyamoto, Yoshiyuki Ogasawara, Kosuke Suzuki, 2016). These vibrations were also observed in the Raman spectrum of neat MnO 2 NP (Figure 4S). The Mn 2p XPS spectrum (Figure 6) shows two peaks at 642.1 eV and 653.8 eV attributed respectively to Mn 2p 3/2 and Mn 2p 1/2 , with spin-energy separation of 11.7 eV.

These peak values agree with those reported for MnO 2 indicating the predominant oxidation state of +4 for the Mn present in the film. [START_REF] He | Ultrathin MnO2 nanosheets supported on cellulose based carbon papers for high-power supercapacitors[END_REF] SEM image of the CEL_MnO 2 NP film (Fig. 7A inset) exhibited typical features of regenerated cellulose films with a smooth and uniform surface. These characteristics are probably due to the destruction of the cellulose crystalline structure, however, the fiber contours were observed in the regenerated films due to the maintaining of the strong hydrogen bonding of cellulose during film-forming [START_REF] Zhang | 1-allyl-3-methylimidazolium chloride room temperature ionic liquid: A new and powerful nonderivatizing solvent for cellulose[END_REF]) MnO 2 particles were not observed due to their small size with low electronic contrast.

However, the elemental analysis using EDS (Fig. 7A) reveals the presence of manganese at the surface due to signals at 5.8 and 6.4 keV besides the oxygen and carbon peaks, which are present in the grid and cellulose. SEM image of a fractured cross-section of the film shows a layered structure composed of hydrogen bond networks among cellulose chains (Fig. 7B inset). MnO 2 particles were not seen but the elemental analysis (Fig. 7B) confirmed their presence inside in the film and not only in the surface. STEM images of the CEL_MnO 2 NP film were obtained on the sample prepared with a specific procedure described in the experimental part. Fig. 7C shows that the MnO 2 particles are dispersed homogeneously in the cellulosic film all along the thickness. At higher enlargements (Fig 7D andE) it is possible to observe that these particles consist in the agglomeration of smaller MnO 2 nanoparticles, some of them being isolated. In Fig 7F,

the size of the small nanoparticles can be evaluated to be close to 10 nm. The particle size distribution of the MnO 2 suspension was performed by Dynamic Light Scattering in order to evaluate the size of the nanoparticles. Results show that the suspension presents a bimodal dispersion with particle average sizes corresponding to 8 and 79 nm, respectively. This datum confirms the STEM observations and the presence of both single and agglomerated MnO 2 nanoparticles in the cellulosic film. The color removal (% CR) was estimated by the percentage ratio between the absorbance at 610 nm before and after contact with the film, which equation was shown in the inset in Figure 8. % CR values higher than 90 % were considered as complete discoloration. After 25 minutes, complete color removal was observed. In neutral conditions, the tests were unsuccessful even after hours, due to the ineffective interaction of the manganese dioxide contained in the film and the dye molecules. As stated by [START_REF] Chacón-Patiño | Biocomposite of nanostructured MnO2 and fique fibers for efficient dye degradation[END_REF] at pH lower than the isoelectric point of the manganese dioxide (pH IEP = 4.5), the positive surface of the nanoparticles (Mn-OH 2 + groups) has favorable electrostatic interactions with the dye bearing a negative (anionic) charge. At neutral conditions, there is a repulsive electrostatic force, since both species are negatively charged (inset in Fig. 8). We also evaluated the influence of pH value on the discoloration time of indigo carmine at pH=3.0 and 4.0. The complete colour removal (%CR higher than 90 %) were achieved after 60 and 180 minutes, respectively,

showing the importance of the MnO 2 oxide surface charge on the discoloration behaviour of indigo carmine. Control tests were made under the same conditions, without the film or using a cellulose film, but no discoloration was observed, even after a long time (24 h). The mechanistic degradation of indigo carmine by the identification of the intermediary compounds produced during the degradation has already been studied in the literature by mass spectrometry [START_REF] Chacón-Patiño | Biocomposite of nanostructured MnO2 and fique fibers for efficient dye degradation[END_REF][START_REF] Zaied | Environmental Spontaneous oxidative degradation of indigo carmine by thin films of birnessite electrodeposited onto SnO 2[END_REF].

In addition, it was possible to reuse the film for at least 10 cycles observing only a decrease of 10% in the % CR from the first to last cycle (Fig. 9). 

Conclusions

A free-standing non-modified cellulose film containing manganese dioxide nanoparticles was easily prepared. The film contains about 12 wt.% of manganese dioxide. This method can be used to immobilize other types of nanoparticles. The cellulose film containing manganese dioxide nanoparticles was capable of discoloring an Indigo Carmine solution efficiently under ambient light with no need of centrifugation and filtration steps to remove it from the dye solution. It could be reused at least 10 times with almost the same efficiency.

  Figure 1: (A) Electronic absorption spectrum of the MnO 2 dispersion. The inset shows a photograph of the vial containing the dispersion. (B) Simplified scheme of the surface charge of MnO 2 nanoparticles according to the pH of the aqueous dispersion. (C) TEM image of the MnO 2 nanoparticles. Inset shows the registered SAED pattern. (D) HRTEM image of MnO 2 nanoparticles. The highlighted areas represent crystalline regions of the nanoparticles.

Figure 2 :

 2 Figure 2: Scheme of the synthetic steps involved with the preparation of the CEL_MnO 2 NP film.
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 3 Figure 3 displays a comparison between the registered XRD patterns of MCC,
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 3 Figure 3: XRD patterns of MCC, cellulose film and CEL_MnO 2 NP film. Inset shows the intermolecular and intramolecular bonds in cellulose type I and cellulose type II. The hydrogen atoms were omitted.
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 4 Figure 4: FTIR spectra (yellow rectangle) and Raman spectrum (blue rectangle) of cellulose and CEL_MnO 2 NP films. Inset shows the enlarged region between 900 and 1800 cm -1 .The amount of MnO 2 into the regenerated cellulose film was estimated by
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 5 Figure 5: TG (solid lines) and DTG (dashed lines) curves of cellulose and CEL_MnO 2 NP films. The highlighted regions with coloured rectangles represent the main mass loss events.

  Figure 6: XPS spectrum of the CEL_MnO 2 NP film.

Figure 7 :

 7 Figure 7: SEM images and EDS analysis of the region circled in yellow of the top surface (A) and cross section (B) of the CEL_MnO 2 NP film (C-F) STEM images of the CEL_MnO 2 NP film at different magnification ((a) x14 000, (b) x50 000, (c) x100 000 and (d) x190 000). *peak at 2.1 KeV is from the thin layer of gold used to coat the sample. The indigo carmine discoloration test was carried out by placing 22 mg of a

Figure 8 :

 8 Figure 8: Absorbance decay of indigo carmine dye in water (20 ppm). Inset: Interactions between Indigo Carmine and MnO 2 in different pH and % CR equation.

Figure 9 :

 9 Figure 9: Absorbance decay of indigo carmine dye in water (20 ppm) after 25 min for different reuse cycles Inset: % CR values for 10 reuses.
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