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Abstract: Geopolymers have been developed to various catalysts due to their advantages. However, low conductivity restricts their application in the electrocatalysis field. In this study, an α-Fe2O3/circulating fluidized bed fly ash based geopolymer (CFAG) composite anode was fabricated using a facile dip-coating method by loading α-Fe2O3 in the matrix of CFAG. The effects of α-Fe2O3 content on the composition, surface morphology and electrochemical performance of α-Fe2O3/CFAG composite anode were investigated. The X-ray diffraction (XRD) and scanning electron microscope (SEM) results demonstrated that α-Fe2O3 was successfully inlaid with the surface of amorphous CFAG matrix. The electrochemical measurements indicated that α-Fe2O3/CFAG composite anode had higher oxygen evolution potential, greater electrochemical activity area, and smaller electrochemical impedance than CFAG. The as-prepared composite anode was applied for electrocatalytic degradation of indigo carmine dye wastewater. It was discovered that the highest degradation efficiency over 10α-Fe2O3/CFAG reached up 92.6%, and the degradation of indigo carmine followed pseudo-first-order kinetics. Furthermore, 10α-Fe2O3/CFAG composite anode presented excellent stability after five cycles. The active hydroxyl radical was generated over the α-Fe2O3/CFAG composite anode, which acted as strong oxidizing agents in the electrocatalytic degradation process.
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1  Introduction

In recent years, with the rapid development of textile industry, the discharge of dye wastewater is increasing, which causes various harmful impacts on organisms and the environment. The complex composition, high organics, poor bio-degradability, high chromaticity and toxicity of the dye wastewater render it one of the most difficult industrial wastewater to treat [1,2]. In the textile industry, indigo carmine is one of the most popular dyes naturally, mainly for coloring of denim goods. An average of 3–12 g of indigo carmine is needed to color a pair of blue jeans. Therefore, the textile dyeing and washing industries are one of the major sources of indigo carmine dye emissions into the environment [3]. It has been a long-term challenge to effectively treat dye wastewater. Traditional physical, chemical and biological methods for treatment of dye wastewater still have disadvantages of high cost, low efficiency, extra pollution and complicated process procedures [4]. Therefore, it is urgent to develop a novel treatment process with high efficiency and low energy for dye wastewater. At present, advanced oxidation processes (AOPs) have been considered to be a promising method for wastewater treatment, mainly including photocatalysis, catalytic ozonation, wet air oxidation, electrochemical advanced oxidation process (EAOPs), and Fenton or Fenton-like reaction, etc. [5,6]. Among these methods, EAOPs have attracted more attention because of its high efficiency, easy operation, mild reaction conditions, less pollution, and small occupation [7]. Anode material is core component in EAOPs for its high oxidation performance, which is caused by direct electron transfer on the anode surface and indirect oxidation of strongly oxidizing free radicals [8]. An ideal anode should have characteristics of high catalytic activity, high stability, high oxygen evolution potential, long service lifetime and low cost [9]. Up to now, the anode materials have been investigated mainly including Pt, graphite, dimensionally stable anodes (DSA) and boron-doped diamond (BDD). de Oliveira et al. [10] reported that the electrocatalytic degradation of methylene blue dye by Pt anode had good decolorization removal under different conditions. Alcocer et al. [11] compared the degradation of various dyes by the EAOPs, electro-Fenton, photoelectro-Fenton process using BDD electrode, and the EAOPs/BDD process had great potential for degradation of dye wastewaters. However, both Pt and BDD have an obvious problem of high cost, so they are not suitable for industrialized application. Kong et al. [12] reported that graphite as an anode material had good electrocatalytic degradation of methyl orange and could be considered as an excellent material for the treatment of dye wastewater. The graphite anodes are economical but their oxygen evolution potential is low. As typical DSA, Ti/PbO2 and Ti/SnO2 anode have been illustrated to be excellent materials for electrocatalytic degradation of dye wastewater. The PbO2 anode has strong conductivity, good mechanical properties and high oxygen evolution potential, but it is limited in practical application due to its poor catalyst activity and easy exfoliation [13]. SnO2 anode shows high oxygen evolution potential, easy preparation and low cost, but it suffers from poor stability and short service life [14]. Therefore, the scholars have studied many ways to improve the above problems, including adjusting substrate, building interlayer and modifying oxide coatings [13]. Wu et al. [15] fabricated a novel anode with TiO2 nanotube array as a tubal template and the Sb-SnO2 coating as an interlayer, which significantly enhanced electrocatalytic activity and lifetime of PbO2 anode. Xu et al. [16] modified the Ti/SnO2-Sb interlayers with copper nanotubes to improve the conductivity and service life of SnO2 anode. Based on the aforementioned backgrounds, it is necessary to develop novel composite anodes with low cost and high efficiency for electrocatalytic degradation of dye wastewater.

Geopolymer (GP) is fabricated by reacting alkali-activator solutions with industrial solid wastes, such as fly ash, coal gangue, slag, and various tailings. Geopolymer, a type of aluminosilicate material with unique three-dimensional network structure, has been widely used in the fields of building materials, environmental protection and chemical industry due to its excellent mechanical, durability, adsorption and catalysis properties [17]. As a new type of catalyst, GP are easier to obtain and cheaper than other catalysts reported [18]. Zhang et al. [19] used fly ash based geopolymer as a photocatalyst for the degradation of dye wastewater. However, the low conductivity limited their applications in the electrocatalysis field. Transition metal oxides, especially α-Fe2O3 have attracted more attention because of their high activity and better stability [20]. Choi et al. [21] discussed the effect of the addition of Fe2O3 on the physical property of geopolymer. Chen et al. [22] synthesized Fe2O3-modified porous geopolymer microspheres composites by in-situ co-precipitation process for the adsorptive removal and solidification of F- from wastewater. Therefore, we predict that composite anode synthesized by loading α-Fe2O3 in the matrix of GP is promising to improve the electrochemical properties and the stability of the inherent anode.

In this study, a novel α-Fe2O3/circulating fluidized bed fly ash based geopolymer (CFAG) composite anode is prepared using the dip-coating method by combining α-Fe2O3 with alkali-activated CFAG onto stainless steel substrate. The utilization of CFAG as matrix for preparation of composite anode can not only realize the recycle utilization of industrial solid wastes, but also enrich the types of electrocatalytic anode materials. Moreover, the composite anode is used for electrocatalytic degradation of dye wastewater, which is of great significance to the wastewater treatment of textile industry. And to the best of our knowledge, there are not any reports about the preparation and electrochemical performance of the α-Fe2O3/CFAG composite anodes.

2  Materials and Methods

2.1 Materials

Circulating fluidized bed fly ash (CFBFA) was provided by Shenhua Junggar Energy Co., Ltd. The main chemical compositions of CFBFA were measured by the mass percent using X-ray fluorescence (XRF), as shown in Tab. 1. α-Fe2O3 with the size of 30 nm was purchased from Shanghai McLean Biochemical Technology Co. Ltd., KOH (AR), NaOH (AR), Na2SiO3 (AR), oxalic acid, ethanol, and tertiary butyl alcohol were obtained from the Tianjin Yaohua Chemical Reagent Co. Ltd., Stainless steel (SS) sheets of size 20 mm × 15 mm × 0.2 mm were purchased from Shanghai Huapeng Metal Co., Ltd., Shanghai. The water is deionized water.
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2.2 Preparation of α-Fe2O3 /CFAG Composite Anode

The SS sheet as anode substrate was polished with abrasive paper and then degreased in the 40 wt% NaOH aqueous solution several times. The treated SS sheet was etched in 10 wt% oxalic acid to remove the surface oxide layer. Then, the SS sheet was rinsed with deionized water and dried at 80°C. The synthesis steps of α-Fe2O3/CFAG composite anode was described as follows: the composite slurry was prepared by mixed CFBFA, α-Fe2O3, KOH, Na2SiO3, and water at the mass ratio of 1:0.03:0.028:0.37:0.5. The slurry was cured at 80°C for 8 h in the oven to obtain the α-Fe2O3/CFAG composite. For the preparation of the composite anode, the slurry was dip-coated onto the pretreated SS substrate (effective coating area 15 mm × 15 mm × 0.2 mm), and the α-Fe2O3/CFAG composite anode was obtained after curing at same condition. The sample added 3wt% α-Fe2O3 was marked as 3α-Fe2O3/CFAG. Similarly, the samples containing 10wt% α-Fe2O3 and 20wt% α-Fe2O3 were separately obtained and named as 10α-Fe2O3/CFAG and 20α-Fe2O3/CFAG. The sample without α-Fe2O3 was denoted as CFAG. The main chemical compositions of different anode materials were shown in Tab. 2.
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2.3 Characterization of α-Fe2O3 /CFAG Composite Anode

The chemical compositions of the various samples were characterized in the elemental range of Be4~U92 using a S4 P10NEER X-ray fluorescence (XRF) spectrometer worked at 60 kV and 150 mA. The X-ray diffraction (XRD) patterns were obtained on a Rigaku D/Max 2200 diffractometer in the 2θ range of 5~70° with a speed of 10°/min under operating at 40 mA and 40 kV. The microstructure was investigated on a FEI Quanta 200 scanning electron microscope (SEM) equipped with energy-dispersive X-ray spectroscopy (EDS). The X-ray photoelectron spectroscopy (XPS) were recorded on an AXIS SUPRA analyzer using monochromatic Al Kα anode target operated at 15 kV and 8 mA. All electrochemical measurements were analyzed by a CHI660E electrochemical workstation with the three-electrode system. Platinum plate (Pt), saturated calomel electrode (SCE) and as-prepared anode were used as counter electrode, reference electrode and working electrode, respectively.

2.4 Electrocatalytic Degradation of Dye Wastewater

The electrocatalytic properties of composite anodes were evaluated by simulated degradation of dye wastewater of indigo carmine. The as-prepared electrode as an anode, and SS sheet with the same surface area as a cathode, were used for the electrocatalytic degradation of 50 mL indigo carmine dye wastewater (15 mg/L) containing 0.1 M Na2SO4 electrolyte under magnetic stirring. Meanwhile, the external bias was 0.8 V, and the space between cathode and anode was 2 cm. The initial absorbance (A0) of indigo carmine dye (the corresponding concentration (C0)) was analyzed by UV-Vis spectrophotometer at maximum absorption wavelength of 610 nm. The absorbance (At) at 10 min intervals (the corresponding concentration (Ct)) was measured from the supernatant solution by centrifugal separation method. The degradation rate (DR) was calculated by the equation as follows:


DR(%)=(C0−Ct)/C0×100%=(A0−At)/A0×100%
(1)

3  Results and Discussion

3.1 Microstructure of as-Prepared Composite Anodes

Fig. 1a shows XRD patterns of various anode materials. The pattern for α-Fe2O3 there appears the diffraction peaks at 2θ of 24.2°, 33.2°, 35.7°, 40.9°, 49.4°, 54.1°, 62.4°, and 64.1° corresponding to (012), (104), (110), (113), (024), (116), (018) and (214) crystal planes of α-Fe2O3 (JCPDS 33-0664), respectively. The pattern for CFAG displays a broad diffuse hump in the range of 20° to 40°, indicating the formation of amorphous geopolymer gels [23]. It is difficult to observe the characteristic peaks of α-Fe2O3 phase in 3α-Fe2O3/CFAG composite anode, which may be due to the low loading and amorphous distribution of α-Fe2O3 on the surface of CFAG matrix. There are three new peaks of 10α-Fe2O3/CFAG and 20α-Fe2O3/CFAG appeared in the characteristic peaks of α-Fe2O3 phase at 2θ = 33.2°, 35.7°, and 54.1°. The peak intensities have a slight increase with increasing loading. In addition, the remaining mineral phases of 10α-Fe2O3/CFAG and 20α-Fe2O3/CFAG have not changed, indicating that CFAG as matrix has good stability. The surface compositions of the composite anode are analyzed by XPS. The full spectrum of 10α-Fe2O3/CFAG specimen in Fig. 1b is mainly made up of Si, Al, Na, O, C, and Fe. Fig. 1c shows the high-resolution XPS spectra of Fe 2p. Fe 2p spectrum exhibits two main peaks at 711.1 eV (Fe 2p3/2) and 724.3 eV (Fe 2p1/2), respectively, which match well with the characteristic peak of Fe3+ [24]. It confirms the existence of Fe3+ in the form of α-Fe2O3 in the as-synthesized composite anode.
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Figure 1: XRD patterns of (a) various specimens, XPS spectra of (b) 10α-Fe2O3/CFAG and (c) high resolution of Fe 2p

Fig. 2a shows SEM image of CFAG anode surface, indicating that CFBFA dissolved and condensed forming the geopolymer binder. The uniform surface of CFAG anode provides favorable conditions for the loading of α-Fe2O3. SEM images of the composite anode surface loading different α-Fe2O3 are shown in Figs. 2b–2d. As can be seen, the surface of 3α-Fe2O3/CFAG and 10α-Fe2O3/CFAG is more homogeneous, dense, and without obvious cracks, which can greatly increase the effective active area, improve the chemical corrosion resistance and stability, and extend anode life [25]. However, the rough and porous surface of 20α-Fe2O3/CFAG may be due to the aggregation of α-Fe2O3, which will reduce the bonding force between the SS substrate and the coating, resulting in the coating to fall off and reduction in catalytic activity. It can be seen that appropriate α-Fe2O3 loading can significantly improve the microstructure of the anode surface and enhance the electrocatalytic activity. As shown in Fig. 2e, the thickness of 10α-Fe2O3/CFAG composite anode coating is about 100 μm. Moreover, EDS spectrums are further used to verify the elemental composition of the anode materials. The results (Figs. 2f–2i) indicate that the samples consist of Si, Al, Na, O, and Fe, and the mass ratio of Fe element increases with the increase of the α-Fe2O3 load. The results confirm that α-Fe2O3 has been inlaid with amorphous geopolymer surface. These are consistent with XRD results.
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Figure 2: SEM images of (a) CFAG, (b) 3α-Fe2O3/CFAG, (c) 10α-Fe2O3/CFAG, and (d) 20α-Fe2O3/CFAG anode surface; (e) cross-section view of 10α-Fe2O3/CFAG coating; EDS results of (f) CFAG, (g) 3α-Fe2O3/CFAG, (h) 10α-Fe2O3/CFAG, and (i) 20α-Fe2O3/CFAG anode surface

3.2 Electrochemical Properties of as-Prepared Composite Anodes

Linear sweep voltammetry (LSV) curves are used to record the oxygen evolution of anode materials in the wastewater degradation process. As shown in Fig. 3a, LSV curves of the as-prepared anodes are obtained at scan rate of 100 mV/s in 0.5 M Na2SO4 supporting electrolyte. The oxygen evolution potentials (OEP) for CFAG, 3α-Fe2O3/CFAG, 10α-Fe2O3/CFAG, and 20α-Fe2O3/CFAG are measured to be 0.99 V, 1.20 V, 1.45 V, and 1.28 V (vs. SCE). Compared with CFAG anode, α-Fe2O3/CFAG composite anode has higher OEP, especially 10α-Fe2O3/CFAG. The oxygen evolution reaction easily occurs under a lower OEP, resulting in low current efficiency. Higher OEP can restrain the oxygen evolution side reaction to improve the electrocatalytic activity and reduce the energy consumption [26]. The cyclic voltammetry (CV) curves of as-prepared anodes are tested in 0.5 M Na2SO4 supporting solution at a scan rate of 100 mV/s, as shown in Fig. 3b. The result indicates that α-Fe2O3/CFAG composite anode has a higher peak current density and a larger area of a curve than CFAG. The greater the current response is, the higher the electrochemical activity of the anode. Besides, a larger area of the CV curve is connected to more active sites on the anode surface [27]. The electron transfer performance of the as-prepared anodes are explored by electrochemical impedance spectroscopy (EIS) in 0.5 M Na2SO4 solution with the frequency range of 105-1 Hz. As shown in Fig. 3c, the Nyquist plot can be divided into a semicircle and inclined line, representing the electron transfer process and ion diffusion process, respectively. The semicircle diameter corresponds to the electron transfer resistance and the smaller the semicircle diameter is, the faster the rate of electron transfer rate as well as electrochemical reaction [28]. A relatively large semicircle is obtained on CFAG anode, demonstrating that it has a poor electron transfer process. With the increase of α-Fe2O3 loading, the semicircle diameter decreases gradually. The 10α-Fe2O3/CFAG composite anode has a smallest semicircle diameter, indicating that appropriate α-Fe2O3 can expose more electrochemical active sites to enhance the conductivity and decrease the interfacial resistance on the anode surface [13,29]. However, combined with the previous SEM analysis, the aggregation of α-Fe2O3 on the surface of 20α-Fe2O3/CFAG may cause a decrease of electrocatalytic activity. In summary, 10α-Fe2O3/CFAG composite anode with higher OEP, greater electrochemical activity area, and lower interfacial resistance is more suitable for electrocatalytic degradation of wastewater.
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Figure 3: (a) LSV curves, (b) CV curves, (c) EIS Nyquist spectra of CFAG, 3α-Fe2O3/CFAG, 10α-Fe2O3/CFAG and 20α-Fe2O3/CFAG anodes in 0.5 M Na2SO4 solution

3.3 Degradation of Dye Wastewater

The as-prepared electrode as an anode, and SS sheet with the same surface area as a cathode, are used for the electrocatalytic degradation of indigo carmine dye wastewater. Fig. 4a displays the degradation of indigo carmine dye over different α-Fe2O3/CFAG anode materials. The degradation efficiency is in the sequence of 92.6% (10α-Fe2O3/CFAG) > 86.4% (20α-Fe2O3/CFAG) > 82.7% (3α-Fe2O3/CFAG) > 63.8% (CFAG). The result indicates that the performance of electrocatalytic degradation can be significantly improved by appropriate α-Fe2O3 loading. The 10α-Fe2O3/CFAG composite anode shows higher degradation efficiency than others, which is undoubtedly supported the electrochemical measurement results. Combined with the previous analysis, the degradation rate over 20α-Fe2O3/CFAG composite anode has decreased due to the reduction of electrocatalytic activity by aggregation of α-Fe2O3. The kinetics analysis is applied to further understand electrocatalytic degradation process of dye wastewater. Tab. 3 summarizes the kinetic parameters of pseudo zero-order, first-order, and second-order reactions for electrocatalytic degradation of indigo carmine over 10α-Fe2O3/CFAG composite anode. As shown in Fig. 4b, the decay of indigo carmine displays an exponential behavior, indicating that the degradation reaction accords with pseudo first-order kinetics. The value of kinetic rate constants (k = 0.03065) and correlation coefficient (R2 = 0.979) reached the maximum over 10α-Fe2O3/CFAG, indicating that the optimum α-Fe2O3 loading is 10% for indigo carmine degradation.
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Figure 4: Degradation efficiency of (a) indigo carmine dye on various anodes, and the corresponding kinetic curves of (b) first order reaction
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Fig. 5 shows the UV-vis absorption spectra of indigo carmine dye before and after electrocatalytic degradation over 10α-Fe2O3/CFAG composite anode. The spectrum of indigo carmine dye presents three main characteristic absorption peaks at the wavelengths of 250 nm, 285 nm, and 610 nm, and the molecular structure of indigo carmine is inset in Fig. 5. The absorption peaks at 285 nm and 610 nm are related to the cross-conjugated system or chromophore of C=C and C=O in indigo carmine molecule, while the peak at 250 nm is assigned as the absorption of benzene ring structure [30,31]. After electrocatalytic degradation reaction, the peaks at 285 nm and 610 nm almost disappear, indicating that the cross-conjugated systems of chromophore are broken down and the chromaticity is removed. The peak still exists at 250 nm, but the intensity is obviously reduced, demonstrating that there may be a few intermediate products in the dye residue after the reaction.
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Figure 5: UV-vis spectra of indigo carmine dye before and after electrocatalytic degradation over 10α-Fe2O3/CFAG composite anode

3.4 Stability of as-Prepared Composite Anodes

The recycle stability of anode materials is an important parameter, reflecting whether it can be industrialized production, which has a great impact on the degradation efficiency and cost of wastewater treatment [13]. Fig. 6 shows the recycle stability assessment of 10α-Fe2O3/CFAG composite anode through five cycles. The degradation efficiency of indigo carmine dye decreases by 9.1% from initial 92.6% to 83.5% after five cycles, indicating that the α-Fe2O3/CFAG composite anode still has high electrocatalytic activity and favorable recycle stability in Fig. 6a. The catalytic effect reduced slightly after the cycling, which may be related to the reduction of surface active sites caused by the adsorption of organic molecules on the anode surface. Moreover, the XRD patterns of the 10α-Fe2O3/CFAG composite anode before and after electrpcatalytic degradations are almost same, implying that the composite anode remains good stability as shown in Fig. 6b.
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Figure 6: Stability of 10α-Fe2O3/CFAG composite anode of (a) cycle times, and (b) XRD patterns before and after degradation of indigo carmine dye

3.5 Trapping Experiment of Hydroxyl Radical

To detect the active species in electrocatalytic process of indigo carmine dye degradation, the tertiary butyl alcohol (TBA) is selected as hydroxyl radical trapping agent. As shown in Fig. 7, the degradation efficiency of indigo carmine over 10-Fe2O3/CFAG reaches up 92.6% in the absence of free radical trapping agent. However, the degradation efficiency of indigo carmine decreases to 59.4% after the adding of TBA to the system for 90 min, indicating that hydroxyl radical has a significant influence on indigo carmine degradation in the electrocatalytic process. The formation of adsorbed hydroxyl radical MOx(∙OH) by oxidation of the water molecules has been reported as the initial reaction of MOx anodes [32,33]. It can be described as follows:


MOx+H2O→MOx(⋅OH)+H++e−
(2)
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Figure 7: Trapping experiment of hydroxyl radical in electrocatalytic degradation of indigo carmine dye over 10α-Fe2O3/CFAG composite anode

Then, the organic pollutants are degraded by electrochemically generated MOx(∙OH) with strong oxidative property. The main reaction was as follows:


R+MOx(⋅OH)→MOx+CO2+H++e−
(3)

In addition, under the action of electrocatalytic oxidation, the reaction can occur in anode as follows:


H2O−2e−→2⋅OH+2H+
(4)

Furthermore, the MOx(∙OH) can generate the O2 gas, and this reaction acts as a competitor in the electrocatalytic degradation process as follows:


2MOx(⋅OH)→2MOx+O2+2H++2e−
(5)

The addition of appropriate amount of α-Fe2O3 can decrease the interfacial resistance and increase oxygen evolution potential of the composite anode, thus inhibiting the side reaction and making more hydroxyl radicals act on organic pollutants.

4  Conclusions

In summary, a low-cost and high-efficiency α-Fe2O3/CFAG composite anode was successfully prepared via a facile dip-coating method and applied for dye wastewater treatment. The results demonstrated that the electrochemical performance of the α-Fe2O3/CFAG composite anode was closely related to the loading amount of α-Fe2O3. The α-Fe2O3 distributed on the surface of CFAG matrix with amorphous form under a low loading amount, while superabundant α-Fe2O3 aggregated resulting in the reduction of active sites. The α-Fe2O3/CFAG composite anode showed low oxygen evolution potential, great electrochemical active area, and small electrochemical impedance. In addition, the degradation rate of indigo carmine dye over the 10α-Fe2O3/CFAG composite anode approached to 92.6%, due to the generation of hydroxyl radical active species in the degradation process. The composite anode was long term active and reusable. Therefore, the synthesized α-Fe2O3/CFAG composite anode utilizing circulating fluidized bed fly ash not only enriched the types of electrocatalytic anode materials, but also had potential applications in treatment of dye wastewater.
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Table 1: Chemical compositions of CFBFA

SIOZ A1203 F6203 CaO P205 MgO Na20 K20 SO3 T102 LOSS

36.33 44.47 1.93 2.82 0.20 0.26 0.09 0.40 0.55 1.92 11.03
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Table 3: Parameters of various kinetic models

Kinetic model k (min™) R?
Pseudo zero-order kinetic model -0.13867 0.812
Pseudo first-order kinetic model 0.03065 0.979

Pseudo second-order kinetic model 0.01044 0.946
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Table 2: Chemical compositions ot samples
Sample SiO, AlLO; Fe,O; CaO P,05 MgO Na,0O K,O SO; Ti,O
CFAG 38.02 3298 1.76 1.68 0.09 0.18 848 268 027 1.71
3a-Fe,03/CFAG 37.23 3179 3.92 1.59 0.09 0.18 8.83 264 026 1.70
100-Fe,O3/CFAG 3557 3198  7.51 1.58 0.08 0.17 821 264 025 1.70
200-Fe,03/CFAG  34.89 31.73  12.8 1.47 0.08 0.17 7.78 260 020 1.68
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