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Abstract: Eggshell membrane (ESM) was selected as biotemplate to prepare MnO2 submicroparticles (SMPs) using Chinese Brush with sodium hydroxide “ink”. The size of obtained materials was in good consistency with the microsructured biotemplate. Furthermore, an efficient and convenient absorbent for methylene blue (MB) was developed. The removal efficiency could up to 93% under mild condition owing to the excellent adsorption from ESM itself and hydroxy of MnO2 surface. Materials on the membrane can be separated from the wastewater simply to avoid the secondary pollution. This interesting approach to MnO2 SMPs and facile operation for MB adsorption could give a new path to the submicro-materials based wastewater treatment.
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1. Introduction
Synthesis of inorganic materials by biotemplating as a burgeoning technique has emerged for years in a wide variety of research fields.1 The use of biotemplate makes the synthetic operation simple and product controllable taking advantage of the nature of their own. Biotemplates like organisms (butterfly wing,2 hair,3 wood fiber4,5 and pollen6), microorganisms (bacteria,7,8 fungus,9,10 and viruses11) and biological macromolecules (DNA,12-14 RNA,15 proteins,16-19 and polysaccharides20) were reported to prepare inorganic materials. Among these templates, proteins have gained more popularity by researchers,21 ranging from ferritin,22-25 bovine serum albumin (BSA)26-31 to collagen32-34. However, proteins whatever natural extracted or artificial synthetic are difficult to obtain and thus cost a lot including BSA, a comparatively cheap one. This could be a pivotal restrict for these biotemplated materials to large-scale synthesis and practical application. 
Eggshell membrane (ESM) is a kind of biomaterial with great imperative though it is generally considered as a domestic waste.35 This microscopic biopolymeric fibrous net are composed mainly of proteins (80–85%), of which 10% are collagens and 70–75% are other proteins and glycoproteins.36 According to the unique structure and property, ESM have been utilized as a biotemplate for synthesize inorganic materials. Noble metal materials such as Au NPs, Ag NPs, macroporous silver network, Pt-Ag/polymers, have been constructed through ESM templating.37-40 On the other hand, sulfide,41 selenide,42 oxidide43,44 could also be synthesized using ESM as a template. Besides, other kinds of material based on ESM have studied.45-47
In this work, we chose eggshell membrane as the biotemplate to synthesize MnO2 by consideration of its special microstructure, abundant component of protein, and most of all it could be obtained expediently and free of charge. Furthermore, on the basis of the interaction between protein and metal ions, a novel and interesting procedure with Chinese Brush to grow MnO2 submicroparticles (MnO2 SMPs) on ESM was adopted. Combing the adsorption capacity of ESM itself48 with that of MnO2 derived from hydroxyl on its surface49, these accessible MnO2 SMPs were applied in the treatment of methylene blue (MB) wastewater. 
2. Experimental
2.1. Reagents and apparatus
Deionized water with conductivity of 18.2 MΩ cm-1 was used in this experiment from a water purification system (ULUPURE, Chengdu, China). Manganese acetate (MnAc2, Mw=245.09, AR) and methylene blue (MB) were purchased from Kemiou Chemical Co. Ltd. (Tianjin, China). Sodium hydroxide (NaOH, AR) and all the other reagents were at least of analytical grade. Eggshell was obtained from Hongye student mess hall of Taiyuan Institute of Technology, and eggshell membrane was peeled off carefully. Diluents with different pH values were prepared by titrating with a concentrated sodium hydroxide solution or hydrochloric acid solution, whose concentration were both 0.1 mol L-1, to the required pH values.
Scanning electron microscopy (SEM) of ESM and MnO2 SMPs were carried out on a Quanta 200 FEG scanning electron microscope. The size distribution of as-prepared nanomaterial was performed at a laser particle sizer (Malvern Nano-ZS90). The X-ray photoelectron spectroscopy (XPS) was performed with an AXIS ULTRA DLD electron spectrometer (Kratos) using monochromatic Al Kα radiation for analysis of the surface composition and chemical states of the product. Thermogravimetry (TG) measurement was carried out in air at a heating rate of 10 oC min-1 on a Rigaku TG thermal analyzer (Rigaku Co., Japan). The UV-vis absorption spectra were recorded on a TU-1901 UV-vis spectrophotometer (Puxi, China).
2.2. Synthesis of MnO2 SMPs 
MnO2 SMPs in this experiment were synthesized through a simple and interesting method. In a typical process, eggshell membrane (ESM) was firstly peeled off carefully from a fresh eggshell and cleaned with a mass of deionized water to remove residual egg white and dried at room temperature. And then the clean ESM was cut into small pieces and soaked into 0.1 mol L-1 manganese acetate solution with a certain proportion (0.5 g to 100 mL). After 12 hours, the adsorbed ESM pieces were took out and washed with deionized water and placed onto a watch glass to dry. At last, a Chinese Brush was adopted to dip in 0.1 mol L-1 NaOH “ink” and brush equably on the absorbed ESM piece. Several minutes later, light brown of the membrane was observed and the MnO2 SMPs were synthesized, the MnO2/ESM piece was washed and dried to preserve for future characterization and use.

2.3. Treatment of methylene blue wastewater
15 mg MnO2/ESM materials and equal ESM, as a control experiment, were placed in the 4 mL MB solution with the concentration of 8 mg L-1 under stirring. After 35 min, materials and ESM were taken out to stop adsorption. The UV-vis spectra of MB solutions after adsorption were recorded immediately at room temperature. All of the absorption intensity of MB measurement was set at 664 nm. The removal efficiency (R, %) and adsorption capacity (qe, mg g-1) was calculated by the formula below:
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where C0 and Ce (mg L-1) stand for the initial and final concentrations of MB in the treatment solutions, respectively, V is the volume of the mixture solution (L), and W is the mass of adsorbent used (g).
3. Results and discussion
3.1. Synthesis mechanism

Scheme 1 displayed the schematic diagram of the synthesis process of submicro-structured MnO2 on ESM using Chinese Brush. As we known, eggshell membrane is composed of fibriform proteins with lots of dissociative amino acid residues like –OH, –COOH, –NH2, –SH and etc on their surface. When ESM pieces were soaked into the manganese acetate solution, Mn2+ showed a trend (from lone electron pair of heteroatom and unoccupied orbital in Mn atom) to adsorb onto the “active site” on the ESM, which resulted in a uniformly dispersive distribution of Mn2+ on the fibriform proteins. After washing and drying at the room temperature, Chinese Brush with NaOH “ink” was brushed on the adsorbed ESM. This step, we speculated, caused a reaction in situ between Mn2+ and OH- around these “active site”, during which Mn2+ underwent a series of chemical changes as below:
Mn2+     Mn(OH)2     MnO(OH)     MnO2
Owing to the uniformly dispersion of Mn2+ on the membrane, MnO2 particles were generated and grew along with the fibriform proteins to form a biomimetic nanomaterial.
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Scheme 1. The schematic diagram of the synthesis process of MnO2 SMPs on ESM using Chinese Brush.

3.2. Characterization of MnO2 SMPs
Morphologies of ESM before and after MnO2 preparation were investigated for comparison. Figure 1a displayed the scanning electron microscopy (SEM) images of ESM, in which multilayer and overlapping fibriform proteins were observed. After the reaction, by contrast, plenty of spherical particles arrayed densely on the adsorbed membrane (please see Figure 1b and Figure S1a). What’s interesting was that particles arraying along with the original fiber-like protein was observed, and it was more obvious in SEM image with smaller amplification factor (Figure S1a). To measure the particle size of synthesized material, a Nano Particle Analyzer testing was carried out in Figure S1b, and an average diameter of ~710 nm was obtained, which keep a good consistency with the microsructured biotemplate.
[image: image4.jpg]



Figure 1. SEM images of (a) ESM and (b) MnO2 SMPs. Scale bar was respectively 50 μm and 20 μm.
The UV-vis spectrum of as-prepared MnO2 SMPs in Figure S2 displayed an absorption peak of 360 nm. To investigate the surface composition and elemental analysis for the resultant MnO2 SMPs, the X-ray photoelectron spectroscopy (XPS) was carried. It showed that the synthesized material was composed of elements Mn 2p, O 1s, C 1s and N 1s in the XPS full scan spectrum (Figure S3). The element C 1s, N 1s and partial O 1s came from proteins in ESM. For detailed, XPS spectra of Mn 2p and O 1s was testing. As shown in Mn 2p spectrum (Figure 2a), two peaks were observed at 654.2 and 642.4 eV, which were assigned to Mn 2p1/2 and Mn 2p3/2, respectively. Moreover, the O 1s spectrum (Figure 2b) can be divided into three component peaks with binding energies at about 532.2, 531.2 and 530.0 eV, which were attributed to H–O–H, Mn–O–H, and Mn–O–Mn, respectively. As a consequence, the above data confirmed that the obtained submicroparticles were MnO2.
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Figure 2. (a) Mn2p and (b) O1s XPS spectra of as-prepared MnO2 SMPs.
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Figure 3. The TG curve of as-prepared MnO2 SMPs.
  Furthermore, thermogravimetry (TG) was carried out in Figure 3. Blue and red curves indicated the mass changes of ESM only and synthesized MnO2/ESM material respectively. It was demonstrated that ESM, as a kind of protein, could be burnt out at about 600 oC and the quality was almost zero (please see blue curve in Figure 3). To study the relative amount of MnO2 SMPs coated on ESM, dotted portion in Figure 3 was enlarged. It was vividly showed that the curves maintained unchanged with the temperature rising in the end. However, the horizontal part of MnO2/ESM was obviously higher than that of ESM only, which was attributed to the inorganic nanomaterial. The difference of two horizontal curves stood for the relative amount of MnO2 SMPs in ESM, which was found to be 2.77%.

3.3. Methylene blue wastewater treatment
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Figure 4. (a) Photographs of ESM and MnO2/ESM before and after adsorption of MB [(1) ESM only; (2) ESM only after adsorption of MB; (3) MnO2/ESM SMPs; (4) MnO2/ESM after adsorption of MB.]. (b) The UV-vis absorption spectra of MB before and after adsorption by ESM only and MnO2/ESM. 
The above characterization and testing demonstrated that the synthesized material was ESM coated MnO2 SMPs (MnO2/ESM). Owing to the handy operation of “put in” and “take out”, these materials were further applied to removal of MB. Figure 4a displayed the photographs of ESM and MnO2/ESM before and after adsorption of MB. Two sets of contrastive pictures showed that ESM displayed certain adsorption ability for MB. Light pink ESM (1) turned into blue (2) after adsorption of a certain amount of MB. However the color change degree of MnO2/ESM before and after adsorption was bigger: brown of MnO2/ESM (3) to dark green (4). The UV-vis absorption spectra of MB before and after adsorption by ESM only and MnO2/ESM were recorded in Figure 4b. It was evidently indicated that the absorption intensity of MB at 664 nm after MnO2/ESM adsorption was significantly smaller than the one after ESM only adsorption. Figure S4a exhibited the equation of linear regression of MB solutions, by which the removal efficiency of ESM and MnO2/ESM adsorption were calculated in Figure S4b. Inset photographs showed the color change of MB solution before and after adsorption: (5) was original MB solution; (6) and (7) were MB solution after ESM and MnO2/ESM adsorption, respectively. The color gap between (5) and (7) keep pace with the removal efficiency of 93% by MnO2/ESM adsorption.
3.4. Investigation of time and pH for adsorption

Adsorption time for MB by MnO2/ESM adsorption was investigated in Figure 5a and Figure S5a. As described in the UV-vis spectra of MB under different adsorption time, absorption intensity decreased gradually with the time prolong and keep unchanged at last, which represented the whole adsorption process. Figure S5a showed the time dependent removal efficiency curve for MB, it can be seen that the removal efficiency increased significantly at first and flatten out gradually. A maximal removal efficiency of 93% was obtained at 35 min. Moreover, pH condition of adsorption by MnO2/ESM was investigated in Figure S5b. It turned out that the removal efficiency kept in the range of 50%-62% under different pH values. It was worth noting that the removal efficiency under a certain pH condition was not as high as it in the water solution. The additional adsorption for ion, which was used to adjust the acidity, took charge of this phenomenon. Figure 5b indicated the absorption spectra of MB by adsorption for 35 min and desorption for 24 h, which proved the removal of MB was an adsorption-desorption equilibrium process.
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Figure 5. (a) The UV-vis absorption spectra of MB under different time by MnO2/ESM adsorption. (b) The UV-vis absorption spectra of MB by adsorption for 35 min and desorption for 24 h.
3.5. Study of kinetics and adsorption isotherm
In order to better understand the adsorption behavior of MB on MnO2/ESM, the adsorption capacity at different time (qt) were recorded in Figure 6a, where adsorption of MB increased gradually with the time prolonged and became balance after 35 min. Based on this, experimental data were calculated in Figure 6b to investigate the adsorption kinetics. Two kinetic models were generally used to evaluate the adsorption,[50] and it can be concluded that the adsorption process of MB on MnO2/ESM was in accordance with the pseudo-second-order model (correlation coefficient of 0.99508 for pseudo-first-order model and 0.99915 for pseudo-second-order model).
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Figure 6. (a) Effect of adsorption time on adsorption capacity of MnO2/ESM in MB solutions. (b) Pseudo-first-order (red line) and pseudo-second-order (blue line) models for MB adsorption.
Moreover, the effect of initial MB concentration on equilibrium adsorption capacity (qe) was shown in Figure 7a, where the adsorption capacity steadily increased with the initial concentration of MB added. The adsorption behavior of MB on MnO2/ESM was further studied in Figure 7b through Langmuir and Freundlich isotherms models, which were common adsorption isotherms models for evaluating the adsorption process.[50] According to the data calculation and linear fitting, a conclusion that the Langmuir model was better to describe the MB adsorption was obtained (correlation coefficient of 0.99673 for Langmuir isotherms model and 0.97865 for Freundlich isotherms model).
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Figure 7. (a) Effect of initial concentrations of MB on equilibrium adsorption capacity of MnO2/ESM in MB solutions. (b) Langmuir (red line) and Freundlich (blue line) isotherms models for MB adsorption.
4. Conclusions
The MnO2 submicroparticles were prepared through an eggshell membrane based biotemplating method, in which a procedure of Chinese Brush with NaOH “ink” was carried out. The size of MnO2 SMPs kept in correspondence with the diameter of the fibriform proteins indicating the bio-inspired growth of MnO2 SMPs. Taking advantages of macro-operability and adsorption performance stemmed from both protein membrane and hydroxyl on material surface, the ESM coated MnO2 SMPs was applied to the application of MB wastewater treatment. The adsorption process followed the pseudo-second-order kinetic model and Langmuir isotherms model, and the removal efficiency could up to 93% under mild condition. This simple, green and interesting approach gave a concept to synthesize metal oxide materials, which could be used in wastewater treatment area.
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