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Abstract

:

Spent methanol-to-propylene (MTP) catalysts have a large specific surface area and high porosity but are usually directly disposed of in landfills, and recycling is rare. In this study, spent MTP catalyst was moderately dealuminized with acids and etched with an alkali solvent to increase its specific surface area. A novel adsorbent was obtained. XRD, SEM, FT-IR, XRD, XRF, and MAS-NMR characterization shows that the adsorbent maintains a typical ZSM-5 zeolite structure, and the dealumination effect of H2C2O4 is better than that of HCl. HCl mainly removes the framework aluminum of the molecular sieve; H2C2O4 not only removes the framework aluminum but also dissolves some of the nonframework aluminum, which increases the BET-specific surface area and pore diameter. The spent catalyst maintains an irregular ellipsoidal shape. After alkali treatment, the surface of the spherical particles becomes rough. With increasing alkali concentration, the damage degree increases. After treatment with 4 mol/L H2C2O4 and 0.1 mol/L NaOH, the p-xylene and n-hexane adsorption capacities reach the maximum, with values of 141.04 mg/g and 106.87 mg/g, respectively, 20.7% and 16.2% greater than those before treatment. These findings indicate that modified spent MTP catalyst has the potential for application in the removal of VOCs from the air.
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1. Introduction


Methanol-to-propylene (MTP) catalysts are formed of a ZSM-5 molecular sieve. ZSM-5 molecular sieves have a unique pore structure that provides good ion exchange performance and shape selectivity [1,2,3]. Because of its good thermal stability, hydrothermal stability, wide distribution of Si/Al, and wide range of acid adjustability, ZSM-5 zeolite is a good solid acid catalyst and catalyst carrier [4,5]. It is widely used in catalysis, such as in the petrochemical and coal chemical industries, as well as in the fields of wastewater treatment and selective adsorption [6,7,8,9]. Many published studies have reported that MTP catalysts require small grain HZSM-5 molecular sieves with a high Si to Al ratio and a multistage composite pore structure [6,10,11,12]. Researchers have focused on the design and development of new MTP catalysts [9,13,14,15], but have rarely studied the comprehensive utilization of functionalized spent MTP catalysts [16,17]. Spent MTP catalysts have a large specific surface area, high porosity, and good adsorption performance [18,19,20]. In recent years, the massive emission of volatile organic compounds (VOCs) has caused serious harm to the human body and the environment [11,13,21,22]. The porous multistage composite ZSM-5 molecular sieve with an MFI structure can realize the selective adsorption of VOCs on the molecular scale, due to the interconnection of its microporous structure and mesoporous structure [23,24,25,26,27]. This paper systematically investigated the effect of acid-base treatment on the texture properties of waste MTP catalyst, enhanced the adsorption potential of VOCs on a waste molecular sieve, and provided support for the resource utilization of waste catalysts.




2. Results and Discussion


2.1. XRD Characterization of the Adsorbent Products


The XRD spectra of the adsorbent products are shown in Figure 1a,b. The hydrophobic adsorbent products maintain a typical ZSM-5 molecular sieve structure, and the corresponding characteristic peaks of the ZSM-5 (011), (020), (051), and (033), crystal planes appear at 2θ = 7.9°, 8.8°, 23.1°, and 23.8°, respectively, which indicates that the adsorbent channels have long-range order [9,10,11,12]. Acid treatment did not change the crystal phase structure of the spent catalyst, but the diffraction peak intensity after sample processing increases with increasing acid concentration. This may be caused by the elimination of impurities over the spent catalyst by acid treatment.



Figure 1c,d shows that after treatment with different concentrations of alkali, the crystal phase structure of the spent catalyst is not destroyed, no characteristic peaks disappear, and no new diffraction peaks are observed. However, with increasing alkali concentration, the diffraction peak intensity is reduced, which may be due to framework desilication of the spent catalyst and the generation of local structural defects in the molecular sieve lattice, resulting in a decline in the intensity of diffraction peaks. When the NaOH concentration is higher than 0.8 mol/L, the ZSM-5 molecular sieve framework is seriously damaged and presents an amorphous state. Figure 1e shows that the crystal phase structure of the spent catalyst remains unchanged after alkali treatment alone, but the diffraction peak intensity of the sample decreases, indicating that the lattice structure of the ZSM-5 molecular sieve changes after alkali treatment.




2.2. XRF Analysis


According to Table 1 and Table 2, the Si/Al ratio of the waste MTP catalyst before acid treatment is only 6.51, and the Si/Al ratios of the samples after acid treatment are significantly increased. At the same concentration, H2C2O4 has a better dealuminization effect than HCl and increases the ratio of silicon to aluminum to a greater degree. The reason may be that H2C2O4 is a dihydric acid with a complexation effect. In the dealuminization system, H2C2O4 has both acidic and complexation effects on the ZSM-5 molecular sieve framework aluminum. With increasing NaOH concentration, the Si/Al ratio decreases, indicating that the alkali treatment significantly removed Si species on the zeolite. Excessive alkali caused the collapse of the framework structure of ZSM-5 zeolite and caused serious damage to its pore structure.




2.3. Specific Surface Area and Pore Structure Parameters


Table 3 shows that the specific surface area and pore volume of the samples increase after acid treatment, indicating that acid treatment has a great influence on the specific surface area, pore structure, and properties of the spent catalyst. This is mainly because acid treatment removes the surface of the waste catalyst and the amorphous aluminum accumulated in the channels, which exposes a more effective area and creates a smoother surface and channels. The specific surface area of the sample treated with H2C2O4 is larger than that of the sample treated with HCl, which is consistent with the trends in the XRF data. With increasing alkali concentration, the total pore volume, mesoporous specific surface area, and microporous specific surface area of the samples first increase and then decrease. However, when the NaOH concentration is 0.8 mol/L, the total pore volume and mesoporous specific surface area decrease significantly, which may be because the high-intensity desilication process destroyed part of the framework structure of the ZSM-5 molecular sieve.




2.4. FT-IR Characterization


As seen from Figure 2a,b, the characteristic diffraction peaks of the ZSM-5 molecular sieve appear at wavenumbers of 449 cm−1, 544 cm−1, 798 cm−1, 1090 cm−1, and 1220 cm−1. Among them, the absorption peak at 449 cm−1 belongs to the bending vibration of X-O bonds in SiO4 and AlO4 tetrahedra (X is Si or Al), and the absorption peaks at 544 cm−1 and 1220 cm−1 belong to the vibration of the double five-membered ring in the ZSM-5 molecular sieve structure. The absorption peak at 798 cm−1 is due to the X-O-X symmetric stretching vibration of external connections, and 1090 cm−1 is due to the antisymmetric stretching vibration of X-O-X bonds inside the tetrahedra. With increasing acid concentration, the framework structure of the ZSM-5 molecular sieve essentially does not change [25].



Figure 2c,d shows that the crystallinity of the samples decreases gradually with increasing alkali concentration. When the NaOH concentration reaches 0.8 mol/L, the framework structure collapses, which is consistent with the XRD results in Figure 1. Figure 2e shows that the characteristic diffraction peak intensity of the ZSM-5 molecular sieve framework decreases after alkali treatment alone. From Figure 2f, the pyridine adsorption infrared (Py-IR) spectra indicate that the Brønsted acid (B-acid) and Lewis acid (L-acid) contents of samples treated with HCl and H2C2O4 show a decreasing trend. After acid treatment, part of the nonframework aluminum is removed, resulting in a decrease in the acid content of L-acid centers composed of the nonframework aluminum, and part of the framework aluminum is also removed, resulting in the destruction of the Si-Al-O structure of the ZSM-5 molecular sieve. H2C2O4 treatment not only removes the framework aluminum of ZSM-5 but also removes part of the nonframework aluminum, while HCl mainly removes the framework aluminum of ZSM-5 but has a weak removal effect on the nonframework aluminum.




2.5. SEM Characterization


As seen from Figure 3, the samples after acid treatment have an irregular ellipsoidal morphology and uniform grain size, with an average grain size of approximately 1.1 μm, which is similar to the properties of the samples before acid treatment. Alkali treatment destroys the framework structure to a certain extent, and the degree of damage increases with increasing concentration of alkali treatment. When the concentration of NaOH is 0.2 mol/L, a honeycomb structure appears on the surface of the sample, indicating that mesopores are formed by alkali treatment. When the concentration of NaOH is increased further, the mesoporous channels become more obvious. When the concentration of NaOH reaches 0.8 mol/L, the particles are dissolved, and the pore structure collapses, which is consistent with the XRD, XRF, FT-IR, and BET data.




2.6. 27Al MAS-NMR Analysis


Figure 4a,b shows that there are two aluminum species on the waste catalyst before acid treatment. With a general chemical shift, the peak at δ = 50~60 ppm belongs to the signal of the framework aluminum in the ZSM-5 molecular sieve, which has tetrahedral coordination, and the peak at δ = 5.0 ppm belongs to the signal of the hexa-coordinated octahedral nonframework aluminum. There is a shoulder peak at δ = 47.8 ppm, which represents the framework aluminum distributed on the outer surface or large pores of the ZSM-5 molecular sieve. After HCl treatment, the chemical shifts of the two aluminum species in the 27Al NMR spectra do not change, but the peak intensity of the framework aluminum signal decreases at δ = 58.0 ppm, the shoulder at δ = 47.8 ppm disappears, the signal peak intensity of the nonframework aluminum at δ = 5.0 ppm remains unchanged, and the ratio of framework aluminum to the nonframework aluminum decreases, indicating that HCl dealumination mainly removes the framework aluminum from the ZSM-5 molecular sieve. After H2C2O4 treatment, the 27Al NMR spectrum changes significantly. The peak intensity decreases at δ= 5.0 ppm and δ = 58.0 ppm. The shoulder peak at δ = 47.8 ppm is significantly widened, indicating that H2C2O4 not only removes the framework aluminum of the ZSM-5 molecular sieve but also dissolves some of the nonframework aluminum. Therefore, the silicon-to-aluminum ratio after H2C2O4 treatment is greater than that after HCl treatment, which is consistent with the results of Table 1 and the changes in B-acid and L-acid in Figure 2f.



Figure 4c,d shows that after acid treatment, the peak intensity of the silicon signal at δ = −121.9 ppm hardly changes, but the chemical shift moves in the direction of high binding energy, and the shift of the sample treated with H2C2O4 is greater than that of the sample treated with HCl. This is because the concentration of aluminum species on the surface of the H2C2O4-treated sample is low, and the electronegativity of aluminum (x = 1.61) is lower than that of silicon (x = 1.90). Therefore, the chemical shift is greater. The changes in the spectra of samples treated with different concentrations of alkali are consistent. After treatment with 0.1 mol/L NaOH, the peak intensity of the nonframework aluminum of the ZSM-5 molecular sieve at δ = 5.0 ppm decreases, and the enhanced shoulder signal at δ = 47.8 ppm indicates that alkali treatment further dissolves part of the nonframework aluminum. However, since alkali treatment has the effect of pore expansion, the signal for the framework aluminum in large pores increases. With a further increase in NaOH concentration, the nonframework aluminum signal and shoulder peak aluminum signal gradually increase, the silicon-to-aluminum ratio decreases, the pores collapse, and the aluminum is free in the form of the nonframework aluminum. The peak intensity of the sample after H2C2O4 alkali treatment is lower than that of the sample treated with HCl, which is consistent with the XRF data. After acid treatment, the intensity of the silicon peak at δ = −121.9 ppm is almost unchanged. After alkali treatment, the silicon peak decreases, and the chemical shift moves in the direction of high binding energy. When the NaOH concentration reaches 0.8 mol/L, almost no silicon signal can be detected, indicating that the silicon in the sample has been completely dissolved by the high concentration of alkali, and that the framework structure of the ZSM-5 molecular sieve is damaged.




2.7. Adsorption Performance of Waste Catalyst under Acid Treatment


Figure 5 and Figure 6 show that the adsorption capacities of samples treated with HCl and H2C2O4 are essentially the same, with values significantly higher than those before treatment. The adsorption capacity increases with increasing acid concentration. When the concentration of acid treatment is 4 mol/L, the adsorption capacity reaches the maximum. When the acid concentration continues to increase to 6 mol/L, the adsorption capacity remains unchanged or even decreases. For a given treatment concentration, the adsorption capacity of samples treated with H2C2O4 is greater than that of samples treated with HCl. When P/P0 = 0.1 MPa and the H2C2O4 concentration is 4 mol/L, the adsorption capacities of p-xylene and n-hexane reach the maximum, with values of 128.25 mg/g and 103.31 mg/g, respectively, which are 15.4% higher than those of waste catalyst without acid treatment.




2.8. Change in the Adsorption Rate of Acid-Treated Spent Catalysts under Different Pressures


Figure 7 shows that at the same pressure of 298 K, the amount of p-xylene and n-hexane adsorbed by waste catalyst samples treated with HCl is higher than that of samples treated with H2C2O4. The curve of the amount of p-xylene adsorbed over time has the largest slope at p = 0.5 KPa, indicating that the sample has the fastest adsorption rate of p-xylene at this pressure. The slope of the corresponding curve for n-hexane is the largest at p = 13 KPa, indicating that the adsorption rate for n-hexane is the fastest at this pressure.




2.9. Adsorption Performance of Waste Catalyst Subjected to Acid-Base Combined Treatment


Figure 8 and Figure 9 show that after treatment with 4 mol/L HCl and H2C2O4, the amount of p-xylene and n-hexane adsorbed by the waste catalyst after alkali treatment at different concentrations first increases and then decreases. When P/P0 = 0.1 MPa, the H2C2O4 concentration is 4 mol/L and the NaOH concentration is 0.1 mol/l, the maximum adsorption capacity of the sample for p-xylene is 141.04 mg/g, and the maximum adsorption capacity for n-hexane is 106.87 mg/g. Compared with the values obtained after acid treatment, the p-xylene and n-hexane adsorption capacities of the samples subjected to combined treatment increase by 5.94% and 6.89% and are 20.7% and 16.2% higher, respectively, than those of waste catalyst without acid and alkali treatment. This shows that after acid-base treatment, the adsorption performance of waste catalysts for VOCs can be further improved.





3. Preparation of a VOC Adsorbent from Waste MTP Catalyst


3.1. Raw Materials


The raw materials were waste fixed-bed MTP (FMTP) catalyst, hydrochloric acid (HCl), oxalic acid (H2C2O4), NaOH, HNO3 solution (68 wt%), deionized water, p-xylene, and n-hexane.




3.2. Preparation of Adsorbent


First, 10 g of spent MTP catalyst powder (below 200 mesh) was added to a water solution of HCl and H2C2O4 at concentrations of 2 mol/L, 4 mol/L and 6 mol/L, stirred continuously, and heated at 95 °C for 4–6 h at constant temperature in a water bath. Next, the solution was centrifuged (8000 r/min, 5 min), washed with deionized water, and dried overnight at 120 °C in a blower drying box (the corresponding samples are denoted FMTP, FMTP-2 mol/L HCl, FMTP-4 mol/L HCl, FMTP-4 mol/L HCl, FMTP-2 mol/L H2C2O4, FMTP-4 mol/L H2C2O4, and FMTP-6 mol/L H2C2O4). Then, the samples treated with 4 mol/L HCl and H2C2O4 were added to 0.1 mol/L NaOH, 0.2 mol/L NaOH 0.4 mol/L NaOH, 0.8 mol/L NaOH, and 1.2 mol/L NaOH solutions (liquid-to-solid ratio 5:1). Mechanical stirring treatment was conducted in a 95 °C water bath for 2 h, followed by centrifugation (8000 r/min, 5 min), and the upper waste catalyst mud obtained by centrifugation was then transferred to 250 mL of a 1 mol/L dilute HNO3 solution under stirring and washing for 30 min to remove the residue after treatment. After washing with deionized water until neutral, the catalyst was put in a blower drying box at 120 °C overnight to dry and calcined at 600 °C for 6 h in a muffle furnace. The powder was pressed into pieces and screened to obtain a 14–30 mesh material, and the adsorbent product after acid-base treatment was obtained (the corresponding samples are denoted FMTP-4 mol/L HCl + 0.1 mol/L NaOH, FMTP-4 mol/L HCl + 0.2 mol/L NaOH, FMTP-4 mol/L HCl + 0.4 mol/L NaOH, FMTP-4 mol/L HCl + 0.8 mol/L NaOH, FMTP-4 mol/L HCl + 1.2 mol/L NaOH, FMTP-4 mol/L H2C2O4 + 0.1 mol/L NaOH, FMTP-4 mol/L H2C2O4 + 0.2 mol/L NaOH, FMTP-4 mol/L H2C2O4 + 0.4 mol/L NaOH, FMTP-4 mol/L H2C2O4 + 0.8 mol/L NaOH, and FMTP-4 mol/L H2C2O4 + 1.2 mol/L NaOH).




3.3. Analysis and Characterization Methods


The crystal structure of the samples was analyzed by X-ray diffraction (XRD, X-pert3 powder diffractometer, Panaco, The Netherlands). The framework structure of the samples was analyzed by Fourier transform infrared spectrometry (FT-IR, Bruker V70, Germany). The Brunauer–Emmet–Teller (BET)-specific surface area and pore properties of the samples were analyzed by a physical adsorption instrument (ASAP2020 surface analyzer, USA). The composition and content of the samples were analyzed via X-ray fluorescence spectroscopy (XRF, Bruker S8 Tiger, Zeiss Merlin, Germany). The micromorphology of the samples was analyzed using a compact scanning electron microscope (SEM, Carl Zeiss, Germany), and the chemical environment of 27Al and 29Si in the samples was determined by nuclear magnetic resonance (NMR, JNM-ECZ600r NMR, Japan). The adsorption properties of the samples for n-hexane, p-xylene, and water were measured with a Beijing Best 3H-2000PW automatic intelligent gravimetric adsorption (IGA) instrument.





4. Conclusions


After acid-base treatment, spent MTP catalyst maintains the crystal structure of the ZSM-5 molecular sieve. With increasing alkali treatment concentration, framework desilication occurs, local structural defect sites are generated in the molecular sieve lattice, and the silicon-to-aluminum ratio of the sample increases; moreover, the dealumination effect of H2C2O4 is better than that of HCl. HCl dealumination mainly removes the framework aluminum of the molecular sieve, while H2C2O4 not only removes the framework aluminum of the molecular sieve, but also dissolves some the nonframework aluminum. The BET-specific surface area and pore diameter of the sample are increased, and the spent catalyst maintains an irregular ellipsoidal shape. After alkali treatment, the surface of the spherical particles becomes rough. With increasing alkali concentration, the damage degree increases. The adsorption of p-xylene and n-hexane by the adsorbent product after acid-base treatment is significantly improved. When P/P0 = 0.1 MPa, the H2C2O4 concentration is 4 mol/L and the NaOH concentration is 0.1 mol/L, the adsorption capacity of the sample for p-xylene and n-hexane reaches the maximum, with values of 141.04 and 106.87 mg/g, respectively, which are 20.7% and 16.2% higher than those before treatment, showing good adsorption performance.
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Figure 1. XRD spectra of spent catalyst samples after (a) HCl treatment; (b) H2C2O4 treatment; (c) 4 mol/L HCl and alkali combined treatment; (d) 4 mol/L H2C2O4 and alkali combined treatment; and (e) alkali treatment. 
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Figure 2. (a) FT-IR diagrams of spent catalyst samples before and after HCl treatment; FT-IR diagrams of spent catalyst samples before and after (b) H2C2O4 treatment; (c) alkali combined treatment of 4 mol/L HCl-treated waste catalyst; (d) alkali-combined treatment of 4 mol/L H2C2O4-treated waste catalyst; (e) alkali treatment; (f) Brønsted acid (B-acid) and Lewis acid (L-acid) contents of waste catalysts treated with different acids. 
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Figure 3. SEM images of (A) FMTP-2P; (B) 4 mol/L HCl; (C) 4 mol/L HCl + 0.1 mol/L NaOH; (D) 4 mol/L HCl + 0.2 mol/L NaOH; (E) 4 mol/L HCl + 0.4 mol/L NaOH; (F) 4 mol/L HCl + 0.8 mol/L NaOH. SEM image of (a) FMTP-2P; (b) 4 mol/L H2C2O4; (c) 4 mol/L H2C2O4 + 0.1 mol/L NaOH; (d) 4 mol/L H2C2O4 + 0.2 mol/L NaOH; (e) 4 mol/L H2C2O4 + 0.4 mol/L NaOH; (f) 4 mol/L H2C2O4 + 0.8 mol/L NaOH. 






Figure 3. SEM images of (A) FMTP-2P; (B) 4 mol/L HCl; (C) 4 mol/L HCl + 0.1 mol/L NaOH; (D) 4 mol/L HCl + 0.2 mol/L NaOH; (E) 4 mol/L HCl + 0.4 mol/L NaOH; (F) 4 mol/L HCl + 0.8 mol/L NaOH. SEM image of (a) FMTP-2P; (b) 4 mol/L H2C2O4; (c) 4 mol/L H2C2O4 + 0.1 mol/L NaOH; (d) 4 mol/L H2C2O4 + 0.2 mol/L NaOH; (e) 4 mol/L H2C2O4 + 0.4 mol/L NaOH; (f) 4 mol/L H2C2O4 + 0.8 mol/L NaOH.
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Figure 4. 27Al MAS NMR spectra of waste catalyst samples after (a) 4 mol/L HCl treatment and alkali combined treatment; (b) 4 mol/L H2C2O4 treatment and after alkali combined treatment. 29Si MAS-NMR spectra of waste catalyst samples after (c) 4 mol/L HCl and alkali combined treatment; (d) 4 mol/L H2C2O4 treatment and alkali combined treatment. 
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[image: Catalysts 12 01028 g004]







[image: Catalysts 12 01028 g005 550] 





Figure 5. Variation in the adsorption capacities for (a) p-xylene and (b) n-hexane of samples after HCl treatment. 






Figure 5. Variation in the adsorption capacities for (a) p-xylene and (b) n-hexane of samples after HCl treatment.



[image: Catalysts 12 01028 g005]







[image: Catalysts 12 01028 g006 550] 





Figure 6. Variation in the adsorption capacities for (a) p-xylene and (b) n-hexane of samples after H2C2O4 treatment. 






Figure 6. Variation in the adsorption capacities for (a) p-xylene and (b) n-hexane of samples after H2C2O4 treatment.



[image: Catalysts 12 01028 g006]







[image: Catalysts 12 01028 g007 550] 





Figure 7. Relationship between sample adsorption capacity and pressure with respect to time before and after HCl and H2C2O4 treatment. 
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Figure 8. Variation in the adsorption capacities for (a) p-xylene and (b) n-hexane of samples subjected to alkali after H2C2O4 treatment. 
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Figure 9. Variation in the adsorption capacities for (a) p-xylene and (b) n-hexane of samples subjected to alkali after HCl treatment. 
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Table 1. Elemental composition and content of waste catalyst samples after 4 mol/L HCl acid and alkali combined treatment.
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Sample

	
Element Composition (wt%)

	
SAR




	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
SO3

	
TiO2






	
FMTP-2P

	
79.02

	
20.64

	
0.0291

	
0.137

	
0.133

	
0.047

	
6.51




	
FMTP-2 mol/L HCl

	
85.24

	
13.9

	
0.0246

	
0.324

	
0.464

	
0.026

	
10.41




	
FMTP-4 mol/L HCl

	
87.9

	
11.5

	
0.019

	
0.214

	
0.245

	
0.034

	
12.99




	
FMTP-6 mol/L HCl

	
88.35

	
10.8

	
0.022

	
0.313

	
0.479

	
0.036

	
13.88




	
FMTP-4 mol/L HCl + 0.1 mol/L NaOH

	
87.33

	
12.2

	
0.0208

	
0.16

	
0.245

	
0.044

	
12.17




	
FMTP-4 mol/L HCl + 0.2 mol/L NaOH

	
87.85

	
11.8

	
0.016

	
0.15

	
0.174

	
0.034

	
12.66




	
FMTP-4 mol/L HCl + 0.4 mol/L NaOH

	
80.87

	
18.68

	
0.0277

	
0.15

	
0.23

	
0.051

	
7.36




	
FMTP-4 mol/L HCl + 0.8 mol/L NaOH

	
20.99

	
78.41

	
0.085

	
0.168

	
0.252

	
0.102

	
0.45




	
FMTP-4 mol/L HCl + 1.2 mol/L NaOH

	
7.77

	
91.58

	
0.0943

	
0.16

	
0.275

	
0.118

	
0.14
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Table 2. Elemental composition and content of samples before and after alkali combined treatment of waste catalyst subjected to 4 mol/L H2C2O4 acid treatment.






Table 2. Elemental composition and content of samples before and after alkali combined treatment of waste catalyst subjected to 4 mol/L H2C2O4 acid treatment.





	
Sample

	
Element Composition (wt%)

	
SAR




	
SiO2

	
Al2O3

	
Fe2O3

	
CaO

	
SO3

	
TiO2






	
FMTP-2P

	
79.02

	
20.64

	
0.029

	
0.137

	
0.133

	
0.047

	
6.51




	
FMTP-2 mol/L H2C2O4

	
91.08

	
8.03

	
0.023

	
0.332

	
0.503

	
0.029

	
19.25




	
FMTP-4 mol/L H2C2O4

	
93.71

	
5.88

	
0.014

	
0.157

	
0.201

	
0.026

	
27.09




	
FMTP-6 mol/L H2C2O4

	
87.66

	
11.5

	
0.025

	
0.329

	
0.476

	
0.037

	
12.94




	
FMTP-4 mol/L H2C2O4 + 0.1 mol/L NaOH

	
92.41

	
7.26

	
0.013

	
0.129

	
0.156

	
0.031

	
21.64




	
FMTP-4 mol/L H2C2O4 + 0.2 mol/L NaOH

	
93.85

	
5.81

	
0.012

	
0.139

	
0.164

	
0.026

	
27.46




	
FMTP-4 mol/L H2C2O4 + 0.4 mol/L NaOH

	
90.36

	
9.31

	
0.013

	
0.127

	
0.156

	
0.028

	
16.50




	
FMTP-4 mol/L H2C2O4 + 0.8 mol/L NaOH

	
43.73

	
55.1

	
0.467

	
0.181

	
0.338

	
0.149

	
1.35




	
FMTP-4 mol/L H2C2O4 + 1.2 mol/L NaOH

	
12.7

	
86.27

	
0.464

	
0.16

	
0.295

	
0.129

	
0.25
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Table 3. BET-specific surface area and pore structure parameters of samples before and after acid and alkali combined treatment with 4 mol/L HCl and H2C2O4.
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	Sample
	SBET

(m2/g)
	Smicro

(m2/g)
	Smeso

(m2/g)
	Vtotal

(cm3/g)
	Vmicro

(cm3/g)
	Vmeso

(cm3/g)
	Pore Width

(nm)





	FMTP-2P
	303.956
	105.549
	198.407
	0.287
	0.051
	0.236
	3.7714



	FMTP-4 mol/L HCl
	332.671
	103.730
	228.940
	0.321
	0.050
	0.271
	3.8539



	FMTP-4 mol/L HCl

+ 0.1 mol/L NaOH
	411.710
	144.580
	267.131
	0.709
	0.063
	0.646
	6.8857



	FMTP-4 mol/L HCl

+ 0.2 mol/L NaOH
	357.638
	121.853
	235.785
	0.436
	0.064
	0.372
	4.8711



	FMTP-4 mol/L HCl

+ 0.4 mol/L NaOH
	380.460
	97.136
	283.325
	0.799
	0.050
	0.749
	8.4058



	FMTP-4 mol/L HCl

+ 0.8 mol/L NaOH
	174.996
	52.078
	122.918
	0.433
	0.025
	0.408
	9.8956



	FMTP-4 mol/L H2C2O4
	355.558
	95.656
	259.902
	0.327
	0.045
	0.282
	3.6792



	FMTP-4 mol/L H2C2O4

+ 0.1 mol/L NaOH
	404.337
	143.700
	260.636
	0.302
	0.056
	0.246
	2.9834



	FMTP-4 mol/L H2C2O4

+ 0.2 mol/L NaOH
	426.766
	174.458
	252.309
	0.435
	0.071
	0.364
	4.0732



	FMTP-4 mol/L H2C2O4

+ 0.4 mol/L NaOH
	424.101
	117.667
	306.434
	0.938
	0.059
	0.879
	8.8502



	FMTP-4 mol/L H2C2O4

+ 0.8 mol/L NaOH
	119.542
	32.651
	86.891
	0.474
	0.016
	0.458
	17.7150
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