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Abstract

:

In the current study, we investigated the kinetics and thermodynamics of phosphorus removal by zeolite/steel slag/fly ash/basalt (ZSFB) composite fiber. Kinetic analysis indicated that the adsorption of phosphorus is best fitted with the pseudo-second-order model. The maximum adsorption capacity of the fiber calculated by the Langmuir model was found to be 4.18 mg/g and the partition coefficient was 1.49 mg/g/µM. Thermodynamics results revealed that the Gibbs free energy ΔG0 of the composite fiber was negative, indicating that the adsorption is a spontaneous process; the standard enthalpy of reaction ΔH0 was positive, indicating that the adsorption is endothermic. Adsorption under different influencing factors and desorption experiments were conducted to investigate the phosphorus removal characteristics of ZSFB composite fiber. Dynamic adsorption and the phosphorus removal experiment were also conducted in a fixed-bed reactor to study factors affecting the time of breakthrough. Results indicate that the performance of ZSFB composite fiber was not relatively outstanding compared with nanomaterials and magnetic composites. However, its performance has already met the class A demands of “discharge standard of pollutants for municipal wastewater treatment plant” (GB18918-2002) which means it can be applied to remove phosphorus from real wastewater in a cost-effective way with low-priced raw materials.
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1. Introduction


With growing population levels, urbanization and the development of industry and agriculture, a large amount of wastewater is discharged into natural water, resulting in deteriorating water quality and frequent eutrophication [1]. Phosphorus is the minimum limiting factor for eutrophication, and phosphorus removal is the key to preventing eutrophication [2]. Therefore, the development of a cost-effective and widely applicable phosphorus removal material is an important research direction for reducing phosphorus emissions and controlling eutrophication.



The removal methods of phosphorus from wastewater mainly include biological methods, chemical methods and adsorption methods. The biological phosphorus removal process is complicated and the effluent stability is poor [3]. Although the chemical treatment method has a good treatment effect, the phosphorus removal materials are mostly industrial products, such as lime, aluminum salt, iron salt, ferrous salt and magnesium salt. The high cost of phosphorus removal materials, large amount of sludge and risk of secondary pollution is a major barrier to utilize the chemical method in practical applications [4]. However, the adsorption method is suitable for treating solute contaminants in low-contaminant solution, and has the advantages of high efficiency and low consumption, and at the same time, the purpose of fully utilizing the adsorbent and recovering phosphorus resources can be achieved by desorption [5]. High-efficiency phosphorus removal materials with strong adsorption capacity, good chemical stability and low water flow resistance need to be investigated to separate phosphorus from wastewater.



The traditional adsorbents are mostly granular or powdered (such as granular activated carbon (GAC), powdered activated carbon (PAC), iron oxide and alumina) and it is difficult to separate the solids from the liquid [6]. Researchers have made many improvements, for example, Qin et al. created a ceramic granular adsorbent with fly ash as the main raw material [7]. Hu et al. prepared a Fe3O4-BC (biochar-supported nano-ferric oxide) composite by chemical coprecipitation method using biochar as a carrier, and applied it to the adsorption and removal of phosphate from wastewater [8]. Niu et al. prepared a functional fiber from chitosan and cotton fiber and used it to remove Cu2+ and Pb2+ from aqueous solution. The maximum adsorption capacity of Cu2+ and Pb2+ was 95.24 mg/g and 144.93 mg/g, respectively [9]. However, these adsorbent preparation processes are complicated and difficult to apply in large-scale wastewater treatment projects. This paper has developed a new fibrous composite adsorbent with traditional adsorbents as the substrates.



This study investigated zeolite and two kinds of industrial waste residue (steel slag and fly ash), and prepared zeolite/steel slag/fly ash/basalt (ZSFB) composite fiber. Static adsorption experiments were carried out to investigate the isothermal adsorption characteristics, adsorption kinetics, influencing factors and desorption of ZSFB composite fiber. To simulate the actual flow, a continuous flow fixed-bed dynamic adsorption experiment was conducted to investigate the characteristics of dynamic adsorption and phosphorus removal. The time of breakthrough was set as the reference index to investigate the influence of influent flow rate, filler mass and influent concentration on phosphorus removal. The results can provide guidance for the further development and engineering application of this material.




2. Materials and Methods


The ZSFB composite fiber was prepared by wet spinning using 400 mesh modified zeolite, steel slag, fly ash as adsorption substrates, cellulose acetate as a forming substrate, basalt fiber as a reinforcement substrate and acetone solution as the solvent. The optimum mass ratio of ZSFB composite fiber was 100:5:15:10:0.8 (cellulose acetate:zeolite:steel slag:fly ash:basalt fiber). With an average diameter of 0.5~0.6 mm, specific surface area of 26.194 m2/g, total pore volume of 0.145 cm3/g and average aperture of 43.014 nm, the ZSFB composite fiber had good water stability.



2.1. Static Adsorption and Phosphorus Removal Experiment of ZSFB Composite Fiber


2.1.1. Adsorption Isotherm Model


Langmuir Adsorption Isotherm Model


The model assumes that the adsorption is a monolayer adsorption and the adsorption sites on the surface have the same force on the adsorbate. If a site is occupied by the adsorbate, the site no longer adsorbs other adsorbates. In the process of adsorption, as the adsorption sites are occupied, it is more and more difficult for the adsorbates to find available adsorption sites, so the adsorption rate slows down until the adsorption equilibrium is reached [10], as shown in Equation (1):


Qe = QmKLCe/(1 + KLCe).



(1)







Converted to a linear form:


Ce/Qe = Ce/Qm + 1/QmKL.



(2)







In the equations above, Qe indicates the adsorbed amount (mg/g) of the adsorbate per unit mass of adsorbent until adsorption equilibrium, Qm represents the maximum adsorbed amount in the saturated state (mg/g), Ce indicates the concentration of the adsorbate in the solution at adsorption equilibrium (mg/L) and KL is the Langmuir constant (L/mg), which represents the affinity of the adsorbent for the adsorbate. Ce/Qe is plotted against Ce and linearly fitted, Qm can be obtained from the slope of the line and KL can be obtained from the intercept.




Freundlich Adsorption Isotherm Model


The Freundlich model is an empirical model that assumes that the adsorption process is a monolayer adsorption that occurs on an uneven surface and is suitable for lower concentration. The disadvantage is that the maximum adsorption capacity cannot be estimated [11]. The equation is as follows:


Qe = KFCe1/n.



(3)







Converted to a linear form:


logQe = logKF + 1nlogCe.



(4)







Among these equations, KF and n are Freundlich constants. The value of KF can reflect the adsorption affinity and the maximum adsorption capacity of the adsorbent to some extent. The larger the KF, the larger the maximum adsorption capacity. The value of n can reflect the difficulty of adsorption, and the larger the value of n, the easier the adsorption occurs. It is generally considered that the value of n of the effective adsorbent is between 2 and 10 [12]. logQe is plotted against logCe and linearly fitted, n can be obtained from the slope, and KF can be obtained from the intercept [13].





2.1.2. Adsorption Thermodynamics


According to adsorption thermodynamics, the adsorption mechanism can be further investigated. The most commonly used adsorption thermodynamic model is the van ’t Hoff model, and the Gibbs free energy (ΔG0, the part of the internal energy that can be converted into external work), the standard enthalpy of reaction (ΔH0, the enthalpy change in a system by a given chemical reaction when all reactants and products are in their standard states) and the entropy of the system (ΔS0, a measure of the unavailable energy in a closed thermodynamic system [14]) can be calculated using the van ’t Hoff equation. The equations are as follows:


lnKD = −ΔH0/RT + ΔS0/R,



(5)






ΔG0 = ΔH0 − TΔS0,



(6)






ΔG0 = −RTlnKD.



(7)







Among them, KD is the equilibrium constant, R is the gas constant (8.314 J/mol·K) and T is the absolute temperature (K). According to the calculation, if the value of ΔG0 is a negative, the adsorption reaction can conduct spontaneously, and the larger the absolute value of ΔG0, the higher the degree of spontaneous reaction.




2.1.3. Experiment on Isothermal Adsorption


Seven groups of 1 g of ZSFB composite fiber were prepared and placed in 250 mL conical flasks, and 100 mL potassium dihydrogen phosphate (KH2PO4) solution was added with a concentration of 5, 10, 30, 60, 100, 150 or 200 mg/L (calculated by phosphorus concentration) for each group, respectively. The conical flasks were placed in a water bath thermostatic oscillator for 48 h adsorption at 25 °C with a speed of 150 r/min. Then, the adsorption solution was extracted with a syringe, and the concentration of phosphorus in the adsorption solution was measured by the ammonium molybdate spectrophotometric method. The phosphorus adsorption capacity of the composite fiber was calculated, and the adsorption isotherm was drawn based on the results. The experiments were also conducted at 15 and 35 °C with the same method.




2.1.4. Experiment on Adsorption Kinetics


Eight groups of 1 g of ZSFB composite fiber were prepared and placed in 250 mL conical flasks, and 100 mL KH2PO4 solution was added with a concentration of 5 mg/L. The conical flasks were placed in a water bath thermostatic oscillator for adsorption at 25 °C with a speed of 150 r/min. The adsorption time for each group was 2, 4, 8, 12, 18, 24, 30, and 48 h, respectively. Then, the adsorption solution was extracted with a syringe, and the concentration of phosphorus was measured by the ammonium molybdate spectrophotometric method. The phosphorus adsorption capacity of the composite fiber was calculated, and the adsorption kinetic curve was drawn based on the results. The experiments were also conducted with the same method at 15 and 35 °C, and conducted with a different initial phosphorus concentration (10, 15 and 20 mg/L) at each temperature.




2.1.5. Influencing Factors


Experimental influencing factors, such as the dosage of the composite fiber, pH value, type of anion in solution and ammonium concentration were considered.



	
Dosage: 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, 4.0, 4.5 and 5.0 g of ZSFB composite fibers were placed respectively in a 250 mL conical flask, and 100 mL KH2PO4 solution was added with a concentration of 10 mg/L.



	
pH level: three groups of KH2PO4 solution with a concentration of 10 mg/L were prepared, and the pH level of the solution of each group was adjusted to 4, 7, and 10 by adding HCl and NaOH solution. Then, 100 mL of three different pH level KH2PO4 solutions were placed into 250 mL conical flasks, and 1 g of the composite fiber was added to each group.



	
Anion: 24 groups of KH2PO4 solution with a concentration of 10 mg/L were prepared. By adding Na2SO4, NaCl, NaNO3 and Na2CO3 solutions, the concentrations of anions (SO42−, Cl−, NO3− and CO32−) in solution were adjusted to 0, 2, 4, 6, 8 and 10 mmol/L, respectively. Then, 100 mL six-different-anion-concentration KH2PO4 solutions were taken and placed in 250 mL conical flasks. For each group, 1 g of the composite fiber was added and put into a water bath thermostatic oscillator.



	
Ammonium concentration: seven groups of KH2PO4 solution with a concentration of 10 mg/L were prepared, and NH4Cl solution was added to each group to adjust the concentration of NH4+ to 0, 100, 200, 300, 400, 500 and 600 mg/L. Then, 100 mL KH2PO4 solution of each group was placed into a 250 mL conical flask, and 1 g of the composite fiber was added to each group.






The conical flasks were placed in a water bath thermostatic oscillator for 48 h adsorption at 25 °C with a speed of 150 r/min. After adsorption, the solution was extracted with a syringe, and the concentration of phosphorus was measured by the ammonium molybdate spectrophotometric method [15]. The adsorption capacity and the removal rate were then calculated.




2.1.6. Desorption


	
Desorption in clear water: seven groups of 1 g of ZSFB composite fiber were placed into 250 mL conical flasks, and 100 mL of KH2PO4 solution was added with concentrations of 5, 10, 30, 60, 100, 150 and 200 mg/L. The conical flasks were placed in a water bath thermostatic oscillator for 48 h adsorption at 25 °C with a speed of 150 r/min. After adsorption, the solution was extracted with a syringe, and the concentration of phosphorus was measured by the ammonium molybdate spectrophotometric method. The adsorption capacity and the removal rate of phosphorus were calculated. Then, the composite fiber was rinsed with distilled water three times, then air-dried and placed in a 250 mL conical flask. 100 mL distilled water was added thereto, and the conical flasks were placed in a water bath thermostatic oscillator at 25 °C and at 150 r/min for 48 h desorption.



	
Desorption in hot water: the steps are the same as that in clear water, but in the last step, the conical flasks were placed in a water bath thermostatic oscillator at 80 °C and at 150 r/min for 48 h desorption.



	
Desorption in sulfuric acid solution: five groups of 1 g of the composite fiber were placed into 250 mL conical flasks, and 100 mL KH2PO4 solution was added with a concentration of 10 mg/L. The conical flasks were placed in a water bath thermostatic oscillator for 48 h adsorption at 25 °C with a speed of 150 r/min. After adsorption, the solution was extracted with a syringe, and the concentration of phosphorus was measured by the ammonium molybdate spectrophotometric method. The adsorption capacity and the removal rate of phosphorus were calculated. Then, the composite fiber was rinsed with distilled water three times, then air-dried and placed in a 250 mL conical flask. After that, 100 mL H2SO4 solution with concentrations of 0.01, 0.05, 0.1, 0.5 and 1.0 mol/L were prepared and put into the conical flasks, and the conical flasks were placed in a water bath thermostatic oscillator at 25 °C and at 150 r/min for 48 h desorption.






After desorption, the solutions were collected using syringes, and the concentrations of phosphorus were measured by the ammonium molybdate spectrophotometric method to calculate the desorpbed amount and the desorption rate.





2.2. Dynamic Adsorption and Phosphorus Removal Experiment of ZSFB Composite Fiber


The dynamic phosphorus removal characteristics of the adsorbent were analyzed by fixed-bed adsorption. When the wastewater continuously flowed through the adsorption layer of the fixed bed, the pollutants in the wastewater were adsorbed and removed by the adsorbent, and the concentration of effluent pollutant was almost zero. However, as the adsorption progressed, the adsorbent in the upper part of the bed tended to be saturated, and the active area moved downward. When moving to the bottom of the bed, the concentration of effluent pollutants exceeded the threshold, at which breakthrough occurred [16]. When the concentration of effluent pollutants reaches 2~5% of the influent pollutant concentration, it can be considered that the adsorbent bed is saturated [17]. In the actual wastewater treatment, if the breakthrough occurs, the concentration of effluent pollutants will soon exceed the standard [18]. Therefore, the absorbents need to be reactivated, regenerated or replaced.



2.2.1. The Fixed-Bed Dynamic Adsorption Experimental Apparatus


The adsorption column used in the fixed-bed reactor was an acrylic plexiglass tube with a diameter of 20 mm. The peristaltic pump was used to extract the phosphorus-containing wastewater (simulated by KH2PO4 solution) through the adsorption column from the bottom to the top at a certain flow rate. Samples were taken every 0.5 h to measure phosphorus concentrations until the adsorption column was saturated. In this experiment, we set the standard for adsorption column breakthrough when the effluent phosphorus concentration reached 5% of the influent phosphorus concentration [19]. The schematic diagram of the dynamic adsorption experimental apparatus is shown in Figure 1.




2.2.2. Experiment on Factors Affecting Bed Breakthrough


	
The effect of influent flow rate: 30 g of the composite fiber was packed in the adsorption column. KH2PO4 solution of 10 mg/L was used to simulate phosphorus-containing wastewater. The influent flow rates were 1.0, 1.5 and 2.0 mL/min. Samples were taken every 0.5 h until breakthrough, and the concentration of phosphorus in the adsorbent was measured by the ammonium molybdate spectrophotometric method.



	
The effect of filler mass: 20, 30 and 40 g of the composite fibers were packed in the adsorption column. KH2PO4 solution of 10 mg/L was used to simulate phosphorus-containing wastewater. The influent flow rates were 1.5 mL/min. Samples were taken every 0.5 h until breakthrough, and the concentration of phosphorus in the adsorbent was measured by the ammonium molybdate spectrophotometric method.



	
The effect of influent concentration: 30 g of the composite fiber was packed in the adsorption column. KH2PO4 solutions of 5, 10 and 20 mg/L were used to simulate phosphorus-containing wastewater. The influent flow rates were 1.5 mL/min. Samples were taken every 0.5 h until breakthrough, and the concentration of phosphorus in the adsorbent was measured by the ammonium molybdate spectrophotometric method.









3. Results and Discussion


3.1. Experiment on Static Adsorption and Phosphorus Removal


3.1.1. Adsorption Thermodynamics


Adsorption Isotherm


Figure 2 shows the adsorption isotherms of the composite fiber at different temperatures—the equilibrium adsorption capacity Qe of the composite fiber increased with increasing temperature (from 15 to 35 °C) as equilibrium concentration Ce increased. When Ce was low, Qe increased rapidly with the increase of Ce. As Ce continued to increase, the increase of Qe gradually declined, and nearly stopped, which can be explained by the saturation of the composite fiber. The data were fitted by the Langmuir isotherm equation and the Freundlich equation [20]. The calculated parameters are listed in Table 1.



The fitting results indicate that the adsorption of phosphorus by ZSFB composite fiber is better fitted with the Langmuir adsorption isotherm model (Table 1). The value of R2 of >0.99 indicates that the adsorption of phosphorus by the composite fiber was mainly monolayer adsorption [21]. At 15, 25 and 35 °C, the maximum adsorption capacity Qm was 3.745, 3.905 and 4.177 mg/g, respectively. It can be seen that Qm increased with the increase of temperature, indicating that in a proper temperature range, higher temperature is conducive to the adsorption. The Freundlich adsorption isotherm model can also fit the isothermal adsorption process on phosphorus, but the accuracy of fitting deteriorates with increasing temperature. The constants KL and KF increased with the increase of temperature, indicating that the temperature rise is beneficial to enhance the adsorption capacity for phosphorus. The constant n was greater than 2, and increased with the increase of temperature, indicating that the adsorption of phosphorus is easy and the temperature rise has a promotive effect on adsorption.




Thermodynamic Parameters


The equilibrium constant KD can be replaced by the Langmuir coefficient KL for adsorption occurring in low concentration solutions, but the unit of KL must be L/mol [22]. The unit used in this test is L/mg, so the unit conversion is required. Combining the molar mass of phosphorus (31 g/mol), KD can be calculated, which is 31000 KL. By substituting KD into the equation, ΔG0 can be obtained; then, by linearly fitting lnKD with 1/T (Figure 3), ΔH0 can be obtained from the slope and ΔS0 can be obtained from the intercept. The thermodynamic parameters are shown in Table 2.





3.1.2. Adsorption Kinetics


Adsorption Kinetics at Different Initial Concentrations


The adsorption rate was fast after the start of adsorption, and gradually became slower with time until the adsorption equilibrium was reached (Figure 4). When the adsorption time was the same, the higher the initial concentration, the larger the adsorbed amount of phosphorus. The initial concentration affected the phosphorus removal performance mainly in two aspects: First, the higher the initial concentration, the denser the phosphorus in the solution, and the easier it was to collide with the surface of the composite fiber to be adsorbed. Second, higher concentration led to greater concentration difference between the liquid film on the surface of the composite fiber and phosphorus. It also increased the driving force for the diffusion of phosphorus to the surface of the composite fiber. It can also be seen from the trend of the curve that the higher the initial concentration, the longer the time required for the adsorption to reach equilibrium. For example, when the initial concentration was 5 mg/L, the composite fiber reached the adsorption equilibrium after 18 h; while when the initial concentration was 20 mg/L, it took more than 48 h. The experimental data were put into pseudo-first-order and pseudo-second-order kinetic equations, and the relevant parameters were obtained (as described in Table 3).



The fitting results show that the pseudo-second-order kinetic model can accurately describe the adsorption kinetics, and the value of R2 > 0.99, indicating that the adsorption of phosphorus by the composite fiber, was mainly the chemical adsorption process [23]. At the initial concentrations of 5, 10, 15 and 20 mg/L, the R2 of the pseudo-second-order kinetic model was higher than that of the pseudo-first-order kinetic model. It was found that the adsorption rate constant K2 decreased as the initial concentration increased, as the surface area and the adsorption sites of the adsorbent were constant when the amount of the adsorbent was constant. When the solution concentration increased, the total amount of the adsorbate increased, which reduced the probability of a single adsorbate binding to the adsorbent site, and thus K2 decreased [24]. Using the pseudo-second-order kinetic model, the equilibrium adsorption capacity Qe at initial concentrations of 5, 10, 15 and 20 mg/L was 0.452, 0.918, 1.395 and 1.826 mg/g, respectively. It shows that increasing the concentration can increase the adsorption capacity of the composite fiber.




Adsorption Kinetics at Different Temperatures


The adsorption rate was fast after the start of adsorption, and gradually became slower with time until the adsorption equilibrium was reached (Figure 5). When the adsorption time was the same, the higher the initial concentration, the larger the adsorption amount of phosphorus. The experimental data were put into the pseudo-first-order kinetic model and the pseudo-second-order kinetic model equations, and the relevant parameters were calculated (Table 4). The equilibrium adsorption capacity Qe of ZSFB composite fiber at 15, 25 and 35 °C was 0.831, 0.918 and 0.976 mg/g, respectively, which revealed that the increase of temperature could increase the adsorption capacity of the composite fiber.





3.1.3. Influencing Factors


Effect of Adsorbent Dosage on Phosphorus Removal


The more the fiber was dosed, the higher the phosphorus removal rate, but the lower the adsorption capacity (Table 5). When the fiber dosage increased, the usable surface area of the fiber increased. More adsorption sites for phosphorus exist, and the phosphorus was more easily combined with the active sites and hence was removed; however, since the total amount of phosphorus in the solution was constant, the amount of phosphorus adsorbed per unit mass of the composite fiber decreased as the dosage of the composite fiber increased. When the dosage was small, the removal rate of phosphorus increased rapidly. For example, the removal rate of adding 1 g of the composite fiber was 14.71% higher than that of adding 0.5 g. When continuing to increase the dosage, the positive effect on removal rate gradually decreased until it stopped as the phosphorus was completely removed. When the dosage was 3.5g, the residual phosphorus concentration was 0.327 mg/L, which met the class A demands of “discharge standard of pollutants for municipal wastewater treatment plant” (GB18918-2002) with an adsorption capacity of 0.276 mg/g. Therefore, the ZSFB composite fiber can be applied to the advanced phosphorus removal, and it can be considered that the optimum dosage is 3.5 g at a phosphorus concentration of 10 mg/L. However, for the difference in phosphorus concentration in different sewage treatment plants, it is necessary to conduct experiments to determine the optimal dosage for each plant.




Effect of pH Level on Phosphorus Removal


The phosphorus removal performance was best when the pH level was 4 with a removal efficiency of 90%, and the phosphorus removal performance at pH 10 was slightly better than that at pH 7 (Figure 6). Therefore, we can conclude that in the range of pH 4 to 10, the acidic condition is beneficial to improve the phosphorus removal performance of the composite fiber, and the alkaline condition has little effect on that. This is because under acidic conditions, the composite fiber releases more metal ions, such as Fe3+ and Ca2+, which combine with the phosphate to form precipitates, and the phosphorus is removed. Under alkaline conditions, although the release of metal ions is inhibited, Fe3+ combined with the modified adsorption substrates easily forms Fe(OH)3 flocculant on the surface of the fiber, which is beneficial to the adsorption and precipitation of phosphate. Moreover, the activity of the alkali-activated adsorption substrates will be improved, so the overall performance of the composite fiber is slightly improved under alkaline conditions [25]. Therefore, compared with the neutral condition, the acidic or alkaline conditions (4 ≤ pH ≤ 10) did not reduce the phosphorus removal effect of the composite fiber. It can be seen that the composite fiber performed well under both acidic and alkaline conditions.




Effect of Ammonium on Phosphorus Removal


The removal rate of phosphorus increased with the increase of ammonium concentration (Figure 7). When the ammonium concentration was lower than 100 mg/L, the removal rate was obviously smaller than 88%. When the ammonium concentration was higher than 100 mg/L, the removal rate increased slowly with the increase of ammonium concentration. When the ammonium concentration exceeded 400 mg/L, the removal rate no longer increased. The reason for this was that the metal cations, such as Fe3+ and Ca2+, in the adsorbent substrate can be ion-exchanged with NH4+ and combined with the phosphate to form precipitates [26]. The result indicates that ammonium promotes the adsorption of phosphorus by the composite fiber.




Effect of Anions on Phosphorus Removal


The effects of SO42−, Cl−, NO3− and CO32− on the phosphorus removal efficiency of ZSFB composite fiber were studied (Figure 8). The figure indicates that SO42−, Cl− and NO3− had little effect on the phosphorus removal in the concentration range of 0~10 mmol/L. However, CO32− had an inhibitory effect on the phosphorus removal. The higher the CO32− concentration, the lower the removal rate of phosphorus. The reason is that Ca2+ can also combine with CO32− to form CaCO3 precipitate, which will compete with the phosphate and cause the removal rate to reduce.





3.1.4. Adsorption Stability


Desorption in Clean Water


In Table 6, the results for the desorption of ZSFB composite fiber in clean water are listed. We can see that the desorption rate increased with the increase of the adsorption mass (as phosphorus), but the overall desorption rate was very low (< 1%), which indicates that the composite fiber had strong adsorption to phosphorus and can be applied to remove phosphorus in wastewater and surface water. According to the previous analysis, the adsorption of phosphorus by the composite fiber was mainly chemical adsorption, that is, the metal ion in the composite fiber combined with the phosphate ion in the water to form a phosphate precipitate. Since the solubility of the phosphate precipitate was low, the desorption rate of the composite fiber was also low.




Desorption in Hot Water


Table 7 shows the desorption of ZSFB composite fiber in hot water. The results show that the desorption rate increased with the increase of the adsorbed amount of the composite fiber, but the overall desorption rate was still low (< 1.1%). Compared with the previous section, the desorption rate of the composite fiber in hot water was higher than that in clean water, which was due to the increase in the solubility of the phosphate precipitate as the temperature increased [27].




Desorption in Sulfuric Acid Solution


Table 8 shows the desorption of ZSFB composite fiber in a sulfuric acid solution. The results show that the desorption rate increased with the increase of the sulfuric acid concentration. When the sulfuric acid concentration was 0.5 mol/L, the desorption rate reached 99%, which can be regarded as complete desorption. This was caused by sulfuric acid reacting with the calcium phosphate to form calcium sulfate precipitates and phosphoric acid [28]. At lower concentrations, the phosphate in the composite fiber did not completely react with the sulfuric acid. As the concentration of sulfuric acid increased, the phosphate and sulfuric acid reacted more thoroughly until a complete reaction. Since the desorption rate of the composite fiber in the sulfuric acid solution was high, the saturated composite fiber could be regenerated by the sulfuric acid solution.





3.1.5. Performance of Phosphorus Removal Adsorbents


The partition coefficient is often used in solid–liquid adsorption system representing the ratio of adsorbate concentration in the solid phase to the concentration in the liquid phase at equilibrium. It is an objective performance metric to assess sorbents, despite of differences in operating conditions [29]. Some phosphorus removal adsorbents are evaluated in Table 9. Among these adsorbents, ZSFB composite fiber had comparative performance with the partition coefficient of 1.49 mg/g/µM. Nanomaterials and their composites generally showed enhanced performance for the removal of phosphorous from an aqueous solution compared with others. Among these adsorbents, hollow magnetic Fe3O4@NH2-MIL-101(Fe) had the best performance in terms of partition coefficient (24.65 mg/g/µM). The reason behind these chemical interactions was the presence of partially positively-charged metal sites in the metal organic frameworks [30,31]. These positively charged metal sites can interact with negatively charged sites through electrostatic interactions, leading to the adsorption of phosphate ions [32].





3.2. Dynamic Adsorption and Phosphorus Removal Characteristics of ZSFB Composite Fiber


3.2.1. Effect of Influent Flow Rate


Figure 9 shows the breakthrough curves for different influent flow rates of 1.0, 1.5 and 2.0 mL/min; the filler mass was 30 g, the influent concentration was 10 mg/L and the effluent phosphorus concentration was 0.5 mg when breakthrough occurred. The results show that the influent flow had a great influence on the time of breakthrough, and as the influent flow increased, the time of breakthrough decreased. When the influent flow rate was 1.0, 1.5 and 2.0 mL/min, the time of breakthrough was 6.5, 5 and 3.5 h, respectively, and the treated water volume was 390, 450 and 420 mL, respectively. To sum up, excessive or too small influent flow was not conducive to phosphorus removal. The optimum influent flow rate was 1.5 mL/min, at which most water is treated. This was because when the flow rate was too large, the hydraulic retention time was short, and the phosphorus was insufficiently contacted with the composite fiber, so the amount of treated water was reduced. Moreover, the larger the flow rate, the higher the total amount of water treated at the same time, and the shorter the time of breakthrough. However, when the flow rate was too small, the flow rate in the adsorption column was too slow, and it seemed that the wastewater in the column diffused and mixed in the longitudinal direction, which was unfavorable for adsorption and resulted in a decrease in the amount of treated water [39]. Therefore, it is reasonable to control the influent flow rate at 1.5 mL/min, and this flow rate was also used in subsequent tests.




3.2.2. Effect of Filler Mass


Figure 10 shows the breakthrough curves when the filler masses were 20, 30 and 40 g; the influent flow rate was 1.5 mL/min, the influent concentration was 10 mg/L and the effluent phosphorus concentration was 0.5 mg/L when breakthrough occurred. The results show that the filler mass had a great influence on the time of breakthrough. As the filler mass increased, the time of breakthrough was also prolonged, and the effluent phosphorus concentration also decreased with the same runtime. The time of breakthrough of the fillers of 20, 30 and 40 g were 3.5, 5 and 6 h, respectively, and the treated water volumes were 315, 450 and 540 mL, respectively. The results indicate that increasing the filler mass facilitated the removal of phosphorus. The reason was that adsorption mass increased as filler mass increased, which led to an increase of treated water. According to the effect of the dosage on the phosphorus removal performance (Section 3.1.3), the larger the dosage, the higher the phosphorus removal rate. This is consistent with the conclusion that the effluent phosphorus concentration decreases as the filler mass increases.




3.2.3. Effect of Influent Concentration


Figure 11 shows the breakthrough curves for influent concentrations of 5, 10 and 20 mg/L; the mass of the filler was 30 g, the influent flow rate was 1.5 mL/min and the effluent phosphorus concentrations were 0.25, 0.5 and 1.0 mg/L when breakthrough occurred. The results show that the influent concentration had a certain influence on the time of breakthrough. As the influent concentration increased, the time of breakthrough decreased. When the influent concentration was 5, 10 and 20 mg/L, the time of breakthrough was 6.5, 5 and 4 h, respectively, and the treated water volume was 585, 450 and 360 mL, respectively. This was because the higher the influent concentration, the faster the adsorption rate, and the easier it was for the adsorption to reach saturation, and the adsorption column breakthrough occurred more easily. To sum up, the ZSFB composite fiber was more suitable for treating phosphorus-containing wastewater with a lower concentration.






4. Conclusions


The kinetics of phosphorus removal utilizing the ZSFB composite fiber under different conditions were well fitted with the pseudo-first-order and pseudo-second-order models (R2 > 0.9674). The maximum adsorption capacity of the fiber calculated by the Langmuir model was found to be 4.18 mg/g. The phosphorus removal effect was positively correlated with initial concentration, dosage, temperature and ammonium concentration in a proper range, and the best phosphorus removal effect was at pH 4, 35 °C and with an initial concentration of 10 mg/L and dosage of 3.5 g. The ZSFB composite fiber has good adsorption stability—the desorption rate in clean water and hot water is less than 1.1%. When the sulfuric acid concentration was 0.5 mol/L, the desorption rate was 99%, which can be used to regenerate the composite fiber. Under the same operating conditions, the greater the influent flow rate, the shorter the time of breakthrough; the higher the filler mass, the longer the time of breakthrough, and the more water was treated; the higher the influent concentration, the shorter the time of breakthrough, and the less water was treated.



In conclusion, the ZSFB composite fiber can be applied in phosphorus removal, and it also shows a new direction for deep phosphorus removal in wastewater treatment. However, the phosphorus-containing wastewater used in this experiment was simulated by KH2SO4 and distilled water, but the actual types of pollutants in the wastewater are complex, which may have a certain influence on the phosphorus removal performance of the composite fiber. This article gives a promising result for applying the ZSFB composite fiber in phosphorus adsorption from an aqueous solution. Further investigation is needed to study the phosphorus removal performance with real wastewater and the stability of the recyclability of the composite fiber.
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Figure 1. Schematic diagram of the dynamic adsorption experimental apparatus. 
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Figure 2. Adsorption isotherm of ZSFB composite fiber. 
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Figure 3. The relationship of lnK and 1/T during adsorption of phosphorus. 






Figure 3. The relationship of lnK and 1/T during adsorption of phosphorus.



[image: Applsci 09 02220 g003]







[image: Applsci 09 02220 g004 550]





Figure 4. Adsorption kinetic curve of ZSFB composite fiber at different initial concentrations. 
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Figure 5. Adsorption kinetic curve of ZSFB composite fiber at different temperatures. 
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Figure 6. Effect of pH level on phosphorus removal efficiency of ZSFB composite fiber. 
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Figure 7. Effect of ammonium on phosphorus removal of ZSFB composite fiber. 
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Figure 8. Effect of anion on phosphorus removal efficiency of ZSFB composite fiber. 
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Figure 9. Breakthrough curves of different influent flow rates. 
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Figure 10. Breakthrough curves of different filler mass. 
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Figure 11. Breakthrough curves of different influent concentration. 
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Table 1. Langmuir and Freundlich parameters of zeolite/steel slag/fly ash/basalt (ZSFB) composite fiber.
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Temperature (°C)

	
Langmuir

	
Freundlich




	
KL

	
Qm

	
R2

	
KF

	
n

	
R2






	
15

	
0.056

	
3.745

	
0.9967

	
0.600

	
2.813

	
0.9466




	
25

	
0.113

	
3.905

	
0.9970

	
0.924

	
3.416

	
0.9176




	
35

	
0.188

	
4.177

	
0.9970

	
1.195

	
3.814

	
0.8942
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Table 2. Thermodynamic parameters of phosphorus adsorption.






Table 2. Thermodynamic parameters of phosphorus adsorption.





	Temperature (K)
	ΔG0 (kJ/mol)
	ΔH0 (kJ/mol)
	ΔS0 (kJ/mol·K)





	288
	−17.861
	44.721
	0.218



	298
	−20.220
	44.721
	0.218



	308
	−22.203
	44.721
	0.218
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Table 3. Kinetics of phosphorus removal by ZSFB composite fiber at different initial concentrations.
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Initial Concentration (mg/L)

	
Pseudo-First-Order Kinetic Model

	
Pseudo-Second-Order Kinetic Model




	
Qe

	
K1

	
R2

	
Qe

	
K2

	
R2






	
5

	
0.397

	
0.217

	
0.9674

	
0.452

	
0.616

	
0.9935




	
10

	
0.759

	
0.122

	
0.9706

	
0.918

	
0.147

	
0.9976




	
15

	
1.118

	
0.096

	
0.9850

	
1.395

	
0.070

	
0.9993




	
20

	
1.435

	
0.085

	
0.9888

	
1.826

	
0.045

	
0.9983
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Table 4. Kinetics of phosphorus removal by ZSFB composite fiber at different temperatures.
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Temperature (°C)

	
Pseudo-First-Order Kinetic Model

	
Pseudo-Second-Order Kinetic Model




	
Qe

	
K1

	
R2

	
Qe

	
K2

	
R2






	
15

	
0.666

	
0.097

	
0.9956

	
0.831

	
0.119

	
0.9949




	
25

	
0.759

	
0.122

	
0.9706

	
0.918

	
0.147

	
0.9976




	
35

	
0.819

	
0.135

	
0.9687

	
0.976

	
0.159

	
0.9954











[image: Table]





Table 5. Effect of dosage of ZSFB composite fiber on phosphorus removal.






Table 5. Effect of dosage of ZSFB composite fiber on phosphorus removal.





	Dosage (g)
	Initial Phosphorus Concentration (mg/L)
	Residual Phosphorus Concentration (mg/L)
	Removal Rate (%)
	Adsorption Capacity (mg P/g)





	0.5
	10
	3.431
	65.69
	1.31



	1.0
	10
	1.960
	80.40
	0.81



	1.5
	10
	1.378
	86.22
	0.58



	2.0
	10
	0.924
	90.76
	0.45



	2.5
	10
	0.697
	93.03
	0.37



	3.0
	10
	0.501
	94.99
	0.32



	3.5
	10
	0.327
	96.73
	0.28



	4.0
	10
	0.196
	98.04
	0.25



	4.5
	10
	0.125
	98.75
	0.22



	5.0
	10
	0.087
	99.13
	0.20
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Table 6. Desorption of ZSFB composite fiber in clean water.
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	Adsorption (mg P)
	Desorption (mg P)
	Desorption Rate (%)





	0.414
	0.0005
	0.121



	0.812
	0.0013
	0.160



	1.946
	0.0067
	0.344



	2.897
	0.0169
	0.583



	3.444
	0.0247
	0.717



	3.650
	0.0273
	0.748



	3.751
	0.0286
	0.762
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Table 7. Desorption of ZSFB composite fiber in hot water.
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	Adsorption (mg P)
	Desorption (mg P)
	Desorption Rate (%)





	0.421
	0.0007
	0.166



	0.798
	0.0016
	0.201



	1.986
	0.0083
	0.418



	2.980
	0.0215
	0.721



	3.434
	0.0331
	0.964



	3.658
	0.0376
	1.028



	3.740
	0.0379
	1.013
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Table 8. Desorption of ZSFB composite fiber in sulfuric acid solution.
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	Sulfuric Acid Concentration (mol/L)
	Adsorption (mg P)
	Desorption (mg P)
	Desorption Rate (%)





	0.01
	0.425
	0.145
	34.118



	0.05
	0.411
	0.355
	86.375



	0.1
	0.416
	0.398
	95.673



	0.5
	0.409
	0.406
	99.267



	1.0
	0.416
	0.413
	99.279
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Table 9. Performance of different adsorbents for adsorptive removal of phosphorus from aqueous solution.
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	Adsorbent
	Optimum Adsorption Condition (Temperature (°C), pH)
	Initial Phosphorus Concentration (µM)
	Maximum Removal Efficiency (%)
	Residual Phosphorus Concentration (µM)
	Maximum Adsorption Capacity (mg P/g)
	Partition Coefficient (mg/g/µM)
	References





	Iron-zirconium modified activated carbon nanofiber
	25, 4
	315.89
	22.5
	244.81
	26.3
	0.11
	[33]



	Aluminum hydroxide palygorskite modified nanocomposite
	45, 5
	10,529.64
	--
	--
	16.86
	--
	[34]



	Zirconium ions modified chitosan beads
	15, 4
	210.59
	61.27
	81.56
	61.7
	0.76
	[35]



	Fe–Cu binary oxides
	25, 7
	52.65
	--
	--
	35.2
	--
	[36]



	Hollow magnetic Fe3O4@NH2-MIL-101(Fe)
	20, -
	6.32
	92.33
	0.48
	11.95
	24.65
	[31]



	Dipolar grafted hydroxyethyl cellulose
	50, 5
	1263.56
	99.45
	6.99
	46.94
	6.72
	[37]



	Ferrihydrite-coated and lanthanum-decorated magnetite
	25, 6.28
	1052.96
	74.4
	269.56
	44.8
	0.17
	[38]



	MIL-100(Fe)
	25, 4
	84.24
	93.05
	5.85
	93.55
	15.98
	[32]



	ZSFB composite fiber
	35, 4
	322.89
	99.13
	2.81
	4.18
	1.49
	This work











© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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