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Abstract

:

Formaldehyde is an important downstream chemical of syngas. Furniture and household products synthesized from formaldehyde will slowly decompose and release formaldehyde again during use, which seriously affects indoor air quality. In order to solve the indoor formaldehyde pollution problem, this paper took the catalytic oxidation of formaldehyde as the research object; prepared a series of low-cost, acid-treated manganese dioxide nanorod catalysts; and investigated the effect of the acid-treatment conditions on the catalysts’ activity. It was found that the MnNR-0.3ac-6h catalyst with 0.3 mol/L sulfuric acid for 6 h had the best activity. The conversion rate of formaldehyde reached 98% at 150 °C and 90% at 25 °C at room temperature. During the reaction time of 144 h, the conversion rate of formaldehyde was about 90%, and the catalyst maintained a high activity. It was found that acid treatment could increase the number of oxygen vacancies on the surface of the catalysts and promote the production of reactive oxygen species. The amount of surface reactive oxygen species of the MnNR-0.3ac-6h catalyst was about 13% higher than that of the catalyst without acid treatment.
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1. Introduction


Formaldehyde is an important downstream product of syngas. Gaseous formaldehyde can be obtained via the partial oxidation or dehydrogenation of methanol from syngas through the methanol route. At present, 35% of the world’s methanol production is used to meet the world’s demand for formaldehyde, making formaldehyde the first product that is directly derived from methanol. In recent years, there have also been studies on the direct synthesis of formaldehyde using syngas, which bypasses the production of methanol and has a low reaction temperature, thus improving the conversion efficiency without producing CO2 [1,2].



As an important chemical raw material, formaldehyde can be used to produce a variety of daily products such as processed wood, paint, cosmetics, resins, polymers, adhesives, etc. [3]. However, in artificial boards and other decoration materials that use formaldehyde as the raw material, paraformaldehyde depolymerizes and continuously releases [4], which seriously pollutes the indoor environment. Methods to eliminate indoor formaldehyde pollution include ventilation [5], plant purification [6], adsorption [7,8], plasma purification [9], catalytic oxidation [10], etc. Among these, the ventilation and air exchange method is simple and feasible but has limitations in application scenarios due to the influence of the house layout and climatic conditions. The removal process of the plant purification method is relatively passive and the processing speed is slow, so it is only suitable for the auxiliary means of formaldehyde purification [11]. The adsorption method is simple in principle and widely used, but it is difficult for it to play a long-term and stable purification role due to the inherent problem of adsorption saturation. Plasma air-purification technology has a good formaldehyde purification effect and strong processing capacity, but the energy consumption of the process is high and there may be secondary pollution. The catalytic oxidation method, which uses oxygen in the air to react and generate H2O and CO2 with a good reaction stability [12], high treatment efficiency, mild reaction conditions, and no secondary pollution, has broad application prospects [13]. Formaldehyde oxidation catalysts can be divided into noble metal catalysts and non-noble-metal catalysts [14,15,16].



Among these, noble metal catalysts have specific excellent catalytic activity at low temperatures or even room temperature [17], but noble metals are expensive, which is not conducive to practical application [18]. Compared with noble metal catalysts, non-noble metals such as Mn, Co, and Ce are relatively abundant in reserves and have various electronic structures, reducibility, thermal stability, oxidative degradability, a low price, and other excellent characteristics that have attracted great attention in the fields of energy and environmental protection [19]. Formaldehyde oxidation of non-noble metal oxide catalysts is a hot research topic at present. As early as 2002, Sekinel [20] compared the catalytic oxidation performance of formaldehyde at a low temperature for a variety of non-noble metal oxides. The results showed that when ZnO, La2O3, and V2O5 were used as catalysts, the reaction activity was low and the conversion rate of the formaldehyde was less than 10%; while MnO2 had a better catalytic performance and showed a conversion rate of the formaldehyde of more than 90%.



Mn is a commonly used transition metal element in catalytic reactions [21,22]. Mn atom has the outer electronic structure of 3d54s2, and its oxide can form the [MnO6] octahedron, which is used as the basic structural unit. The crystal structure of a one-dimensional tunnel, two-dimensional layer, or three-dimensional network is formed by common edges, common angular tops, or coplanes [23,24,25]. Under different conditions, crystalline manganese oxides of α, δ, γ, λ, β, and ε can be generated [21,25].



Zhang et al. [26] investigated the activity of four crystalline MnO2 catalysts (α, δ, λ, and β) and found that the δ-MnO2 catalyst could completely oxidize formaldehyde at 80 °C; while the α-, λ-, and β-MnO2 catalysts had higher formaldehyde complete conversion temperatures of 125 °C, 200 °C, and 150 °C, respectively. This was due to the fact that the delta-MnO2 layered structure had more active sites, which increased the adsorption and diffusion rate of formaldehyde. Other studies have shown that the (310) crystal surface of α-MnO2 had the highest surface energy, which was conducive to the adsorption and activation of O2 and H2O, and could improve the oxidation activity of HCHO [27]; the (100) crystal surface of α-MnO2 was conducive to the adsorption and activation of O2; and the (001) crystal surface of layered δ-MnO2 was conducive to the desorption of H2O [28]. The pore structure of potassium manganese ore (0.26 nm) was similar to the dynamic diameter of the formaldehyde molecule (0.243 nm) and showed high catalytic activity in the reaction [29].



When manganese oxide has a special morphology, its unique microstructure and texture properties were also conducive to an improvement in catalytic performance [30,31,32]. Boyjoo et al. [33] prepared a hollow microglobular MnO2 catalyst; subsequent studies showed that the catalyst had a large specific surface area, a highly dispersed mesoporous structure, and a large number of oxygen vacancies on the surface, which could promote the migration of oxygen species in the reaction process. Bai et al. [34] prepared a 3D mesoporous MnO2 catalyst using the template method. The results showed that 3D-MnO2 had a large specific surface area, that the Mn4+ on its (110) crystal plane provided the main active site for formaldehyde oxidation, and that it had good catalytic performance.



Acid treatment is an important way to improve the surface chemical properties of catalysts [35,36,37]. Wang et al. [37] found that after acid treatment of an MnO2/LaMnO3 catalyst, the number of oxygen vacancies and reactive oxygen species on the surface increased significantly, which promoted toluene adsorption and a catalytic reaction. Studies have found that acid treatment can affect the distribution and number of oxygen-containing functional groups on the surface of carbon nanotubes [35]. Cui et al. [36] found that sulfuric acid treatment made a TiO2 nanoribbon surface rough and that the catalyst had an obvious mesoporous structure, which could promote the adsorption, diffusion, and transfer of reactants and provide more surface active sites. Gao et al. [38] found that the addition of dilute nitric acid in the forming process of an HZSM-5 molecular sieve increased the content of medium and strong acids and formed layered pores, which helped to reduce the reaction capacity of cracking, aromatization, and hydrogen transfer of the catalyst; improved the diffusion performance of the catalyst; and slowed the deposition rate of coke. In this study, MnO2 nanorod catalysts were prepared using hydrothermal synthesis and treated with acid. By adjusting the acid concentration and reaction time during the acid treatment, a series of MnO2 nanorod catalysts were obtained after acid treatment under different conditions. The structure and properties of the catalysts after acid treatment were explored through various representations, and the influence of the acid treatment on the catalytic oxidation activity of the formaldehyde was explained.




2. Results and Discussion


2.1. Microstructure of Catalysts


In order to study the crystal structure and phase of the catalysts treated with different concentrations of acid and different times, an XRD characterization was carried out, the results of which are shown in Figure 1. It can be seen that there were characteristic diffraction peaks of α-MnO2 at 2θ = 12.8°, 18.1°, 28.8°, 37.5°, and 49.8°, which corresponded to the (110), (200), (310), (121), and (411) crystal planes, respectively. This indicated that the prepared MnO2 nanorods were α-crystalline MnO2. The (310) and (110) crystal surface energies of the α-MnO2 were higher, which was conducive to the adsorption and activation of O2 and H2O and could improve the oxidation activity of HCHO [27,28]. It can be seen in Figure 1a that after treatment of the MnNR catalysts with different concentrations of acid, the increase in the acid concentration in the process of acid treatment did not change the characteristic diffraction peak position of the catalysts, which meant that the structure of the catalysts did not change during the treatment with different concentrations of acid. As shown in Figure 1b, the extension of acid treatment time did not change the structure of the catalysts.



The SEM characterization results for the manganese dioxide catalysts treated using different acid conditions are shown in Figure 2. Without acid treatment, as shown in Figure 2a, the MnNR catalyst process was obviously rod-like. After the treatment with different concentrations of acid, as shown in Figure 2b, the surface of the MnNR-0.1ac-6h catalyst prepared via the reaction of 0.1 mol/L sulfuric acid for 6 h was rough and weakly agglomerated, the particle size started to become large, and the rod-like structure could still be seen. As shown in Figure 2e, with the increase in acid concentration, the acid treatment changed the surface energy of the nanoparticles and increased the contact interface between the particles. The surface of the MnNR-0.7ac-6h catalyst prepared via the reaction of 0.7 mol/L sulfuric acid for 6 h was rougher with obvious agglomeration and no obvious rod-like structure. Figure 2f–i show the catalysts of MnO2 nanorods treated with acid at different times. It can be seen that the MnNR-0.3ac-3h catalyst prepared via a 0.3 mol/L sulfuric acid reaction for 3 h showed weak agglomeration. With the gradual increase in the acid treatment time, the catalyst also gradually presented obvious nanoparticle agglomeration, the rod-like structure was no longer obvious with the extension of time, and the MnNR-0.3ac-24h catalyst did not show an obvious rod-like structure.



The specific surface area, pore size, and pore volume data of the MnNR series of catalysts are shown in Table 1. As can be seen in the table, the specific surface area of the MnNR catalyst without acid treatment was 47.6 m2/g, the average pore size was 11.6 nm, and the average pore volume was 0.14 cm3/g. When the MnNR catalyst was treated with different concentrations of acid, the specific surface area of the catalyst increased slightly, and the average pore size and average pore volume increased significantly, which may have been caused by the disappearance of a large number of micropores due to acid etching. The MnNR-0.3ac-6h catalyst prepared via the reaction of 0.3 mol/L sulfuric acid for 6 h had the largest specific surface area of 51.8 m2/g, which meant that this catalyst could expose more active sites. The specific surface area of the MnNR catalyst gradually increased with time after acid treatment for different times. After 6 h of acid treatment, the specific surface area of the MnNR-0.3ac-6h catalyst was the largest at 51.8 m2/g. With the extension of the acid treatment time, the specific surface area of the catalyst decreased. When combined with the SEM characterization results shown in Figure 2, it can be seen that as the concentration of acid treatment continued to increase and the time of acid treatment continued to increase, an agglomeration of the catalyst occurred, which may have be the reason for the slight decrease in the specific surface area.




2.2. Chemical Properties of the Catalysts


The reducibility of the catalysts was investigated using H2-TPR characterization; the characterization results are shown in Figure 3. It can be seen in Figure 3a that the MnNR catalyst had a low-temperature reduction peak near 330 °C and a high-temperature reduction peak near 357 °C, which corresponded to the reduction of MnO2 to Mn2O3 and of Mn2O3 to MnO, respectively [39,40]. After acid treatment, the high-temperature reduction peak of the MnNR-0.1ac-6h catalyst increased to 368 °C, while the low-temperature reduction peak did not change. With the increase in the acid concentration, the peak reduction temperature at a high temperature increased gradually, while the peak reduction temperature at a low temperature decreased. The high-temperature reduction peak of the MnNR-0.7ac-6h catalyst increased to 429 °C, and the low-temperature reduction peak was 316 °C. According to Figure 3b, after 3 h of acid treatment, the MnNR-0.3ac-3h catalyst had a low-temperature reduction peak near 330 °C and a high-temperature reduction peak near 357 °C. With the prolongation of the acid treatment process time, the peak reduction temperature for high-temperature reduction also increased, and the peak reduction temperature for low-temperature reduction decreased. The high-temperature reduction peak of the MnNR-0.3ac-24h catalyst increased to 381 °C, and the low-temperature reduction peak was 319 °C. The reduction peak temperature probably decreased because the Mn-O bond was more likely to break under the action of H+ in the acid treatment process. A lower reduction temperature meant that the reduction was enhanced, the bond of the surface oxygen species was more easily broken, and the surface oxygen species was more easily activated, all of which were conducive to the enhancement of the activity. Lu et al. [41] believed that the reducibility of catalysts was related to oxygen–oxygen vacancies and that catalysts with a better reducibility could generate more oxygen vacancies [42]. Oxygen vacancies can promote oxygen activation, generate reactive oxygen species, and improve catalytic activity.



The O2-TPD characterization results for the catalysts are shown in Figure 4. The O2-TPD characterization could obtain the type of oxygen species on the surface of the catalyst. It was known from a literature survey [43,44] that the desorption order of oxygen species on the catalyst surface is: oxygen molecule (O2) > oxygen molecule ion (O2−) > oxygen ion (O−) > lattice oxygen (O2−). Oxygen molecules can usually be adsorbed on the surface of a catalyst when the temperature is below 200 °C, while the desorption temperature of the reactive oxygen species O2− and O− is usually between 200 and 400 °C. In addition, the lattice oxygen has the highest desorption temperature, which generally exceeds 400 °C [45,46].



It can be seen in Figure 4a that the MnNR catalyst had a weak desorption peak at 100 °C, which corresponded to the adsorption peak of oxygen molecules; the desorption peaks of reactive oxygen species O2− and O− appeared at 300 °C; and the desorption peak of lattice oxygen appeared at 540 °C. After acid treatment, the desorption peak of the reactive oxygen species of the MnNR-0.7ac-6h catalyst also appeared at 300 °C. With the increase in the acid concentration, the desorption peak position of the reactive oxygen species shifted to the left; that is, the peak temperature decreased, and the lattice oxygen desorption peak of the catalyst gradually disappeared. The reactive oxygen desorption peak of the MnNR-0.7ac-6h catalyst appeared at 261 °C. It may have been that the strong acid reacted with part of the lattice oxygen to form oxygen vacancies, which led to the decrease in the lattice oxygen desorption peak. It can also be seen in Figure 4b that after acid treatment for different times, the desorption peak position of the reactive oxygen species of the catalysts also decreased with the increase in acid treatment time. The reactive oxygen species desorption peak of the MnNR-0.3ac-24h catalyst appeared at 270 °C. The desorption temperature of the oxygen was closely related to the activity of the catalysts. The lower the desorption temperature, the more likely the reactive oxygen species were to be generated. Reactive oxygen species can accelerate catalytic reactions [47], which is the most important factor that affects catalytic activity. In addition, Huang [43] found that oxygen vacancies could accelerate the generation of reactive oxygen species and that H2-TPR characterization also proved that acid treatment could produce more oxygen vacancies in MnO2 nanorod catalysts, so it could be predicted that acid treatment could improve the activity of the MnNR catalyst [41].



In order to explore the surface chemical composition and surface chemical valence of the MnNR catalysts under different treatment conditions, the high-resolution XPS spectra of the catalysts were obtained as shown in Figure 5. As can be seen in Figure 5a,b, all of the catalysts had obvious diffraction peaks for Mn and O elements, which meant that the catalysts contained manganese oxide compounds.



Figure 5c,d reflect the Mn 2p spectra of the MnNR catalyst under different treatment conditions. It can be seen from the figure that the MnNR catalyst had two energy level peaks at 642 eV and 654 eV, which corresponded to Mn 2p3/2 and Mn 2p1/2, respectively. By using Xpspeak41 to divide the peaks of Mn 2p3/2, the Mn3+ and Mn4+ diffraction peaks appeared around 642 eV and 643 eV, respectively [48,49] and no Mn2+ diffraction peak appeared, which proved that there was no Mn2+ on the surface of the catalyst. The positions and proportions of the Mn3+ and Mn4+ peaks are shown in Table 2. As can be seen in the table, the MnNR catalyst’s surface contained a small amount of Mn3+ (about 31%). The Mn3+ content on the surface of the MnNR-0.5ac-6h catalyst increased with the acid treatment; the Mn3+ content on the surface of the MnNR-0.5ac-6h catalyst was 56%. With the increase in the acid concentration, the Mn3+ and Mn4+ contents on the surface of the MnNR-0.7ac-6h catalyst increased continuously; the Mn3+ and Mn4+ contents were 57% and 43%, respectively. After acid treatment for different times, the Mn3+ content on the catalyst surface also increased while the Mn4+ content decreased. The contents of Mn3+ and Mn4+ on the surface of the MnNR-0.3ac-3h catalyst are 33% and 67%, respectively. The contents of Mn3+ and Mn4+ on the surface of the MnNR-0.3ac-24h catalyst were 61% and 39%, respectively. The increase in the Mn3+ content may have been due to the reaction of acid ions with lattice oxygen during the acid treatment, thereby leading to Mn electron transfer and the formation of oxygen vacancies. Oxygen vacancies were conducive to the adsorption and activation of oxygen molecules in the gas phase, which resulted in the generation of surface oxygen species and also promoted the stripping of reactive oxygen species at the adsorption site (oxygen vacancies) to enhance the activity of the catalysts.



The spectra of catalyst O 1s are shown in Figure 5e,f. It can be seen that the O 1s profile of the catalyst could be fitted into two subpeaks, which meant that there were two different types of oxygen species. According to the literature, the OI diffraction peak around 529.8 eV corresponds to the lattice oxygen of the catalyst itself; and the OII diffraction peak around 531.5 eV corresponds to O2−, O−, the surface hydroxyl group, and other surface-adsorbed oxygen species. The positions and proportions of the OII and OI peaks in Table 2 showed that the OI and OII energy levels of the MnNR catalyst were 529.9 and 531.1 eV, respectively. After the acid treatment, the OI level of the MnNR-0.7ac-6h catalyst was slightly decreased and the OII level was slightly increased. This should be regarded as a negligible systematic displacement. It can be seen in Table 2 that the proportion of reactive oxygen species on the surface of the MnNR catalyst was 35%. After treatment at different concentrations and times, we found that the proportion of reactive oxygen species on the surface of the MnNR-0.3ac-6hcatalyst was the highest at 48%. The literature has proved that the surface adsorption of oxygen plays an important role in the process of HCHO oxidation at low temperatures. By combining the Mars–van Krevelen (MvK) mechanism and the previous results, it can be seen that surface oxygen groups could promote formaldehyde oxidation at room temperature. The MnNR-0.3ac-6h catalyst exhibited a better catalytic performance than the other catalysts.




2.3. Reaction Performance of Catalysts


The evaluation results of the formaldehyde catalytic oxidation of the MnO2 nanorod catalysts treated with different concentrations of acid at 25–150 °C are shown in Figure 6. It can be seen that the formaldehyde conversion rate of the MnO2 nanorod catalyst without acid treatment was only 68% at 25 °C. With the increase in the reaction temperature, the conversion rate of the formaldehyde increased; when the reaction temperature was 150 °C, the conversion rate of the formaldehyde increased to 92%. The catalytic activity of the MnO2 nanorods increased after acid treatment; the conversion rate of formaldehyde of the MnNR-0.1ac-6h catalyst obtained via 0.1 mol/L sulfuric acid treatment increased to 97% at 150 °C. The formaldehyde conversion rate of the MnNR-0.3ac-6h catalyst reached 98% at 150 °C and 90% at 25 °C (room temperature). With the increase in the acid concentration, the catalyst activity decreased. The formaldehyde conversion rate of the MnNR-0.5ac-6h catalyst was 86% at 25 °C. The conversion rate of the MnNR-0.7ac-6h catalyst decreased to 92% at 150 °C, and the conversion rate of formaldehyde was as low as 78% at room temperature (25 °C).



In addition, the effect of the acid treatment time on the catalyst activity was also evaluated via the formaldehyde reaction. The evaluation results of the formaldehyde catalytic oxidation of the catalysts at different temperatures are shown in Figure 7. It can be seen that when the concentration of sulfuric acid was 0.3 mol/L, the formaldehyde conversion rate of the MnNR-0.3ac-3h catalyst after three hours of reaction was 97% at 150 °C. With the extension of the reaction time, the formaldehyde conversion rate increased; the formaldehyde conversion rate of the MnNR-0.3ac-6h catalyst was 98% at 150 °C. The conversion rate of formaldehyde was still 90% at room temperature. With the increase in the acid treatment time, the formaldehyde conversion rate of the MnNR-0.3ac-9h catalyst decreased to 84% at 25 °C. When the acid reaction time continued to increase, the catalyst activity decreased; the formaldehyde conversion rate of the MnNR-0.3ac-24h catalyst decreased to 91% at 150 °C and was only 73% at 25 °C.



Under the reaction condition of 50 °C and a formaldehyde concentration of 5 ppm, the effect of the space velocity on the conversion of the MnNR-0.3ac-6h catalyst was investigated; the results were shown in Figure 8. When the airspeed was 3000 h−1, the conversion rate of the catalyst was 90%. With the increasing airspeed, the reaction conversion rate decreased gradually. When the airspeed was increased to 33,000 h−1, the conversion rate of the reaction decreased to 70%, which was due to the reduced contact time between the catalyst and the formaldehyde.



The catalytic stability of the MnNR-0.3ac-6h catalyst was evaluated at 50 °C and a formaldehyde concentration of 5 ppm; the results are shown in Figure 9. It can be seen in the figure that during the reaction time of 144 h, the conversion rate of formaldehyde remained around 90%, and the catalyst always maintained a high activity. When the reaction time exceeded 144 h, the catalyst activity decreased slightly until 168 h, and the MnNR-0.3ac-6h catalyst could still maintain a conversion rate of more than 87% under the condition of a formaldehyde concentration of 5 ppm. It can be seen that the MnNR-0.3ac-6h catalyst had a better stability in formaldehyde oxidation at a low temperature.





3. Experimental


3.1. Preparation of Catalysts


For the preparation of the α-MnO2 nanorods, we added 3 mmol of KMnO4 and 4.5 mmol of MnSO4·H2O to 30 mL of deionized water and stirred for one hour [41], then added 1.5 mL of sulfuric acid (98 wt.%), stirred the above solution at room temperature until completely dissolved, transferred it into PTFE lining, sealed it, and loaded it into a high-pressure reaction kettle. The reaction was conducted at 160 °C for 12 h. At the end of the reaction, the product was filtered and washed until neutral and was denoted as MnNR.



For the preparation of the catalysts for acid treatment with different concentrations, MnO2 nanorods were placed in different concentrations of an H2SO4 solution and heated in an oil bath at 80 °C with reflux stirring. The ratio of the solid to liquid mass was kept at 1:60. Under the condition of maintaining the heating temperature as unchanged, the suspension was treated with sulfuric acid at 0.1, 0.3, 0.5, and 0.7 mol/L for 6 h; then the suspension was filtered and washed repeatedly with deionized water until the pH value of the eluent was about 7 and then dried at 105 °C. After drying, the powder was ground, pressed, crushed, and screened; the resulting products were respectively denoted as MnNR-0.1ac-6h, MnNR-0.3ac-6h, MnNR-0.5ac-6h, and MnNR-0.7ac-6h.



For the preparation of the catalysts for acid treatment at different times, MnO2 nanorods were placed in 0.3 mol/L of the H2SO4 solution and heated in an oil bath at 80 °C with reflux stirring. The ratio of the solid to liquid mass was kept at 1:60. Under the condition of maintaining the heating temperature as unchanged, the reaction was carried out for 3 h, 9 h, 6 h, 12 h, and 24 h, respectively. The suspension was filtered and washed repeatedly with deionized water until the pH value of the eluent was about 7 and then dried at 105 °C. After drying, it was ground, pressed, crushed, and sieved; the resulting products were respectively denoted as MnNR-0.3ac-3h, MnNR-0.3ac-9h, MnNR-0.3ac-6h, MnNR-0.3ac-12h, and MnNR-0.3ac-24h.




3.2. Catalyst Characterization


The crystal structure of the sample was detected using an X-ray powder diffractometer (XRD, Bruker’s D8 ADVANCE A2) using a Cu target (Kα-ray, λ = 1.5418 Å) at a large angle of 10~90°. The BET surface area of the sample was measured using the nitrogen adsorption and desorption isotherms at 77 K using a Tristar II (3020) mesoporous physical adsorption analyzer.



Before measurement, the samples were desorbed at 200 °C and 1.33 Pa for 6 h. The chemical valence of the catalyst surface was determined using X-ray photoelectron spectroscopy (XPS, AXIS ULTRA DLD model). The radiation source was Al Kα, and the modified binding energy was 284.8 eV with contaminated carbon C1s. Scanning electron microscopy (SEM) was carried out on a JSM-7900F (Japan Electronics, Japan, Tokyo) instrument. Firstly, a small amount of powder catalyst sample was coated on conductive adhesive and then the gold-sprayed treatment was performed. The temperature-programmed reduction (H2-TPR) used H2 as the reducing gas and was operated on an adsorption meter equipped with a TCD detector. The 100 mg samples were pretreated with N2 at 300 °C for 60 min to remove the moisture on the catalyst surface and then cooled to room temperature (25 °C) under an N2 atmosphere. After the baseline was stabilized in the H2/N2 atmosphere, the reduction treatment was carried out at 25–800 °C at a heating rate of 10 °C/min, and the data were detected and recorded by the TCD detector. For the oxygen-programmed temperature desorption (O2-TPD), which used the same equipment as the H2-TPR, 100 mg samples were pretreated with H2 at 300 °C for 60 min then cooled to room temperature (25 °C) under a He atmosphere, adsorbed for 60 min under an O2/He atmosphere, and then purged with He for 60 min. The desorption was performed under pure He (25–800 °C).




3.3. Catalyst Evaluation


The formaldehyde-catalyzed oxidation reaction was evaluated using a fixed-bed reactor under atmospheric pressure. A 20–40 mesh 2.0 g catalyst was weighed into the fixed-bed reactor, then the formaldehyde solution was sucked into the heating tube with a pump and heated and vaporized at 150 °C. The air carried away the formaldehyde vapor and part of the water vapor (a formaldehyde concentration of about 5 ± 1 ppm) through the heating tower into the fixed-bed reactor where the catalyst was located for the catalytic oxidation reaction. The raw material and formaldehyde after reaction were tested using a gas pump combined with a formaldehyde reaction tube.


Conversion rate of formaldehyde (%) = (Raw material formaldehyde concentration − product formaldehyde concentration)/Raw material formaldehyde concentration × 100%



(1)









4. Conclusions


The experimental results confirmed the reason why acid treatment can improve the catalytic activity and why the acid treatment time and acid concentration in the process of acid treatment will affect the catalytic activity. The MnNR-0.3ac-6h catalyst was the most active after being treated with 0.3 mol/L sulfuric acid for 6 h. The conversion rate of formaldehyde reached 98% at 150 °C and 90% at 25 °C. During the reaction time of 144 h, the conversion rate of formaldehyde was about 90%, and the catalyst maintained a high activity. It was found that acid treatment did not change the crystal shape of the catalysts. After acid treatment, the surface of the nanorods was obviously rough with obvious mesoporous characteristics, and the specific surface area was increased. The specific surface area of the MnNR-0.3ac-6h catalyst after acid treatment was increased by about 9% compared to that without acid treatment, and the increase in the specific surface area was conducive to the adsorption and diffusion of formaldehyde and oxygen. As the acid concentration became too high and the acid treatment time was prolonged, sulfuric acid reduced the surface energy of the nanoparticles, increased the contact interface between the nanoparticles, and caused the nanorods to easily agglomerate and the specific surface area to decrease. After acid treatment, MnO2 nanorod catalysts had a good low-temperature reduction ability. The MnNR-0.3ac-6h catalyst had the best reducibility, which could promote the formation of oxygen vacancies and bond-breaking of oxygen species on the surface, and the oxygen molecules were more easily activated. After acid treatment, the oxygen desorption temperature of the catalysts decreased, and reactive oxygen species were more likely to be generated. The amount of reactive oxygen species on the surface of the MnNR-0.3ac-6h catalyst increased by about 13%. Acid treatment increased the content of Mn3+ on the surface of the catalysts, and the redox reaction between Mn4+ and Mn3+ promoted the activation of oxygen and the generation of reactive oxygen species, thereby promoting the improvement in the catalytic activity.
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Figure 1. XRD patterns of catalysts. (a) XRD patterns of catalysts treated with different acid concentrations; (b) XRD patterns of catalysts with different acid treatment times. 
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Figure 2. SEM images and particle size distributions of MnNR (a); MnNR-0.1ac-6h (b); MnNR-0.3ac-6h (c); MnNR-0.5ac-6h (d); MnNR-0.7ac-6h (e); MnNR-0.3ac-3h (f); MnNR-0.3ac-9h (g); MnNR-0.3ac-12h (h); MnNR-0.3ac-24h (i). 






Figure 2. SEM images and particle size distributions of MnNR (a); MnNR-0.1ac-6h (b); MnNR-0.3ac-6h (c); MnNR-0.5ac-6h (d); MnNR-0.7ac-6h (e); MnNR-0.3ac-3h (f); MnNR-0.3ac-9h (g); MnNR-0.3ac-12h (h); MnNR-0.3ac-24h (i).
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Figure 3. H2-TPR profiles of various catalysts. (a) H2-TPR profiles of catalysts treated with different acid concentrations; (b) H2-TPR profiles of catalysts treated with different acid treatment times. 
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Figure 4. O2-TPD profiles of various catalysts. (a) O2-TPD profiles of catalysts treated with different acid concentrations; (b) O2-TPD profiles of catalysts treated with different acid treatment times. 
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Figure 5. XPS spectra of catalysts for different acid treatment conditions and high-resolution XPS spectra of Mn 3s, Mn 2p, and O 1s. (a) high-resolution XPS spectra of catalysts treated with different acid concentrations of Mn 3s, Mn 2p, O 1s; (b) high-resolution XPS spectra of catalysts treated with different acid treatment times of Mn 3s, Mn 2p, O 1s; (c) XPS spectra of catalysts treated with different acid concentrations of Mn 2p; (d) XPS spectra of catalysts treated with different acid treatment times of Mn 2p; (e) XPS spectra of catalysts treated with different acid concentrations of O 1s; (f) XPS spectra of catalysts treated with different acid treatment times of O 1s. 
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Figure 6. Experimental evaluation results of catalysts with different concentrations of acid treatment (GSHV = 3000 h−1, 5 ± 1 ppm). 
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Figure 7. Experimental evaluation results of catalysts with different times of acid treatment (GSHV = 3000 h−1, 5 ± 1 ppm). 
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Figure 8. Experimental evaluation results of MnNR-0.3ac-6h catalysts with different GSHVs. 
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Figure 9. Stability test results of the MnNR-0.3ac-6h catalyst. 
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Table 1. Physical properties of the as-prepared samples.
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	Sample
	SBET (m2/g)
	Dp (nm)
	Vp (cm3/g)





	MnNR
	47.6
	11.6
	0.14



	MnNR-0.1ac-6h
	49.7
	18.2
	0.20



	MnNR-0.3ac-6h
	51.8
	20.2
	0.21



	MnNR-0.5ac-6h
	49.6
	20.3
	0.24



	MnNR-0.7ac-6h
	48.0
	20.6
	0.25



	MnNR-0.3ac-3h
	48.2
	17.1
	0.20



	MnNR-0.3ac-9h
	50.9
	20.9
	0.20



	MnNR-0.3ac-12h
	48.4
	21.3
	0.22



	MnNR-0.3ac-24h
	45.5
	22.2
	0.22
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Table 2. Chemical states of the surface elements determined using XPS.
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Sample

	
Mn3+

	
Mn4+

	
OI

	
OII

	
Molar Ratio of Surface Elements




	
OII/OI + OII a

	
Mn3+ a

	
Mn4+ a






	
MnNR

	
641.8

	
643

	
529.9

	
531.1

	
35%

	
31%

	
69%




	
MnNR-0.1ac-6h

	
641.9

	
643.1

	
529.8

	
531.1

	
40%

	
35%

	
65%




	
MnNR-0.3ac-6h

	
641.9

	
643.1

	
529.8

	
531.2

	
48%

	
47%

	
53%




	
MnNR-0.5ac-6h

	
642

	
643.3

	
529.8

	
531.2

	
42%

	
56%

	
44%




	
MnNR-0.7ac-6h

	
642.1

	
643.4

	
529.7

	
531.3

	
41%

	
57%

	
43%




	
MnNR-0.3ac-3h

	
641.9

	
643

	
529.8

	
531.2

	
48%

	
33%

	
67%




	
MnNR-0.3ac-9h

	
641.9

	
643.1

	
529.8

	
531.2

	
48%

	
50%

	
50%




	
MnNR-0.3ac-12h

	
642

	
643.1

	
529.7

	
531.2

	
47%

	
52%

	
48%




	
MnNR-0.3ac-24h

	
642

	
643.5

	
529.7

	
531.2

	
45%

	
61%

	
39%








a Surface element molar ratio calculated according to the peak areas of the XPS.
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