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Abstract: The adsorption method has the advantages of low cost, high efficiency, and environmental friendliness in treating fluorinated wastewater, and the adsorbent material is the key. This study combines the inherent anion-exchange adsorption properties of layered double hydroxides (LDHs). Self-supported porous adsorbent materials loaded with AFm and AFt were prepared from a composite cementitious system consisting of calcium aluminate cement (CAC) and flue gas desulfurization gypsum (FGDG) by chemical foaming technique. The mineral composition of the adsorbent material was characterized by X-ray diffraction (XRD) and Scanning electron microscopy (SEM). Through the static adsorption experiment, the adsorption effect of the mineral composition of the adsorbent on fluoride ions was deeply analyzed, and the adsorption mechanism was revealed. XRD and SEM showed that the main hydration phases of the composite cementitious system consisting of CAC and FGDG are AFm, AFt, AH3, and CaSO4·2H2O. FGDG accelerates the hydration process of CAC and inhibits the transformation of AFt to AFm. The AFt content increased, and the AFm content decreased or even disappeared as the amount of FGDG increased. Static adsorption experiment results showed that AFm and AFt in adsorbent materials could significantly enhance the adsorption of fluoride ions. The adsorption of F− in aqueous solution by PAG tends more towards monolayer adsorption with a theoretical maximum capacity of 108.70 mg/g and is similar to the measured value of 112.77 mg/g.
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1  Introduction

Fluorine is an essential trace element for the human body and is involved in normal metabolism [1], but excessive long-term intake of fluoride can cause dental and bone fluorosis and even cancer, brain damage, and thyroid disorders [2]. The World Health Organisation gives a standard of no more than 1.5 mg/L of fluoride in water [3]. China’s Sanitary Standard for Drinking Water (GB5749-2006) stipulates that the content of fluoride in drinking water should not exceed 1.0 mg/L [4]. However, the demand for fluorine chemical products has increased sharply due to the rapid development of the integrated circuit, semiconductors, chips, solar cells, electronics, new energy industries, and so on [5–7], which resulted in the treatment of fluorinated wastewater has become a major global concern.

Currently, the main treatment technologies of fluorinated wastewater are precipitation [8], ion exchange [9,10], membrane separation [11], electrodialysis [12] and adsorption [13]. Adsorption is the most widely used because it is mature, easy to operate, and efficient. Adsorbent is the key to treating fluorinated wastewater. Activated alumina [14–17] is one of the most widely used materials for fluoride removal, with a general fluoride ion adsorption capacity of 0.8 to 2.0 mg/g, which has the disadvantage of low adsorption capacity [18]. Yang et al. [19] roasted aluminium fumarate metal-organic skeletal compounds to obtain amorphous porous layered Al2O3 for the removal of fluoride ions from industrial zinc sulphate solutions. The adsorption capacity was 12.05 mg/g when the adsorbent was applied at a dosage of 10 g/L. Zhang et al. [20] prepared CaCl2-modified zeolites to treat fluorinated wastewater. The adsorption capacity was 1.766 mg/g at pH values of 5~7. Chen et al. [21] synthesized a new fluoride ion adsorbent (Fe@TiO2) with Ti(SO4)2 and FeSO4 by precipitation, the increased hydroxyl groups on the outer surface of the adsorbent facilitate the ion exchange between F− and hydroxyl groups, so the adsorption capacity was 53.22 mg/g under optimal conditions. Besides, biosorption [22] is considered to be one of the favourable remediation techniques for fluoride removal from aqueous solutions, but there are drawbacks such as harsh living conditions of the bacteria and a long treatment process, so the application is somewhat limited.

Layered double hydroxides (LDHs) have been extensively investigated as adsorbent materials for the treatment of polluted water due to their adjustable composition of the main lamellae, interlayer anion exchangeability, and structural memory [23–25]. Cai et al. [26] synthesized a new lanthanum intercalated dihydroxide La-doped Li/Al-LDH by coprecipitation method and obtained a maximum fluoride adsorption capacity of 35.4 mg/g much higher than that of other LDHs or reported adsorbents loaded with Sarma et al. [27] synthesized Mg/Al-CO3 layered double hydroxides (LDHs) by the urea hydrolysis method and achieved the adsorption capacity of 15.13−27.03 mg/g at 303 K. Compared with some reported adsorbents, LDHs showed better adsorption capacity and could be reused for up to five fluoride ion adsorption-desorption cycles. Teixeira et al. [28] roasted Mg-Mn-Al LDHs to treated industrial wastewater with fluoride ions at a mass concentration of 162 mg/L. The fluoride removal rate was 95.11% when the adsorbent was applied at a dosage of approximately 37.6 g/L.

Layered bimetallic hydroxides show good fluoride removal performance due to their unique structural properties [29]. However, most of the currently developed layered bimetallic hydroxides are nanoscale powders. The main problems are not gelled and not self-supporting, resulting in a large amount of fluorinated sludge in the fluoride removal process, which limits field application.

AFm ({Ca4[Al(OH)6]2·2H2O}·SO4·mH2O), AFt ({Ca6[Al(OH)6]2·2H2O}·(SO4)3·nH2O), as the main hydration phase of Portland cement and sulfoaluminate cement [30,31], have a similar laminate structure of LDHs and exchangeable properties of interlayer anions [32]. In recent years, the preparation of adsorption and curing materials for industrial wastewater treatment with the inherent hydration phases AFm and AFt of cement-based materials and their self-gelling properties has become a hot research topic [33,34]. In this paper, based on the adsorption, exchange, and complexation mechanism of fluoride ions by conventional fluoride removal materials, a porous self-supporting fluoride ion adsorption material (Porous CAC-FGDG, PAG) was prepared by chemical foaming technique using bulk industrial solid waste flue gas desulphurization gypsum (FGDG) and calcium aluminate cement (CAC). The effect of CAC and FGDG ratio on the mineral composition (AFm, AFt, AH3, CaSO4·2H2O) and fluoride ion adsorption capacity of PAG adsorbent materials was studied in combination with the principle of cement chemistry reaction, and the isotherm and adsorption kinetics model of PAG on fluoride ion adsorption was established.

2  Materials and Methods

2.1 Materials

CAC is CA-50 aluminate cement produced by Jianai Aluminate Cement Company, Zhengzhou, Henan Province, China. FGDG is construction gypsum (hemihydrate gypsum) prepared from flue gas desulphurization gypsum by calcination in a rotary kiln from a power plant, whose mineral composition is shown in Tables 1 and 2, respectively. The foaming agent is hydrogen peroxide (AR), purchased from Sinopharm Chemical Products Co. (China).
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2.2 Preparation of PAG

CAC and FGDG with a mass ratio of 1:0, 1:0.2, 1:0.25, 1:0.4, 1:0.6, 1:0.7, 1:1, 1:1.2, 1:1.4, and 45% water (based on the mass of CAC and FGDG) were mixed to a uniform slurry using a mortar mixer, and 2% hydrogen peroxide (calculated by the sum of the masses of CAC and FGDG) was added to the slurry. After stirring at high speed for 1 min, the slurry was quickly poured into a steel mold (20 mm × 20 mm × 20 mm). Natural curing was carried out under temperature conditions of 45°C for 1 d before being demoulded to obtain the FGDG-CAC porous composite (PAG). The PAG adsorbent material was determined to have a compressive strength of 0.40–0.65 MPa, a bulk weight of 425–435 kg/m3, an open porosity of 68%–72%, and an internal specific surface area of approximately 50 m2/g. The specific preparation process of the PAG is shown in Fig. 1.
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Figure 1: The specific preparation flow chart of PAG

2.3 Fluoride Ion Concentration Determination

The fluoride ion concentration in the solution was tested by a fluoride ion selective electrode (JC-PXS-F, Qingdao Juchuang Environmental Protection Group Co., Ltd., China). The sodium fluoride solution of a given concentration and a certain proportion of adsorbent were put into a conical flask and shaken at a rate of 180 r/min for 8 h, then filtered, the fluoride ion concentration of the filtrate was measured with a fluoride ion selective electrode. The optimum pH for the test is 5.0–6.0. To eliminate the interference of Al3+ and Fe3+ in the solution to the experiment results, a citrate buffer solution is used to control the pH of the solution to be tested during the experiment.

The removal rate and adsorption capacity are calculated by Eqs. (1) and (2), respectively.


R(%)=Ci − CeCi∗100%
(1)


Qe=Ci−Cem∗V
(2)

where R (%) is removal rate, Ci (mg/L) is the initial concentration of fluoride ions in solution, Ce (mg/L) is the concentration of fluoride ions at adsorption equilibrium, Qe (mg/g) is adsorption capacity, m (g) is the amount of adsorbent and V (L) is the volume of solution.

2.4 Mineral Composition and Morphological Characteristics of PAG

The mineralogical composition of PAG was determined using an X-ray diffraction (XRD) machine (Rigaku D/max-3A, Rigaku Corporation, Japan). The microscopic morphology of PAG with different mass ratios of CAC and FGDG was observed with a scanning electron microscope (SEM; EVO 10/LS 10, Carl Zeiss, Germany).

2.5 Static Adsorption Experiment for Obtaining Effect of CAC and FGDG Mass Ratio on the Fluoride Ion Adsorption

Porous PAG adsorbent materials were prepared from composite gelling materials with CAC and FGDG at different mass ratios. The adsorbate is sodium fluoride solution with F− concentration of 100 mg/L, and the mass ratio of PAG to adsorbate is 1:200. The PAG and adsorbate were placed in a 500 mL conical flask in a constant temperature (25°C) shaker and shaken at 180 r/min for 8 h. After filtration, the fluoride ion concentration of the filtrate was measured, and the fluoride ion adsorption capacity and adsorption efficiency were calculated.

2.6 Isothermal Model for PAG Adsorbent Adsorption

The adsorption experiment was carried out at the conditions of 25°C, pH7, the ratio of PAG (CAC and FGDG at a mass ratio 1:0.7) to adsorbate of 1:200, and different initial fluoride ion concentrations. The Langmuir and Freundlich models were used to fit the adsorption isotherm. The Langmuir isothermal adsorption equation is as in Eq. (3). The Freundlich isotherm adsorption equation is as in Eq. (4).


CeQe=1KLQm+1QmCe
(3)

where Qe (mg/g) is the adsorption capacity per unit of adsorbent material, KL (L/mg) is the Langmuir equilibrium constant, Qm (mg/g) is the maximum unit adsorption capacity when the adsorption reaches saturation, and Ce (mg/L) is the mass concentration of adsorbate at adsorption equilibrium.


log⁡Qe=log⁡KF+1nlog⁡Ce
(4)

where KF (L/mg) is the Freundlich equilibrium constant, and 1/n is the component factor reflecting the degree of difficulty of adsorption.

2.7 Kinetic Model for PAG Adsorbent Adsorption

The adsorption experiment was carried out at the conditions of 25°C, pH value is 7, the ratio of PAG (CAC and FGDG at mass ratio 1:0.7) to adsorbate of 1:200, and different initial fluoride ion concentrations. The Quasi-first-order kinetic model and Quasi-second-order kinetic model were used to fit the absorption kinetic curves. The quasi-first-order kinetic model and quasi-second-order kinetic model are shown in Eqs. (5) and (6), respectively.


ln⁡(Qe−Qt)=ln⁡Qe−K1t
(5)


t/tQt=Qt=1/1K2K2Qe2+t/tQeQe
(6)

where Qe (mg/g) and Qt (mg/g) are the adsorption amount when adsorption reaches equilibrium, and After t mins of adsorption, respectively, t (min) is the adsorption time, min, and K1 (min−1) and K2 (min−1) are the adsorption rate constants.

3  Results and Discussion

3.1 Effect of CAC and FGDG Mass Ratio on the Mineral Composition of PAG

In the composite cementitious system of CAC and FGDG, according to the principle of chemical reaction of cement: firstly, the aluminate minerals (CA, CA2) in CAC undergo a hydration reaction with water to produce CAH10, C2AH8, and AH3, and some of the CAH10 and C2AH8 transform into the stable C3AH6 with the temperature increasing. Secondly, CaSO4·0.5H2O in FGDG meets water to form CaSO4·2H2O and reacts rapidly with hydrated calcium aluminate to form AFt (3CaO·Al2O3·3CaSO4·32H2O). When CaSO4·0.5H2O is insufficient, Aft converts to AFm (3CaO·Al2O3·CaSO4·12H2O).

The hydration products of the above composite cementitious system depend on the mass ratio of CAC and FGDG. Combining the mineral composition of the two raw materials of CAC and FGDG (Tables 1 and 2), the hydration reaction equation and main hydration products under different mass ratios of CAC and FGDG were obtained by theoretical calculation, as shown in Table 3.
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The mineral composition and mineral morphology of the prepared porous material PAG with different mass ratios of CAC and FGDG were tested, as shown in Figs. 2 and 3, respectively.
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Figure 2: XRD patterns of PAG at different mass ratios of CAC and FGDG
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Figure 3: Mineral topography of PAG at different CAC to FGDG mass ratios

From Fig. 2, the following conclusions can be drawn: (1) In the pure CAC gelling system, CA and CA2 are rapidly hydrated by water, hydrated calcium aluminates (CAH10, CA3H6) and AH3 were produced. At the same time, there are poorly hydrated C2AS (PDF 73-2041, 2θ = 24.003°, 29.125°, 31.411°) and a small amount of unhydrated CA2 (PDF 46-1475, 2θ = 19.993°, 25.416°, 34.533°), CA (PDF 70-0134, 2θ = 30.078°, 35.398°, 44.768°). (2) In the CAC and FGDG composite gelling system, FGDG accelerates the hydration process of CAC, and the unhydrated CA and CA2 basically disappear, while new hydration product phases AFm (PDF 50-1607, 2θ = 17.790°, 21.993°, 32.215°), AFt (PDF 41-1451, 2θ = 15.812°, 22.947°, 35.013°), and CaSO4·2H2O (PDF 33-0311, 2θ = 11.676°, 20.779°, 29.146°) appear. In the composite gelling system of CAC and FGDG, the diffraction peaks of the AFm phase of the hydration products weakened, and those of the AFt phase increased with the increase of FGDG doping, and the AFm phase was partially transformed into the AFt phase, and the CaSO4·2H2O phase was significantly enhanced.

According to Fig. 3, when the mass ratio of CAC and FGDG was 1:0.2, the main minerals of the PAG are the petal-like flake type AFm phase and the fluffy spherical particles AH3. When the mass ratio of CAC and FGDG was 1:0.4, the main minerals of the PAG were the AFm phase with petal-like flakes, the AFt phase with needle-rod structure, and the fluffy spherical particles AH3. When the mass ratio of CAC and FGDG was 1:0.7, the main minerals of the PAG are mainly the needle-rod AFt phase interspersed in the AH3 gel.

3.2 Effect of CAC and FGDG Mass Ratio on the Fluoride Ion Adsorption and Analysis of the Adsorption Mechanism

From Fig. 4, the adsorption capacity and efficiency of PAG for fluoride ions tend to increase and then decrease as the mass ratio of CAC and FGDG decreases. Hydration CAC has a certain removal efficiency for fluoride ions, and its adsorption efficiency and adsorption capacity are 64.38% and 12.88 mg/g, respectively. When the mass ratio of CAC and FGDG was 1:0.2, 1:0.25, 1:0.4, 1:0.6, and 1:0.7, the adsorption efficiency of PAG on fluoride ions was 66.4%, 70.11%, 77.68%, 83.34%, and 89.56%, respectively, the adsorption capacities were 13.28, 14.02, 15.54, 16.67 and 17.91 mg/g, respectively, and the adsorption effect gradually increased with the decrease of the mass ratio of CAC and FGDG. When the mass ratio of CAC and FGDG was 1:1.0, 1:1.2, and 1:1.4, the adsorption efficiency of PAG on fluoride ions was 88.94%, 88.27%, and 84.38%, the adsorption capacity was 17.78, 17.65 and 16.87 mg/g, respectively, and the adsorption effect decreased gradually with the decrease of the mass ratio of CAC and FGDG. When the mass ratio of CAC and FGDG was 1:0.7, the adsorption effect of PAG on fluoride ions was highest.
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Figure 4: Effect of PAG prepared at different mass ratios of CAC and FGDG on F− adsorption rate and adsorption capacity

Calcium salts also show excellent adsorption for the removal of fluorine, where the adsorption mechanism is mainly the adsorption of fluorine to calcium-containing adsorption sites on the surface of the adsorbent, constituting a precipitation system. Aluminate cement hydrates to produce Al(OH)3 gels, which are complex to fluoride ions. Hydrotalcites (LDHs) are a class of natural, synthetic materials with good anion exchange capacity. AFm ({Ca4[Al(OH)6]2·2H2O}·SO4·mH2O), AFt ({Ca6[Al(OH)6]2·2H2O}·(SO4)3·nH2O), as the main hydration phases of silicate and sulphate aluminate cements, have a similar laminate structure of LDHs and exchangeable properties of interlayer anions.

Combining the mineral composition of PAG in Fig. 2 and the fluoride ion adsorption effect of PAG in Fig. 4, the following conclusions can be drawn: (1) Hydrated AH3, calcium aluminate hydrate (CAH10, C3AH6), Ca(OH)2 and unhydrated CA, CA2, C2AS existing in PAG prepared from pure CAC constitute the complexation and precipitation system of fluoride ions, and the system has certain fluoride removal function. (2) The PAG prepared by the CAC and FGDG composite system made up of AFm, AFt, CaSO4·2H2O, and the CAC hydration products constituted a complexation, precipitation, and ion exchange adsorption system for fluoride ions, and the system exhibited higher fluoride removal efficiency. (3) Theoretically, when the CAC and FGDG mass ratio decreases from 1:0.2 to 1:0.7, the hydration phase AFm in PAG increases and then decreases, AFt increases, and AH3 decreases, and the adsorption effect of PAG on fluorine ions gradually increases, indicating that the order of the adsorption effect of hydration phase on fluorine ions from weak to strong is AH3, AFm, and AFt. (4) CaSO4·2H2O as a fluorine ion precipitant has a certain fluoride removal effect, but the excessive amount of FGDG in the CAC and FGDG composite gelling system will weaken the fluorine ion exchange adsorption effect of AFt.

To analyze the adsorption mechanism of fluoride ions by the composite gelling system of CAC and FGDG, the PAG was prepared with the mass ratio of CAC and FGDG was 1:0.4, and the mineral composition of PAG before and after adsorption of fluoride ions was determined by XRD as shown in Fig. 5.
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Figure 5: The phase change of PAG before and after adsorption

From Fig. 5, the following conclusions can be drawn: (1) Before the adsorption of fluoride ions, the hydrated phases in the PAG were AFm, AFt, CaSO4·2H2O and AH3, which together constituted an exchange, complexation, and precipitation system for fluoride ions, in agreement with the results in Fig. 2. (2) After adsorption of fluoride ions, new fluorides CaF2 (2θ = 34.991°, 45.336°) and AlF3 (2θ = 25.618°) were generated in the PAG, while the main peaks of the CaSO4·2H2O phase largely disappeared. The characteristic peaks of the AFm and AFt phases remained largely unchanged.

The results in Fig. 5 only demonstrate the existence of the calcium ion precipitation mechanism (CaSO4·2H2O) and the complexation adsorption mechanism of activated alumina (AH3) for the adsorption of fluoride ions by the PAG adsorbent material prepared from the CAC and FGDG composite gelling system, which is difficult to explain the ion exchange adsorption mechanism of the AFm and AFt phases. Therefore, When the mass ratio of CAC and FGDG was 1:0.4, the elemental composition and distribution characteristics of AFm and AFt phases in PAG before and after the adsorption of fluoride ions, were determined by SEM-EDS, as shown in Figs. 6 and 7.
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Figure 6: SEM morphology and F− distribution of PAG after adsorbed fluoride ions
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Figure 7: SEM morphology of PAG and energy spectrum point sweep before and after fluoride ion adsorption. (a) and (b) Before adsorption; (a*) and (b*) After adsorption

Fig. 6 shows that there were a large number of flakes AFm and short needles and rods AFt phases in the PAG composite, and the fluorine element was widely distributed in the AFm and AFt phases after treatment of fluoride-containing water samples by PAG. Fig. 7a shows that the elemental composition of the petal-like AFm phase before the adsorption of fluorine ions by PAG is O, Al, Ca, and S, which is consistent with the elemental composition of the AFm phase. After the adsorption of fluorine ions by PAG, the elemental composition of the AFm phase is O, Al, Ca, S, and F, as shown in Fig. 7a*, which proves that the fluorine ions have partially entered the AFm crystal structure and formed a new F-AFm phase through the exchange with SO42− ions. The results in Fig. 7b show that the elemental composition of the short needle-rod AFt phase before the adsorption of fluorine ions by PAG is O, Al, Ca, and S, which is consistent with the elemental composition of the AFt phase. After the adsorption of fluorine ions by PAG, the elemental composition of the AFt phase is O, Al, Ca, S, and F, as shown in Fig. 7b*, which proves that the fluorine ions have partially entered the AFt crystal structure through exchange with SO42− ions to form a new F-AFt phase. As for the results of the measurement, the characteristic peaks of the AFm and AFt phases before and after the adsorption of fluoride ions by the PAG remained basically unchanged, which is because the radius of the fluoride ions is much smaller than that of the SO42− ions and the effect on their lattice parameters is not obvious after entering the AFm and AFt phases.

To further characterize the extent of exchange adsorption of AFm or AFt relative to fluoride ions, PAG (CAC and FGDG at mass ratio 1:0.2) was used as an adsorbent, deionized water (blank group) and sodium fluoride solution (experimental group) with the F− concentration of 100 mg/L were used as adsorbate to carry out the parallel adsorption experiment at the mass ratio of PAG to adsorbate is 1:200. Choosing the mass ratio of CAC to FGDG at 1:0.2 is to minimize the influence of SO42− released by the reaction of CaSO4·2H2O with fluoride ions on ion-exchange adsorption.

The exchange adsorption capacity of AFm or AFt for fluoride ions was investigated, and the results are shown in Fig. 8.
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Figure 8: Changes in SO42− concentration in solution before and after adsorption of fluoride ions by PAG

As shown in Fig. 8, in deionized water, the concentration of SO42− dissolved from AFm or AFt was around 150 mg/L. In sodium fluoride solution, the concentration of SO42− was around 210 mg/L due to the presence of ion exchange adsorption of AFm or AFt phase. So it is directly proved that PAG adsorbent material has a higher defluorination effect due to ion exchange adsorption of AFm or AFt phase. Repeated experiments were carried out to avoid chance events due to experimental errors, indicating that the data are somewhat reliable.

The results of the above studies showed that the PAG contains hydrated phases such as AFm, AFt, CaSO4·2H2O, and AH3, which achieve good fluoride removal effects through ion exchange, complexation, and precipitation mechanisms. The AFm or AFt phases significantly improve the fluoride removal effect of CAC on fluorinated wastewater through ion exchange adsorption.

3.3 PAG on F − Adsorption Isotherms and Adsorption Kinetics

3.3.1 Isothermal Model for PAG Adsorbent Adsorption

The adsorption isotherm is often used to describe the interaction between the adsorbent and the adsorbate, and to reflect the adsorption performance of the adsorbent [35]. Commonly used adsorption isotherm models are the Langmuir model and the Freundlich model, which are based on completely uniform monolayer adsorption and heterogeneous adsorption of adsorbent, respectively [36].

The isothermal adsorption test data are shown in Table 4, the resulting fitted curves are shown in Fig. 9, and the adsorption isotherm parameters are shown in Table 5.
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Figure 9: PAG adsorption isotherm fitting: (a) Langmuir adsorption isotherm; (b) Freundlich adsorption isotherm
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The Langmuir and Freundlich models were curve-fitted and the resulting fitted curves are shown in Fig. 9, and the results of the fitted parameters are expressed in Table 5. Comparing the R2 of the fitted equations of the two adsorption models, the R2 is 0.93916 in the Langmuir model, the R2 is 0.90408 in the Freundlich model. The Langmuir adsorption model is a better fit than the Freundlich one, so the adsorption of F− in an aqueous solution by PAG tends to be more like monolayer adsorption. The theoretical maximum adsorption capacity is 108.70 mg/g and is similar to the measured value of 112.77 mg/g.

3.3.2 PAG Adsorption Kinetic Model

Adsorption kinetic models are commonly used to study the various characteristics of the adsorption process. The quasi-first-order and quasi-second-order kinetic models are used to determine the liquid-solid adsorption process’s controlling factors and analyze the adsorption mechanism [37]. The quasi-first-order kinetic model is suitable for describing the initial stages of the adsorption process. The quasi-second-order kinetic model describes the process of diffusion and adsorption, which is accompanied by chemical bond formation [38].

The isothermal adsorption test data are shown in Table 4, the Quasi-first-order kinetic model and Quasi-second-order kinetic model were used to fit the absorption kinetic curves, and the resulting fitted curves are shown in Fig. 10, and adsorption kinetic parameters are shown in Table 6.
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Figure 10: Fitting of PAG adsorption kinetics: (a) Quasi-first-order kinetic model; (b) Quasi-second-order kinetic model
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As can be seen from the fitted parameters of the adsorption kinetics in Table 6, when the initial concentration of fluoride ions was 300 and 500 mg/L, the fit coefficients R2 were all close to 1 for both the quasi-first-order kinetic model and quasi-second-order kinetic model. However, the simulated adsorption values fitted by quasi-first-order kinetic model were closer to the measured values, indicating that most of the F− completed adsorption on the surface of the adsorbent. A small proportion of the ions diffused into the interior of the adsorbent. The adsorption mechanism consisted of physical and chemical adsorption, but physical adsorption was more dominant. When the initial concentration of fluoride ions was 100 and 200 mg/L, the quasi-second-order kinetic model better describes the adsorption process than the quasi-first-order kinetic model. There was a large number of chemical bonds forming during the adsorption of F− by the PAG adsorbent, so the adsorption process was dominated by chemical adsorption.

The theoretical adsorption capacity calculated by fitting the quasi-secondary kinetic equation is closer to the experimentally measured value than the calculated value from the quasi-first-order kinetic equation, and the fitted correlation coefficient is high, suggesting that the process of fluoride ion adsorption by PAG may be dominated by chemisorption. The quasi-secondary reaction kinetic model includes all processes of adsorption, such as ion exchange, membrane diffusion, surface adsorption, and intraparticle diffusion, therefore, it provides a realistic and comprehensive picture of the kinetics of fluoride ion adsorption by PAG [39,40].

The above analysis shows that the adsorption of F− by PAG consists of two processes: diffusion and adsorption. In the early stage of the adsorption, a large concentration difference produces a great mass transfer capacity, which encourages F− to migrate to the inner pores of the porous material and bind to the adsorption sites on the pore walls. In the later stages of adsorption, the slow diffusion of F− hinders the maximum adsorption potential of the PAG. The fitting results of adsorption kinetics showed that the adsorption process of F− by PAG was a combination of physical adsorption, chemical adsorption, and ion exchange, which achieved fast and efficient adsorption results.

4  Conclusions

Self-supported porous composites loaded with AFm and AFt were prepared using aluminate cement and flue gas desulfurization gypsum as raw materials by chemical foaming technology. The mineral composition of the adsorbent material prepared from a composite cementitious system consisting of CAC and FGDG was characterized by XRD and SEM. Through the static adsorption experiment, the adsorption effect of the mineral composition of the adsorbent on fluoride ion was deeply analyzed, and the adsorption mechanism was revealed. The conclusions are as follows:

(1)   The hydration product phases of the composite cementitious system composed of different proportions of CAC and FGDG are basically the same, mainly AFt, AFm, AH3, and CaSO4·2H2O.

(2)   When the mass ratio of CAC and FGDG was 1:0.2 and 1:0.4, AFm and AH3 played a major role in adsorption of fluoride ions. When the mass ratio of CAC and FGDG was 1:0.6 and 1:0.7, the main adsorption effect on fluoride ions is AFt, AH3. When the mass ratio of CAC and FGDG was less than 1:0.7, the adsorption effect on fluoride ions decreased with increasing gypsum admixture. AFt and AFm significantly promote the adsorption effect of fluoride ions.

(3)   The isothermal adsorption curves of fluoride ions by the adsorbent materials prepared from the composite cementitious system of aluminate cement and FGD gypsum are in accordance with the Langmuir model. The adsorption process is monolayer adsorption, and the theoretical maximum adsorption capacity is 108.70 mg/g, similar to the measured value of 112.77 mg/g.

(4)   The fitting results of adsorption kinetics showed that the adsorption process of F− by PAG was a combination of physical adsorption, chemical adsorption, and ion exchange, which achieved fast and efficient adsorption results.
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Table 1: Mineralogical composition (mass fraction) of CAC (w/%)
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Table 3: Equations of hydration reactions for aluminate cement and flue gas desulfurization hemihydrate
gypsum

CAC:FGDG (Mass ratio) Reaction equation

>1:0.21 3CA—|—C§—|—18H — AFm + 2AH;
3CA, +C § +27H — AFm + 5AH;

<1:0.63 3CA + 3CS +37H — AFt + 2AH;
3CA, + 3C § +46H — AFt + 5AH;
CS+1.5H,0 — CS + Q

Note: CA is monocalcium aluminate, CA, is Monocalcium dialuminate, C,AHg is dicalcium
aluminate hydrate, AH; is hydrated alumina gel, AFt is trisulfide calcium sulphoaluminate hydrate,

AFm is Monosulfur calcium sulphoaluminate hydrate, CS is hemihydrate gypsum, CS is dihydrate
gypsum, H is water, Q is the heat of reaction.
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Table 6: PAG adsorption kinetic parameters

Adsorbent concentration (mg/L) Qe 1 Quasi-second-order kinetic Quasi-second-order kinetic
(mg/g) model model
Kimin") Q. R*  Ky(min) Qs R
(mg/g) (mg/g)
100 18.95 0.0281 18.13  0.7244 0.0023 19.50  0.9990
200 37.44 0.0154 37.44 09012 0.0007 40.27  0.9933
300 55.84 0.0165 55.02 0.9802 0.0005 59.49  0.984

500 89.56 0.0123 89.41 0.9500 0.0002 100.7 0.9921
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Table 4: F isothermal adsorption test data of PAG

The initial concentration (mg/L) 20 50 100 200 300 400 500 600
Equilibrium concentration C, (mg/L) 12.82 14.68 16.08 23.10 33.19 54.62 7848 112.77
Adsorption capacity Q. (mg/g) 36.90 32.00 29.89 3538 4939 69.08 84.30 77.77
Co/Qe 035 046 054 065 067 079 093 145
logC. 1.108 1.167 1.206 1.364 1.521 1.737 1.895 2.052
logQ. 1.567 1.505 1.476 1.549 1.694 1.839 1.926 1.891
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Table 2: Mineral composition of FGDG (w/%)

CaSO405H20 CaMg(C03)2 K20A12036SIOZ CﬁCOg A1203 F@zOg MgO

85 5.5 3.8 1.5 0.9 1.2 2.1
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Table 5: PAG adsorption isotherm parameters

Langmuir model Freundlich model

K7 (L/mg) 0,, (mg/g) R* Kt 1/n R*

0.03 108.70 0.93916 8.85 0.48714 0.90408
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