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Abstract

:

Manganese oxide forms prepared by different methods differ by their compositions, phase ratios in polyphase samples, and crystallite sizes (XRD and TEM characterization). Among the phases, tunnel-structured β-MnO2 (pyrolusite), α-MnO2 (cryptomelane), ε-MnO2 (akhtenskite), and β-Mn2O3 (bixbyite) have been identified. Water vapor sorption isotherms showed substantial differences in the affinities of water molecules to oxide surfaces of the manganese oxide forms under study. The parameters of the BET equation and pore size distribution curves have been calculated. The manganese oxide forms have mesoporous structures characterized by uniform and non-uniform pore sizes as well as by moderate hydrophilic behavior.
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1. Introduction


Polymorphic forms of manganese dioxide are widely used as catalysts for such gaseous reactions as ozone decomposition [1,2,3], CO oxidation [4,5], NO reduction [6,7], and volatile organic compound oxidation [8,9]. The activity and stable action of such catalysts significantly depend on a relative humidity of gaseous mixtures. In most cases, water vapor adsorption causes complete loss of catalytic activity of manganese oxides towards the above-mentioned reactions [2,3,6]. Therefore, besides nitrogen adsorption required for determination of textural properties of manganese oxides and used in many works [1,2,3,4,5,6,7,8,9], water vapor adsorption is also topical. Water vapor sorption isotherms are able to provide significant information about hydrophilic/hydrophobic behavior of these materials. For this purpose, values of water vapor adsorption at low P/PS would be compared [10,11,12,13,14]. When Type I, II, IV, or VI (according to the well-known classification [15]) water vapor adsorption isotherms are observed, it means that the surface under study is hydrophilic, while hydrophobic surfaces are characterized by Type III or V adsorption isotherms [11]. By the appearances of Type III or V adsorption isotherms, one can judge about a change in the affinity of water molecules to the surface under investigation over the course of increasing coverage by water and about transition from hydrophobic to hydrophilic surface behavior at P/PS > 0.5–0.6. In our opinion, as a result of water vapor adsorption, the change in physicochemical properties of oxide surfaces takes place, which, in turn, leads to the change in activity of oxide catalysts in the redox reactions. From available published work, it can be concluded that hydrophilic/hydrophobic properties of manganese dioxide polymorphic forms depend on their structures and compositions [14,16,17], the nature of cations and degrees of surface hydration [18], as well as on methods of surface modification [19]. For instance, as was reported [14], values of the maximum water vapor adsorption (a∞, mmol/g) decrease roughly tenfold for manganese oxides of different structures in the following order: OL > OMS-1 > OMS-2, i.e., tunnel-structured cryptomelane (OMS-2) is hydrophobic. In the case of protonated hollandite, its affinity to water molecules rises sharply [18]. Water vapor adsorption also depends on such important factors as sizes and morphologies of adsorbent nanoparticles [20,21]. In the case of manganese oxide forms, systematic investigations of the influence of synthesis methods and conditions on their structures (phase compositions) and crystallite sizes as well as on their water vapor adsorption properties are absent.



The aim of the work was to study the influence of some methods for preparing manganese oxide forms on their phase compositions and structural-adsorption parameters determined with the help of water vapor adsorption.




2. Materials and Methods


In the study, eight samples of manganese oxide forms were used. They were prepared by different methods and denoted as 1S-Mn–8S-Mn.



1S-Mn. Commercial manganese oxide (analytical grade, GOST 4470-79, “Krasnyy Khimik”, Leningrad, USSR).



2S-Mn. This fine-dispersed manganese oxide sample was synthesized by reduction of water-dissolved potassium permanganate with formic acid at 70 °C. The formed precipitate was filtered, washed with cold water until neutral pH, first air-dried at room temperature and then further dried in a drying oven at 80 °C for 1 h [22].



3S-Mn. 5% KMnO4 aqueous solution (60.8 mL) was added dropwise to 5% MnSO4 aqueous solution (77 mL) heated in a water bath up to 50–60 °C under vigorous stirring for 2 h. The obtained mixture was kept in a water bath at 60 °C for two more hours and then was kept overnight at room temperature. The formed precipitate was filtered, washed with distilled water and dried at 110 °C for 8 h [23].



4S-Mn. Its typical synthesis [24] was as follows: 5.89 g of KMnO4 in 100 mL of water was added to a solution of 8.8 g of MnSO4·H2O in 30 mL of water and 3 mL concentrated HNO3. The solution was refluxed at 100 °C for 24 h, and the product was filtered, washed, and dried at 120 °C.



5S-Mn. This MnO2 sample was synthesized by using KMnO4 and Mn(CH3COO)2·4H2O as reactants. KMnO4 and Mn(CH3COO)2·4H2O were mechanically mixed in the molar ratio of 2:3 in an agate mortar and an appropriate amount of water was added to the mixture to obtain a rheological phase. The rheological phase mixture was heated at 100 °C for 12 h. The mixture was cooled down to room temperature and washed with distilled water several times. Thus, a precursor was obtained. The precursor was heated at 400 °C for 4 h in air [25].



6S-Mn. This MnO2 sample was synthesized via a sol-gel reaction and its typical synthesis was as follows [26]: maleic acid (0.78 g, 6.7 mmol) and KMnO4 (3.16 g, 20 mmol) were dissolved in deionized water (200 mL) at predetermined temperatures 40 °C. After stirring for 30 min, the mixture was allowed to settle for 60 min. The sample obtained after this step was then filtered, washed with deionized water, and dried at 120 °C for 12 h. Then calcination was carried out at 450 °C for 2 h. The product was pulverized, washed with 0.1 M HCl and deionized water, and then dried at 120 °C for 12 h.



7S-Mn. This sample was synthesized via KNO3 and MnSO4 melting together [27]. KNO3 was put into a crucible and heated to 380 °C under stirring to form a molten solution; MnSO4 was added into it and the weight ratio of KNO3 to MnSO4 was 15. After being maintained at 380 °C for 3 h, the crucible was cooled to room temperature under ambient conditions, and the product was obtained by washing with deionized water, centrifugation, and drying at 90 °C for 12 h.



8S-Mn. This sample was obtained by a modernized method [24]. A typical preparation was as follows: a solution of 35 g of KOH in cold water (200 mL) was added to a MnSO4·H2O solution (30 g in 200 mL of water). Ozone contained in ozone-air mixture (OAM) at CO3 of 100 mg/m3 was bubbled vigorously (about 1 L/min) through the solution for 4 h. The black product was washed with water and kept in air overnight. Then it was calcined at 600 °C for 4 h.



The samples were investigated on a Siemens D500 powder diffractometer (CuKα radiation, λ = 1.54178 Å) with a secondary beam graphite monochromator (Siemens AG, Munich, Germany). After thorough grinding with a pestle, each sample was placed into a glass cell with an enclosed volume of 2 × 1 × 0.1 cm3 for XRD pattern recording in the 2θ range from 0° to 90° with a step of 0.03° and an accumulation time at every point of 60 s.



The morphologies of the prepared materials were studied by transmission electron microscopy (TEM). The images of the materials were obtained in TEM-125K microscope (Selmi, Sumy, Ukraine) operating at voltage of 100 kV. The samples were prepared by dispersing in ethanol and sonicated for 1–2 min. For TEM observations, the suspension was dropped on a carbon-coated copper grid.



Water vapor sorption was studied using a temperature-controlled at 21 °C vacuum setup with a conventional McBain-Bakr silica-spring balance (Odessa I.I. Mechnikov National University, Odessa, Ukraine). Previously, the samples were de-gassed at 110 °C for 2 h [28]. Their specific surface areas were estimated by the BET method, their pore size distribution curves were determined using desorption branches of their isotherms, and their pore radii were estimated using the Kelvin equation [15].




3. Results and Discussion


3.1. Phase Composition


The XRD data show that both the commercial 1S-Mn sample and the 4S-Mn, 5S-Mn, 6S-Mn, 7S-Mn, and 8S-Mn samples synthesized by us are crystalline (Figure 1) and the 2S-Mn and 3S-Mn samples are semicrystalline. All XRD patterns were treated by the Rietveld method. The results of phase identification, phase contents and crystallite sizes are summarized in Table 1.



Judging from the presented data, commercial 1S-Mn is polyphase and consists of β-Mn2O3 (bixbyite) (JCPDS 24-0508), β-MnO2 (pyrolusite) (JCPDS 24-0735), and ε-MnO2 (akhtenskite) (JCPDS 30-0820) with the highest content of β-MnO2. The crystalline 4S-Mn–7S-Mn samples contain α-MnO2 (cryptomelane K1.33Mn8O16) (JCPDS 34-0168). In addition to cryptomelane, ca. 10% of β-Mn2O3 and β-MnO2 impurity phases are observed in the 4S-Mn and 5S-Mn samples, respectively. Bixbyite (JCPDS 24-0508) content in the 8S-Mn sample is 100%. Despite the fact that the 2S-Mn and 3S-Mn samples are semicrystalline, the peak near 39° in their XRD patterns permit to identify the ε-MnO2 phase. The corresponding h k l values are marked on the peaks in Figure 1 for the α-MnO2 (samples 4S-Mn, 5S-Mn, 6S-Mn, 7S-Mn) and β-Mn2O3 (samples 1S-Mn, 8S-Mn) phases. For the 4S-Mn sample, β-Mn2O3 peaks at 2θ = 23.186°, 33.022°, 45.263°, and 55.303° were assigned to the (2 1 1), (2 2 2), (3 3 2), (4 4 0) planes, respectively. As to other phases, β-MnO2 phase peaks in the 1S-Mn and 5S-Mn samples at 2θ = 37.328°, 42.823°, 46.185°, and 56.652° were assigned to the (1 0 1), (1 1 1), (2 1 0), (2 2 1) planes, respectively. Thus, the 1S-Mn sample is polyphase, the 2S-Mn, 3S-Mn, 6S-Mn, 7S-Mn, and 8S-Mn samples are monophase whereas the 4S-Mn and 5S-Mn samples, besides the main phase, contain the impurity phases. All the samples, except for 8S-Mn, are tunnel-structured with various tunnel sizes: β-MnO2 (2.3 × 2.3 Å), ε-MnO2 (2.3 × 4.6 Å), and α-MnO2 (4.6 × 4.6 Å) [29]. Crystallite sizes of the samples differ considerably (Table 1). The largest crystallite sizes (87 nm for 1S-Mn and 66 nm for 4S-Mn and 8S-Mn) were determined for bixbyite, crystallite sizes for cryptomelane in the 4S-Mn, 5S-Mn, and 7S-Mn samples were similar (14–16 nm) but for the 6S-Mn sample, the crystallite size of cryptomelane increased up to 36 nm. The smallest crystallite sizes, approx. 3 nm, were observed for akhtenskite in the semicrystalline 2S-Mn and 3S-Mn samples.




3.2. Morphology


Microimages for some manganese oxide forms distinguished from each other by their morphologies are shown in Figure 2a–d.



The polymorphous 1S-Mn sample (Figure 2a) consists of non-uniform particles. Particle forms for the semicrystalline ε-MnO2 phase (2S-Mn and 3S-Mn) depend on the method of their preparation. The TEM image for 2S-Mn indicates the formation of grain-like aggregates of nanoparticles with a rod-like morphology. The 3S-Mn sample consists of spherical nanoparticle aggregates with an urchin-like morphology. TEM image for nano-sized particles for cryptomelane shows that 6S-Mn (Figure 2d) has non-uniform needle-like nanorod morphology.




3.3. Water Vapor Sorption


Isotherms of water vapor adsorption-desorption by all manganese oxide samples are shown in Figure 3. According to the well-known classification [15], adsorption isotherms for all manganese oxide samples, except for 6S-Mn (cryptomelane) and 8S-Mn (bixbyite), are assigned to Type IV with Type H3 hysteresis loops. Since the phase compositions and crystallinity of the samples differ (Table 1), their affinity to water molecules would be different.



The adsorption isotherm of the polyphase (β-Mn2O3, β-MnO2, and ε-MnO2) 1S-Mn sample and the adsorption isotherms for the 4S-Mn, 5S-Mn, and 7S-Mn samples predominantly consisted of the cryptomelane phase, were characterized by similar crystallite sizes, and practically overlapped. Semicrystalline 2S-Mn and 3S-Mn samples consisting of ε-MnO2 had higher adsorption magnitudes. ε-MnO2 crystallites with very small particles (3 nm) of urchin-like morphology (Figure 2c) resulted in the highest adsorption and Ssp values.



Water vapor adsorption is significantly lower for the 6S-Mn sample characterized by large cryptomelane crystallites (36 nm) and disorderly stacked needle-like nanorod morphology. The 8S-Mn sample comprising single β-Mn2O3 phase with large crystallites has a very weak affinity to water molecules and is characterized by Type III isotherm with H3 Type hysteresis loop. As can be concluded from bixbyite contents in the 1S-Mn and 4S-Mn samples (30% and 9.5%, respectively), bixbyite contribution to water vapor adsorption is minimal. Poor water vapor adsorption by β-Mn2O3 has been also reported elsewhere [30].



The adsorption and desorption branches of the isotherms for all samples under study, except for 4S-Mn and 6S-Mn, overlap below P/Ps = 0.3 and that is characteristic of metal oxides [31]. Different widths of the hysteresis loops indicate different abilities of the samples to interact with water molecules. The water vapor adsorption isotherms were analyzed using the linearized BET equation. Figure 4 shows that initial linear portions of all isotherms are observed over P/PS ranges from 0.03 to 0.22 with the correlation coefficient, R2, of 0.98–0.99.



Parameters of water vapor adsorption by the manganese oxide forms under study, i.e., the water monolayer capacities, аm, the BET constants, С, characterizing the heat of adsorption for the first layer of water molecules, and the specific surface areas, Ssp, are summarized in Table 2. Ssp were calculated based on two values of a water molecule cross section 10.6 Å2 and 14.8 Å2, corresponding to two different types of water molecule packing on oxide surfaces [30].



Based on the desorption branches of their water vapor isotherms, pore diameter distribution curves were obtained for each sample under study. Some examples of the curves are shown in Figure 5, while all their maximum values are presented in Table 2.



Analyzing our results shown in Figure 3, Figure 4 and Figure 5 and in Table 2, we can draw the following conclusions: the tunnel-structured 5S-Mn and 6S-Mn samples as well as the 8S-Mn sample not characterized by a tunnel structure have highly uniform mesoporous structure, whereas the 2S-Mn, 4S-Mn, and 7S-Mn samples have non-uniform mesoporous structure; 1S-Mn and 3S-Mn have mixed micro-mesoporous structure with a micropore diameter of 1.1 nm.



Since available information [14,18,32] about water vapor adsorption by manganese oxides is limited and incommensurable, we tried to compare the reported data with our results using values of maximum adsorption, a∞, in mmol/g characterizing hydrophilicity of materials. The reported data can be presented as the following order: manganese oxide of an unknown structure (15.3) > birnessite (9.72) > todorokite (7.7) > protonated hollandite (6.1) > cryptomelane (1.1) >> cryptomelane treated with NaOH (0) (I). For manganese oxide forms under study a∞ decreases in the order: 3S-Mn, akhtenskite (12.2) > 2S-Mn, akhtenskite (9.54) > 1S-Mn, mixture of pyrolusite, bixbyite and akhtenskite (4.85) ≈ 7S-Mn, cryptomelane (4.85) ≈ 4S-Mn, mixture of cryptomelane and bixbyite (4.7) > 5S-Mn, mixture of cryptomelane and pyrolusite (3.44) > 6S-Mn, cryptomelane (2.86) >> 8S-Mn, bixbyite (0.39) (II). Order I shows that a∞ depends on structural types of manganese oxides and chemical properties of their surface. For instance, NaOH treatment of cryptomelane completely suppresses its adsorptive capacity. Distinct hydrophobic behavior of cryptomelane [14] was independently confirmed [33] by a hydrophilicity index (0.91), determined as a molar ratio of adsorbed toluene to adsorbed water. Comparing order I and order II, we can assert that the hydrophobic behavior of the cryptomelane samples synthesized in the current work is different and 6S-Mn is the most hydrophobic cryptomelane sample. Manganese oxide of an unknown structure has the highest a∞ value close to the a∞ value of our semicrystalline akhtenskite (3S-Mn).





4. Conclusions


Manganese oxide forms were synthesized by different methods. Phase composition and contents as well as crystallite sizes of the manganese oxide forms were determined from the XRD data treated by the Rietveld method. All samples, except for those obtained by potassium permanganate reduction with formic acid (2S-Mn) and MnSO4 (3S-Mn), are crystalline. The synthesized manganese oxide forms can be classified as monophase samples (2S-Mn, 3S-Mn, 6S-Mn, 7S-Mn, and 8S-Mn) and impure cryptomelane mixed with bixbyite C (4S-Mn) or pyrolusite (5S-Mn). The commercial 1S-Mn is polyphase. Bixbyite phase is characterized by the largest crystallites of 66 and 87 nm. Cryptomelane crystallite sizes can vary from 14 to 36 nm.



A method by which the manganese oxide forms were synthesized influences not only phase composition and crystallite sizes but also particle morphology.



The water vapor adsorption isotherms for the manganese oxide forms under study were analyzed using the BET method and it can be concluded that the semicrystalline 2S-Mn and 3S-Mn samples have much higher monolayer capacities than the crystalline samples.



The desorption branches were used for the calculation of pore diameter distribution curves and the conclusion has been drawn that manganese oxide forms can be classified as those of the highly uniform mesoporous structure (5S-Mn, 6S-Mn, and 8S-Mn), of non-uniform mesoporous structure (2S-Mn, 4S-Mn, and 7S-Mn), and mixed micro-mesoporous structure (1S-Mn and 3S-Mn).



For manganese oxide forms synthesized by us, hydrophobicity increases in the following order: 3S-Mn < 2S-Mn < 1S-Mn < 7S-Mn ≈ 4S-Mn < 5S-Mn < 6S-Mn < 8S-Mn. It is reasonable to expect that the negative effect of adsorbed water on catalytic properties of manganese oxide forms, e.g., in the reaction of ozone decomposition, decreases in the same order.
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Figure 1. X-ray diffraction patterns of the manganese oxide samples under study. 
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Figure 2. TEM images for the 1S-Mn (a); 2S-Mn (b); 3S-Mn (c); and 6S-Mn (d) samples. 
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Figure 3. Water vapor adsorption-desorption isotherms for the manganese oxide samples under study. 
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Figure 4. Initial linear portions of the BET adsorption isotherms for the manganese oxide samples under study A = P/Ps; B = A/a (1 − A). Indexation 1–8 corresponds to Arabic numerals in the sample designations. 
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Figure 5. Pore diameter distribution curves for the manganese oxide samples under study. 
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Table 1. Phase compositions and phase parameters for the manganese oxide samples under study.
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Sample

	
Phase

	
Phase Content (wt.%)

	
Crystallite Size (nm)






	
1S-Mn

	
β-Mn2O3 (bixbyite)

	
30.0 (3)

	
87




	
β-MnO2 (pyrolusite)

	
48.7 (6)

	
2




	
ε-MnO2 (akhtenskite)

	
19.6 (3)

	
7




	
2S-Mn

	
ε-MnO2 (akhtenskite)

	
97.0 (1)

	
3




	
3S-Mn

	
ε-MnO2 (akhtenskite)

	
97.0 (1)

	
3




	
4S-Mn

	
α-MnO2 (cryptomelane)

	
90.5 (3)

	
15




	
β-Mn2O3 (bixbyite)

	
9.49 (2)

	
66




	
5S-Mn

	
α-MnO2 (cryptomelane)

	
85.3 (4)

	
16




	
β-MnO2 (pyrolusite)

	
14.72 (4)

	
28




	
6S-Mn

	
α-MnO2 (cryptomelane)

	
100.0 (4)

	
36




	
7S-Mn

	
α-MnO2 (cryptomelane)

	
100.0 (1)

	
14




	
8S-Mn

	
β-Mn2O3 (bixbyite)

	
100.0 (5)

	
66
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Table 2. Structural-adsorption parameters for manganese oxide samples under study.






Table 2. Structural-adsorption parameters for manganese oxide samples under study.





	
Sample

	
Phase (Content in wt.%)

	
аm (mmol/g)

	
С

	
Ssp (m2/g)

	
Maxima of Pore Diameter Distribution Curves (nm)




	
10.6 Å2

	
14.8 Å2






	
1S-Mn

	
β-Mn2O3 (30) ε-

	
0.62

	
110.4

	
40.3

	
56.3

	
1.1; 2.8; 6.5; 15.5




	
β-MnO2 (48.7)




	
MnO2 (19.6)




	
2S-Mn

	
ε-MnO2 (97.0)

	
2.43

	
15.1

	
158.0

	
216.5

	
2.0; 2.5; 6.4




	
semicrystalline




	
3S-Mn

	
ε-MnO2 (97.0)

	
3.43

	
62.0

	
223.0

	
311.4

	
1.1; 2.8




	
semicrystalline




	
4S-Mn

	
α-MnO2 (90.5)

	
0.78

	
19.6

	
44.5

	
69.9

	
2.0; 4.8




	
Mn2O3 (9.5)




	
5S-Mn

	
α-MnO2 (85.3)

	
0.70

	
16.6

	
46.0

	
63.0

	
3.7




	
β-MnO2 (14.7)




	
6S-Mn

	
α-MnO2 (100.0)

	
0.29

	
16.5

	
19.0

	
26.0

	
2.5




	
7S-Mn

	
α-MnO2 (100.0)

	
0.65

	
243.4

	
42.4

	
59.2

	
4.0; 11.3




	
8S-Mn

	
β-Mn2O3 (100.0)

	
0.07

	
30.3

	
5.0

	
6.9

	
2.5
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