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Abstract


The problem of spent fluid catalytic cracking (SFCC) catalyst resource utilization, draws more and more attention to system analysis. SFCC was leached in an oxalic solution for comprehensive utilization. The results showed that for a D50 ≤ 17.34 μm, the catalyst leached for 240 min at 95 °C in the presence of a 2 mol/L oxalic acid solution, and the extent of leaching of V, Ni, Fe, and Al was 73.4%, 32.4%, 48.2%, and 36.8%, respectively. Studies on the occurrence state of the main ions (V, Ni, Fe, and Al) in the leaching solution were presented. Additionally, the separation of the main ions from such a solution by the “solvent extraction-stripping-hydrothermal precipitation-comprehensive recovery of valuable metal” process was studied. The immobilization rates of vanadium and nickel in geopolymers can be obtained using the toxicity characteristic leaching procedure (TCLP) test, and the geopolymers prepared by SFCC leaching residues can be considered a non-hazardous material. A process diagram of the comprehensive utilization of SFCC catalysts is presented.
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1. Introduction


In view of the worldwide depletion of natural resources and ongoing environmental pollution, increased recycling is necessary, specifically for the recycling of semi-manufactured products, secondary materials, by-products, and wastes, including detrimental wastes [1,2,3]. Most industrial wastes are now regarded as recyclable substances and valuable sources of raw materials. A typical fluid catalytic cracking (FCC) catalyst consists of a mixture of an inert matrix (kaolin), an active matrix (alumina), a binder (silica or silica-alumina), and a rare earth-exchanged Y-zeolite. The FCC catalysts that are generally used are high-silica faujasites with X-type, Y-type, and ZSM-5 zeolites [4]. In the FCC process, a large part of the feedstock is converted into coke, and a small amount of alumina (Al), iron (Fe), vanadium (V), nickel (Ni), etc., impurities in crude oil will gradually deposit on the catalysts [1]. In terms of metal poisoning, V and Ni are the main poisons. V is the most dangerous because it destroys the structure of the zeolite and catalyzes dehydrogenation reactions [5]. The cumulative amount of spent fluid catalytic cracking (SFCC) catalysts in the world is approximately 840,000 tons [6]. SFCCs are managed through the following approaches: (1) chemical or microbial treatment for the recovery of valuable metals for different applications, (2) regeneration and reuse and (3) landfilling [7]. Dealing with deactivated industrial catalysts has become a serious problem and has not been fully solved yet.



An appropriate leaching method must be selected for the extraction of valuable metals and reused for the leaching residues without introducing any impurity. V and Ni are widely used in industrial fields, and the content (V 0.44% and Ni 0.53%) in SFCC catalysts is much richer than most primary ores, such as V titanomagnetite and stone coal. At the same time, the SFCC catalyst is composed of approximately 90 wt.% silica and alumina. Its use in mortars and cement pastes has been successfully proven by researchers [8].



The recycling of used SFCC catalysts for the selective extraction of metals (such as Al, Fe, V, and Ni) is beneficial. The SFCC catalyst can be regarded as a secondary ore. Therefore, an economically viable solution to the problem of pollution from spent catalysts should include the use of SFCC catalysts for other purposes instead of disposing of them in a landfill. Hydrometallurgy has been used for many years, and it has the advantages of low-cost requirements and decreased air pollution [9]. Oxalic acids are considered to be weak acids and are effective in leaching metals from spent vanadium-containing catalysts [10]. The oxalate process has great potential and can replace many existing metal-recovery processes that use inorganic acids, such as sulfuric acid, hydrochloric acid, and nitric acid [11]. Several studies have been carried out on varying leaching conditions for vanadium recovery from the SFCC catalyst [12,13]. However, there is a general paucity of empirical research focusing on the related elements Ni, Fe, Al. In addition, there are few studies on the occurrence state and extraction of metal elements in the oxalic acid leaching solution, the residual metal content in the leaching residue, and the toxicity characteristic leaching procedure (TCLP) test.



In the present study, oxalic acid was selected because it can be used as a complexing reagent to selectively extract V, Ni, Fe, and Al from SFCC catalysts. The effects of particle size, leaching time, leaching temperature, and the oxalic acid concentration on the recovery ratio of V, Ni, Fe, and Al compounds from the SFCC catalysts were investigated. The dissolution behavior of metals from SFCC catalysts was illustrated. Furthermore, the comprehensive utilization of the selected leaching of metals was studied.




2. Materials and Methods


2.1. Materials


The fresh and SFCC catalysts applied in this study were petrochemical catalysts obtained from a refinery (Hubei, China). The fresh catalyst is based on silica-alumina and is widely used in FCC units in petroleum refining. An analysis of the metals was performed using ICP-OES after the samples were subjected to acid digestion. The chemical composition analyses result of the material is presented in Table 1. As seen in Table 1, the FCC catalyst has the highest aluminum content, followed by silicon. Almost no vanadium and nickel were found in the fresh catalyst, however, they were found in the SFCC catalysts. At the same time, the Fe content varies greatly. During the regeneration process, the metals deposited on the surface of the catalyst are converted into the corresponding oxide, destroying the structure of the zeolite and catalyzing the dehydrogenation reaction. The oxalic acid (C2H2O4) had a 99% purity (Xilong Chemical Co., Ltd., Shantou, China). All the chemicals were analytical-grade reagents and were used without further purification. All the aqueous solutions were prepared using double-distilled and ion-exchanged water.




2.2. Experimental Procedure


The SFCC catalyst used in this study was dried in a furnace with a constant weight of 100 °C for 24 h. Then, the SFCC catalyst samples were ground in a vibratory mill (SPEX 8000M, Bode, China) and separated into appropriately sized fractions by grinding for 0 min, 5 min, and 10 min; the granularities corresponding to D50 were 51.08 μm, 17.34 μm, and 11.42 μm, respectively. The mill is made of zirconia. Due to the short milling time, the amount of impurities introduced is almost negligible. In addition, since the material is zirconia, the incoming impurities will not affect the leaching of vanadium, nickel, aluminum, and iron. Chemical leaching tests were conducted with oxalic acid; the leaching test was carried out in a 250 mL Erlenmeyer flask, and all experiments were performed in duplicate. The weighed SFCC catalyst samples were stirred and leached in a series of various solutions. After the desired time, the solutions were separated by vacuum filtration. Samples were gathered, filtered, and then analyzed for metals using inductively coupled plasma-optical emission spectrometry (ICP-OES).




2.3. Characterization


The elemental composition of the fresh and SFCC catalysts were analyzed through ICP-OES (Optima 5300DV, Perkin Elmer, Waltham, MA, USA) after the digestion of a 0.1 g sample with 10 mL of an HF and HNO3 (1:1) mixture in a Teflon vessel using a hot plate. Before the tests, the catalysts were ground in a vibratory mill and separated into appropriately sized fractions according to the grinding time. The distribution of the particle size was assessed using a Coulter LS 230 particle size analyzer.



The specific surface areas of the spent oxalic acid leaching catalysts were measured using the Brunauer–Emmett–Teller (BET) (Nova 3000 Version 6.07, Quantachrome Corporation, Boynton Beach, FL, USA) method at a liquid nitrogen temperature.



Morphology of the catalysts was observed using a Jeol JSM-5600 LV scanning electron microscope (JEOL JSM-5600LV, JEOL, Tokyo, Japan) equipped with a Bruker QUANTAX200-30 energy dispersive spectrometer (EDS, BRUKER, Billerica, MA, USA). Before the measurement, the samples were spread on a metallic screw and covered in platinum. The image analysis was performed at an accelerating voltage of 15–30 kV and under a high vacuum.



The XRD patterns of the samples were obtained on a PAN analysis X’pert PRO, with a Cu-Kα X-ray source, and the diffractometer radiation was generated at 40 kV and 40 mA.



To confirm the valence of V, Ni, Fe, and Al in the spent FCC catalysts, X-ray photoelectron spectroscopy was carried out using an electronic spectrometer (model AXIS ULTRADLD) equipped with monochromatic Al K radiation (1486.6 eV) and at an operating voltage of 150 W. The energy was corrected by a reference to the combined energy of the indefinite C 1s line at 284.8 eV. A pH meter (PHS-3C, LabTech Instrument Co., Ltd., Dongguan, China) was used to measure the pH of the leaching solution.





3. Results


3.1. Analysis of Catalyst Samples


3.1.1. Catalyst Composition


The semi-quantitative SEM-EDS (Figure 1) results show that the surfaces of the catalyst microspheres are relatively smooth. Additionally, there are no clear spots observed on the surface of deposited metals, and this indicates the good distribution of the contaminants in the bulk of the catalysts. As seen from the analysis, the SFCC catalyst contained recyclable metals.




3.1.2. Physical and Chemical Properties of Sample Catalyst


Figure 2 shows the XRD patterns of the fresh and SFCC catalysts from a petroleum refinery in Hubei, China. The XRD patterns of the fresh and SFCC catalysts were analyzed to observe the phase transition of the FCC catalyst matrix. According to the patterns, the main crystal phase of fresh catalyst is zeolite. Some typical zeolite-Y peaks have much weaker reflections for the peaks at 6.3°, 10.3°, 12.1°, 15.9°, and 23.9°. This is consistent with the standard zeolite-Y phase (HighScore Plus card number, 01-073-2313). The hkl (111), (220), (311), (331), and (533) Miller indices indicate that the framework of the zeolite crystal was severely damaged. With a decrease in the size of the cell and with an increase in the Si/Al ratio, the peak positions in the XRD pattern shift slightly to a higher angle. However, no peaks of the V, Ni, and Fe compounds were observed in the XRD patterns. As seen in Figure 1, the contents of V, Ni, and Fe in the SFCC catalyst are below the detection limit of XRD. However, the effects of the V deposition on FCC catalysts are widely known [14], including a reduction in the surface area, destruction of the zeolite crystal structure, and extraction of the aluminum framework, causing decreased activity. A decrease in the surface area of the catalyst with an increase in the vanadium content means that the active sites available for catalytic reaction decrease and the catalyst activity decreases. The specific surface areas of the fresh catalyst and the SFCC catalyst were 58.91 and 34.86 m2/g, respectively, and this reveals that the spent catalyst sample was deactivated.



The XPS spectra in Figure 3 show the elemental composition on the surface of the SFCC catalyst. Figure 3a shows the V2p spectra of the SFCC catalyst. The Gaussian–Lorentzian fit to the V2p peak shows two peaks at 518.69 eV, 517.56 eV, and 516.48 eV, with surface area ratios of 30.14%, 45.02%, and 24.84%, respectively.



Under various conditions when using SFCC catalysts, vanadium may exist in different oxidation states (+5, +4 or +3), which depend on the reaction unit environment or the regeneration mode. Which oxidation state of vanadium is dominant depends largely on the catalyst distribution in the regenerator and on the mode of operation (partial or full combustion). According to previous studies, it is apparent that the poisonous effects of vanadium depend on its oxidation state: V3+ is harmless, V4+ is less harmful, and V5+ has an obvious destructive effect on zeolites [15]. Vanadium is first deposited on the surface of the FCC catalyst and then migrates to the inside of the particles. Therefore, vanadium is consistently distributed throughout the catalyst particles, and this can be ascribed to its mobility.



The Ni2p XPS spectra are shown in Figure 3b. The binding energies’ peaks are 856.26 and 853.08 eV, with content ratios of 56.36% and 43.64%. The Ni compounds correspond to NiAl2O4, NiSiO3, NiO, and Ni0, respectively. In the FCC process, the nickel contained in the feedstock is deposited on the FCC catalyst, and this causes several problems with respect to the yield rate of the desired products. For example, nickel, in the form of NiO, can form metallic nickel in the reductive environment of the cracking stage. Ni0 can catalyze dehydrogenation reactions, and this leads to a large amount of hydrogen and coke production at the expense of the desired products. However, nickel as NiO can react with the Al2O3 and SiO2 components in the catalyst and form stable NiAl2O4 and NiSiO3 species [5,16,17].



Although the Ni2p signal has a complex shape because it has a variety of satellite signals, the Ni2p signal is frequently used to study this element. In samples with a low nickel concentration, the theoretical orbital-spin coupling constraints for the Ni2p components cannot be successfully applied to both the NiAl2O4 and NiSiO3 species. This is similar to the results reported in Amayaa’s research [18].



According to XPS databases and scientific reports, the chemical forms of Fe and Al in the SFCC catalyst can be detected. Figure 3c shows that the 2p spectrum of Fe had three peaks: 710.81 and 713.52 eV, which are characteristics of Fe2+ and Fe3+, respectively. Moreover, the binding energies of Fe3+ show its existence in Fe2O3, and Fe2+ is in Fe2SiO4 [19]. In addition, the position of Al is located at 73.46 and 74.34 eV (Figure 3d), thereby, evidencing the presence of high-silica faujasite and Al2O3 [20].





3.2. Leaching Test


The effects of the particle size, leaching time, leaching temperature, and oxalic acid concentrations on the leaching efficiency of V, Ni, Fe, and Al from SFCC catalysts, were studied.



3.2.1. Effects of Particle Size


The velocity curve for the effects of the particle size of SFCC catalysts on leaching efficiencies of V, Ni, Fe, and Al are shown in Figure 4. It was clear that the efficiency of the V, Ni, Fe, and Al recovery in the solution after leaching significantly increased with a decreasing catalyst particle size. When D50 = 17.34 μm, the leaching efficiencies of V, Ni, Fe, and Al were 73.4%, 32.4%, 48.2%, and 36.8%, respectively. A further reduction in the SFCC catalyst particle size did not significantly increase the leaching degree and remained virtually unchanged. During the leaching process, internal diffusion is the main control step in acidic conditions [21]. With a decrease in particle size, the contact area between the SFCC catalyst particles and the oxalic acid solution increased. The inhibition of internal diffusion was weaker, and the metal leaching reaction was correspondingly accelerated. When the particle size reached a certain level and the metal oxides on the surface or in the pore size of the SFCC catalyst were completely reacted, the metal leaching rate tended to be stable. Although a further reduction in the particle size had a slight effect on the leaching efficiency of metals, the process consumes a high amount of energy. Thus, the SFCC catalyst particle size of D50 being ≤17.34 μm was sufficient.




3.2.2. Effects of Leaching Time


The effects of the leaching time on the extraction of SFCC catalysts are shown in Figure 5. As seen in Figure 5, the leaching efficiency of Ni and Al increased rapidly during the first 120 min and increased slowly after that. However, the leaching efficiency of Fe increased dramatically during the first 180 min and achieved equilibrium when the leaching time was extended to 240 min. In addition, there was a sharp increase in the leaching efficiency of V when the leaching time extended from 0.5 to 240 min, however, there was no significant increase in the leaching efficiency, and remained virtually unchanged. This case may be mainly ascribed to the existence of metals that were difficult to be dissolved in the oxalic acid solution. Since oxalic acid is a weak acid, the conversion of metal oxide into complexes has a complex and time-dependent character. To ensure that the equilibrium was reached for each test, the optimum leaching time of 240 min was used in the subsequent leaching experiments.




3.2.3. Effects of Oxalic Acid Concentration


The relationship between the oxalic acid concentration and the leaching efficiency of SFCC catalysts is shown in Figure 6. The leaching efficiency of V was as high as 43.1% when the oxalic acid concentration was at a low level of 0.5 mol/L, and the leaching efficiencies of Fe, Al, and Ni were 21.5%, 18.3%, 12.5%, respectively. The pH of the leachate was 1.32, and the major form of the oxalic acid species was HC2O4− and H2C2O4 [22]. The results show that V leaching is more likely to occur than that of the metal oxide under low acidic conditions. When the oxalic acid concentration was increased from 0.5 to 2 mol/L, the pH decreased from 1.32 to 0.31, and the main substance changed to H2C2O4. It can be clearly seen that the leaching efficiency of metal oxide increased with the increasing H2C2O4 concentration and eventually stabilized, even when the H2C2O4 concentration was further increased after reaching 2 mol/L. The reason for this is that oxalic acid is a weak acid, and the concentration of oxalate is directly proportional to the concentration of oxalic acid. Therefore, the effect of the complex formation becomes obvious at high acid concentrations. However, when the concentration was higher than 2.0 mol/L, the leaching rate did not increase with an increase in oxalic acid, and the increase in the leaching rate could be ignored. A concentration of 2.0 mol/L oxalic acid was the optimum condition to obtain relatively high metal oxide leaching efficiencies.




3.2.4. Effects of Leaching Temperature


Figure 7 presents the results of experimental studies designed to determine the leaching efficiencies of compounds from the spent catalyst at different leaching temperatures. It can be seen in Figure 7 that the leaching efficiencies of V and Ni increased with an increase in the leaching temperature. The highest leaching recoveries of V (73.4%) and Ni (32.4%) were achieved at a temperature of 95 °C, and this confirmed the endothermic nature of the reaction. As seen, the temperature had very little impact on the leaching efficiencies of Fe and Al in the range of 70–95 °C. This finding indicates that great changes in temperature affect the reaction equilibrium of leaching V and Ni via the oxalic acid from SFCC catalysts; whether the dissolution rate of the metal is faster or slower in the initial stage indicates that the mass transfer through the product layer is important for leaching kinetics. However, this illustrates that this phenomenon requires more investigation in the field of kinetics for the leaching process, and will be the topic of our next research manuscript. In addition, oxalic acid easily volatilized and thermally decomposed when the solution temperature was higher than 95 °C [9,20]. Therefore, the optimized leaching temperature was regarded to be 95 °C.






4. Discussion


4.1. Oxalic-Acid-Based SFCC Leachate


The oxalic acid leaching solution obtained under the optimal experimental conditions contained V, Ni, Fe, and Al, resulting in a complex, highly acidic and multi-miscellaneous vanadium-containing solution. The following research will focus on the occurrence states of the main ions (V, Ni, Fe, and Al) in the SFCC catalyst leaching solution under the oxalic acid system. The results of this study provide important guidance for the future purification and separation of vanadium.



Oxalic acid is one of the most widely used organic acids in the extraction of metals from SFCC catalysts because of its high acid strength and complexing ability. The oxalate concentration was measured following the standard method (ISO 6353-1-1982) [23]. The occurrence states of pure oxalic acid, vanadium, and nickel in the oxalic acid leaching solution are shown in Figure 8. As seen in Figure 8a, pure oxalic acid mainly exists in three forms: H2C2O4, HC2O4−, and C2O42−. Under strongly acidic conditions, oxalic acid is dominated by the H2C2O4 molecules supplemented by HC2O4− ions. However, oxalic acid forms different soluble complexes depending on the type of metal [1]. Whether or not oxalic acid compounds are soluble in water depends on the interaction between the metal and the ligand, and all oxalate complexes are water-soluble.



Figure 8b presents the results of the experimental studies designed to determine the effect of the pH on the degree of leaching by compounds from the spent catalyst with an oxalic acid solution. When a pH ≤ 0, the leaching of compounds is VOC2O4, when a pH > 0, the major leaching of compounds is VO(C2O4)22−. In the acid leaching solution of the oxalic acid system, vanadium is usually present as both V(+4) and V(+5), whereas, in the oxalic acid system, vanadium can form various complexes with oxalate. V(+5) has a large charge/radius ratio, and it undergoes hydrolysis in water. Thus, there is no simple V(+5) ion in water. In a strongly acidic solution, the vanadium oxy ion ([VO2]+) [20] is present. V2O5 is an amphoteric oxide and can be dissolved in nonreducing acids to produce a light yellow solution containing [VO2]+ [24], HC2O4−, C2O42−, and VO2+ in the solution reacts with each other and eventually generates VOC2O4. V(+3) reacts with oxalic acid and oxygen to produce VOC2O4 [11,21,25]. The results show that the occurrence state of vanadium in the actual acid leaching solution is mainly present in the form of V(+4).



The effect of the pH on the leaching compounds of Ni by oxalic acid is shown in Figure 8c. Ni2+ decreases by increasing the pH (−1.5–0.5) and then remains nearly constant in the experiments. The fractional conversion of the NiC2O4 compounds increases up to a maximum valve (−1.5–0.31) at the beginning of the dissolution reaction and, thereafter, decreases to the value of almost 0 in the experiments carried out at high a pH (0.31–6). Researchers have demonstrated a mechanism of using oxalic acid to recover nickel from spent catalysts [26]. Nickel tends to form oxalate compounds and oxalate complexes at the same time. Nickel leaching depends on the pH and oxalate concentration, but it is limited by the low solubility of NiC2O4 compounds. The complex formation of oxalate with other metals (such as V and Al) also affects the solubility of nickel oxalate because available oxalate ions are consumed. As a result of the reaction characteristics of NiAl2O4, there is no obvious evidence that NiAl2O4 is involved in the oxalic acid dissolution reaction [27].



Figure 8d shows the relationship between the compounds of Fe and the pH in the leaching process. Figure 8d indicates that, with an increasing solution pH, the yield of Fe2+ is decreased. The yield of FeC2O4 (aq) and Fe(C2O4)+ increases to the highest, then decreases with a further increase in the pH. In addition, it can be also seen that the yield of Fe(C2O4)22− was 92.4% at a pH = 4, and with the increasing pH, it was almost kept unchanged. Due to the reducing properties of oxalic acid, Fe3+ will be reduced to Fe2+ by oxalate. Forming the stable oxalate complex Fe(C2O4)22− by oxalic acid under a strongly acidic environment also provides a soluble species.



The results of the qualitative analysis of the pH effect on the yield of Al are presented in Figure 8e. The results show that aluminum can form four complexes of AlHC2O42+, AlC2O4+, Al(C2O4)2−, and Al(C2O4)33− in oxalic acid solutions of different pHs. When the pH ranges from 0 to 1.5, Al(C2O4)2− is dominant, and when the pH is greater than 1.5, Al(C2O4)33− exists in a stable form. Because high-silica faujasite and Al2O3 are inert toward acids, the leaching efficiency of Al was not high in oxalic acid. However, in the case of the supports from the high-silica faujasite and Al2O3, the oxalic acid will react with the high-silica faujasite and Al2O3 to form Al(C2O4)33−.



From the above summary, it can be seen that V, Ni, Al, and Fe with organic-ligand oxalate can form various complexes. In our teamwork, the separation and recovery of V, Fe, and Al from an oxalic acid-based SFCC catalyst leachate by solvent extraction with Aliquat 336, was investigated [28,29]. The V, Fe, and Al extraction percentages were 98.60%, 99.64%, and 80.42%, respectively. However, due to the particularity of Ni, the extraction percentage of Ni was extremely low during the separation and recovery process of the oxalic acid-based solution using Aliquat 336. In fact, in view of the particularity of NiC2O4, we have been trying to use ammonia-dissolving to obtain a nickel–ammonium oxalate complex solution, and finally, to obtain NiC2O4·2H2O. In addition, explaining this observation requires more investigation in the field of the leaching process and will be the subject of our next research manuscript. The oxalic acid leaching solution of vanadium-bearing realized the asynchronous comprehensive recovery of vanadium, iron, and aluminum by adopting the principle process of “solvent extraction—stripping—hydrothermal precipitation—comprehensive recovery of valuable metal”. V2O5 products, with a purity of 98.5% and a total recovery of 94.87% of vanadium, were prepared by hydrothermal precipitation after the pretreatment of the vanadium-rich solution, obtained by acid leaching solution extraction and back extraction [30].




4.2. Preparation of Geopolymer from Leaching Residue


The ICP analysis of the leaching residue (Table 2) showed that the Al and Si contents were 14.60% and 23.76%, respectively. The leaching slag with high Al and Si contents can be used for polymers [30,31], and the production of polymers maximizes the use of solid waste.



Table 3 compares the toxicity characteristic leaching procedure (TCLP) test results for the SFCC catalyst and the leaching residue obtained using the TCLP regulatory level established by the U.S. Environmental Protection Agency (U.S. EPA, 1998a), and the recommended acceptance criteria for disposal, established by the National Hazardous Waste List, China (National Hazardous Waste List, 251-017050, 2019). The data in Table 3 show that the V and Ni concentrations of the catalyst residue after oxalic acid leaching are far below the prescribed limits; thus, the catalyst residue after oxalic acid leaching can be safely disposed of or used in the preparation of geopolymers.



Our studies have investigated the immobilization rates of vanadium and nickel in geopolymers prepared with SFCC catalysts leaching residue [32]. Nickel, in the leaching residue, is partly dissolved and adsorbed by the negatively charged tetrahedral aluminum in the geopolymer. The vanadium content in the leaching residue is lower than 1861.4 mg/kg, the vanadium content in the leachate is lower than 2 mg/L and the geopolymer can be considered a non-hazardous material.



On the basis of the above results, a conceptual process flowchart for the comprehensive utilization of the SFCC catalyst is presented in Figure 9. However, the flowchart is a conceptual process organization and is based on the manuscript findings but without any pilot or industrial application thus far.



This paper takes the SFCC catalyst as the research object, to examine the technical problems existing in the comprehensive utilization of SFCC catalysts. We studied the leaching, purification, and enrichment processes and the mechanism of vanadium under the oxalic acid system, putting forward a multi-component asynchronous extraction process that reveals the recovery and separation mechanism of the valuable components, thus, realizing the comprehensive utilization of SFCC catalysts.





5. Conclusions


The factors that affect the selective leaching of metals in the oxalic acid catalytic cracking catalyst were investigated. The optimum reaction conditions were as follows: particle size of D50 ≤ 17.34 μm, a reaction time of 240 min, an oxalic acid concentration of 2.0 mol/L, and a temperature of 95 °C. The leaching efficiencies of V, Ni, Fe, and Al were 73.4%, 32.4%, 48.2%, and 36.8%, respectively. V, Fe, and Al were selectively separated and recovered from the oxalic acid leachate of the SFCC catalyst by solvent extraction with Aliquat 336. The V, Fe, and Al extraction percentages were 98.60%, 99.64%, and 80.42%, respectively. At the same time, the extraction percentage of Ni was extremely low. Leaching residues with a high silica-alumina content can be recovered as carriers and used to synthesize geopolymers. The geopolymers, prepared by using the SFCC leaching residues, can be considered a non-hazardous material. Based on the results of the present study, a process diagram of the comprehensive utilization of SFCC catalysts is proposed.
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Figure 1. SEM images and EDS spectra of the (a) fresh and (b) SFCC catalysts. 
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Figure 2. XRD patterns of fresh and SFCC catalysts. 
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Figure 3. XPS spectra of SFCC catalysts: (a) V2p, (b) Ni2p, (c) Fe, and (d) Al. 
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Figure 4. Effects of particle size on leaching efficiency of metals (CC2H2O4 = 2 mol/L; T = 95 °C; t = 240 min). 
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Figure 5. Effects of leaching time on leaching efficiency of metals (CC2H2O4 = 2 mol/L; T = 95 °C; D50 ≤ 17.34 μm). 
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Figure 6. Effects of oxalic acid concentration on leaching efficiencies of metals (t = 240 min; T = 95 °C; D50 ≤ 17.34 μm). 
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Figure 7. Effects of leaching temperature on leaching efficiency of V and Ni (t = 240 min; T = 95 °C; D50 ≤ 17.34 μm). 
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Figure 8. (a) Occurrence states of pure oxalic acid leaching solution, (b) V occupancy states in the oxalic acid leaching solution, (c) Ni occupancy states in the oxalic acid leaching solution, (d) Fe occupancy states in the oxalic acid leaching solution, (e) Al occupancy states in the oxalic acid leaching solution. 
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Figure 9. Process diagram of the comprehensive utilization of SFCC catalysts. 
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Table 1. Chemical compositions of the fresh and SFCC catalyst.
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Sample

	
Constituents (wt.%)




	
Al

	
Si

	
Fe

	
Ca

	
K

	
V

	
Ni

	
La

	
Ce






	
Fresh

	
32.22

	
16.09

	
0.19

	
0.16

	
0.13

	
0.01

	
0.01

	
1.95

	
0.01




	
Spent

	
29.26

	
17.59

	
0.48

	
0.40

	
0.16

	
0.44

	
0.53

	
1.67

	
0.68











 





Table 2. Chemical composition of leaching residue obtained using optimum conditions.
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	Constituent (wt.%)
	Al
	Si
	Fe
	Ca
	K
	V
	Ni
	La
	Ce





	Leaching residue
	14.60
	23.76
	0.03
	0.55
	0.01
	0.06
	0.03
	0.23
	0.31










 





Table 3. TCLP test results for the spent FCC catalyst and leaching residue.
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Element

	
Metal Concentration in Extraction Fluid (mg/L)




	

	
Spent FCC

	
Leaching Residue

	
Regulatory Levels (U.S. EPA)

	
Regulatory Levels (National Hazardous Waste List, China)






	
Al

	
1.45 ± 0.07

	
0.91 ± 0.01

	
—

	
—




	
Fe

	
0.24 ± 0.03

	
0.14 ± 0.02

	
—

	
—




	
V

	
7.13 ± 0.15

	
0.33 ± 0.02

	
1.6

	
3.6




	
Ni

	
2.45 ± 0.02

	
0.21 ± 0.01

	
11

	
5
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