Phosphate ion removal from synthetic and real wastewater using MnFe2O4 nanoparticles: A reusable adsorbent
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Abstract 
The purpose of this study is to eliminate P from wastewater using MnFe2O4 nanoparticles. BET, TGA/DTG, FTIR, SEM, TEM, VSM, XRD and EDX/Map analyses were utilized for determining the MnFe2O4 surface properties. BET specific surface area of the adsorbent was 196.56 m2/g and VSM analysis showed that the adsorbent has a ferromagnetic property. According to TEM analysis, the particle size of MnFe2O4 was less than 50 nm. The maximum P sorption efficiency using MnFe2O4 (98.52%) was achieved at pH 6, temperature of 55 °C, P concentration of 10 mg/L, time of 60 min and sorbent dosage of 2.5 g/L. Also, the thermodynamic study indicated that the P sorption using MnFe2O4 is spontaneous and endothermic (∆H° = 38.024 kJ mol-1, ∆S° = 136.848 J K-1 mol-1). Moreover, the P sorption process follows the Freundlich isotherm and pseudo-second order kinetic models. Furthermore, the utmost sorption capacity of P using MnFe2O4 was 39.48 mg/g. Besides, MnFe2O4 can be used for up to 6 reuse cycles with high sorption efficiency (>91%). Also, MnFe2O4 was able to remove phosphate and COD from urban wastewater with removal efficiencies of 82.7% and 75.8%, respectively.
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1. Introduction
Water pollution is a serious problem that can harm any living thing.  Among different contaminants, phosphate (P) ion pollution is one of the most important environmental issues worldwide. The presence of P at high concentrations in natural waters can have adverse impacts on water ecology.1 Detergent and chemical fertilizers are the largest sources of P ions. Domestic effluents and running water from fields where phosphate fertilizers are used release large amounts of P ions into natural waters. According to EPA, the maximum allowable level and the limit of P ion release in the environment are reported to be 0.1 ppm and less than 0.05 ppm, respectively. Also, the allowable limit of P ions in drinking water is 0.2 ppm and the standard for discharge of phosphate ions into surface waters is 6 ppm. The concentration of P in urban, rural and agricultural wastewaters is very high (between 15-2000 ppm).2,3 P has a critical role as an essential matter for plant growth in the soil as well as a limiting element in the algae growth and eutrophication phenomenon in water. A concentration of 0.005-0.05 mg/L is required to cause the eutrophication phenomenon. This phenomenon leads to the abundant growth of aquatic plants, the growth of algae, and the imbalance of organisms in water resources. P in surface waters and effluents are commonly found chemically in the form of organic phosphates (such as detergents) and mineral phosphates (polyphosphates and orthophosphates). Organic polyphosphates and phosphates are converted to orthophosphates after hydrolysis and biodegradation.4
There are various procedures for P removal from water, including reverse osmosis, chemical deposition, ion exchange, nanofiltration, coagulation, and sorption process. Most of the physical processes such as reverse osmosis have high operating costs.5 Among these processes, the sorption process is a suitable method to eliminate P ions, because this process is economical, simple, reversible, low-cost and high operating speed. P ions are insoluble in water and can be easily sorbed on the sorbent surface. Many adsorbents have been recently utilized for eliminating P ions, including Fe3O4,6 modified clays,7 chitosan,8 goethite nanoparticles,9 aluminum hydroxide modified palygorskite nano-composites,10 zirconium oxide,11 sludge derived biochar,12 iron/biochar,13 and Marble waste.14 Magnetic particles have received much attention for pollutants elimination from sewage due to their simple synthesis, excellent surface area, and considerable removal efficiency of contaminants. To this end, MnFe2O4 was utilized for the first time for removing phosphate. Iron-manganese oxide spinel with MnFe2O4 structure is an example of metal oxides, which has high thermal and mechanical stability. MnF2O4 spinel nanocrystalline can be synthesized by various procedures such as microwave, hydrothermal, and co-precipitation processes.15 In this study, a chemical coprecipitation procedure was utilized to generate MnFe2O4 nanoparticles.
The purpose of this work was to eliminate P ions using MnFe2O4 nanoparticles. The nanoadsorbent was synthesized by the coprecipitation method and analyzed by various devices like SEM, BET, TEM, FTIR, XRD, TGA-DTG, VSM, and EDX/Map. Also, impacts of various factors were studied on the P ions removal and the best operating conditions were identified. Moreover, kinetic, isotherm, and thermodynamic behaviors of the P ions sorption using MnFe2O4 nanoparticles were studied.
2. Chemicals and procedures
2.1. Chemicals and devices
In this project, several chemicals were utilized to synthesize MnFe2O4 nanoparticles as well as P ions stock solution, including KH2PO4 (purity=99%, Sandia Co., China), MnCl2 with a purity of 97%, NaOH with a purity of 99%, acetone with a purity of 9935%, (NH4)6 MO7 O24 with a purity of 99%,  HCl with a purity of 37%, H4NO3V with a purity of 99% (Merck Co., Germany), and FeCl3.6H2O (purity= 99%, Sigma Aldrich Co.).
Also, digital scale (FX 300 I model), magnetic stirrer (HPMT 700 model), magnet, oven (DZF-6020 model), pH meter (RPB1000 model) and UV-vis spectrophotometer (Shimadzo 1700 model, Japan) were utilized to weigh materials, heating and mixing, separation of nanoparticles from the solution, drying the sorbent, regulating the sample pH, determining the residual concentration of P ions in the solution, respectively.
2.2. Preparing phosphate stock solution and MnFe2O4 synthesis
KH2PO4 salt was employed to prepare the P stock solution. For this purpose, 4.39 g of KH2PO4 was added to one liter of distilled water and stirred to dissolve completely in water. Different concentrations of 10, 20, 30, 50, 70, and 100 ppm were prepared by diluting the initial stock solution.
MnFe2O4 magnetic nanoparticles were synthesized by the chemical coprecipitation approach at 80 oC. For this purpose, 0.1 mol of MnCl2 and 0.2 mol of FeCl3.6H2O were dissolved in 100 mL of distilled water and stirred at 80 oC for 20 min by a magnetic-stirrer. Next, NaOH (3 molars) was added to the suspension dropwise to regulate the solution pH at 11. The mixture was stirred for 3 h. After that, the solution color changed to black, indicating the synthesis of MnFe2O4 nanoparticles. The formed nanoparticles were separated from the mixture by a magnet and washed with distilled water and acetone (C3H6O) to neutralize (pH=7). Afterwards, MnFe2O4 nanoparticles were put in an oven at 100 oC for 1 day for drying. The above-mentioned nanoparticles were ground with a mortar and used as a sorbent.16
Several analyses were utilized for identifying the features of MnFe2O4 before and after the process, including BET (JW-DA, China) for measuring the specific surface area, SEM (TESCAN, Czech Republic) for identifying the sorbent morphology, TEM (CM120, The Nederlands) for investigating the particle distribution, EDX/Map (TESCAN, Czech Republic) for specifying the percentage of elements, FTIR (Alpha, BRUKER, Germany) for determining functional groups, XRD (D6792, The Nederlands) for determining the crystalline phases, VSM (7404, LAKE SHORE, USA) for identifying the magnetic strength of the sorbent, and TGA/DTG (PYRIS, PERKIN ELMER, USA) for specifying the thermal stability of the sorbent.
2.3. Reagents and methods for measuring the amount of P ions
To produce a suitable reagent for measuring phosphate ions, 12.5 g of (NH4)6 MO7 O24 was dissolved in 150 mL of distilled water (solution A). In another balloon, 0.625 g of ammonium metavanadate (H4NO3V) was dissolved in 150 ml and heated slightly (solution B). The solution B was added to solution A and stirred for 5 min. Then, 165 mL of HCl was added to the solution A+B and its volume was raised to 500 mL by distilled water. This solution was then used as the reagent. The colorimetric method was used to measure P ions by the reagent. To measure residual P ions after the adsorption process, MnFe2O4 was separated from the solution using a magnet. Then, 10 mL of the solution containing P ions was mixed with 0.5 mL of the reagent solution. Finally, the concentration of P ions was measured by a UV-vis spectrophotometer device (Shimadzu 1700 model, Japan) at a wavelength of 361 nm.
2.4. Adsorption tests
The P ion adsorption tests using MnFe2O4 nanoparticles were performed as batch. The impact of effective factors such as pH (2-11), adsorbent dosage (0.5-4 g/L), time (5-13 min), temperature (25-55oC) and P ion concentration (10-100 ppm) was studied on the P ion removal. For optimization of pH, various solutions were synthesized in different pHs and P ion concentration of 20 mg/L. Then, 2 g/L of MFe2O4 was added to the phosphate solutions. Then, the solutions were stirred at 25 oC with a mixing rate of 500 rpm. After 60 min, the remaining concentration of P ion was measured. The adsorption capacity and adsorption efficiency were measured using Equations 1 and 2.


In mentioned equations, Ci, Ce, W, and V are the P initial concentration, the P remaining concentration (ppm), the adsorbent amount (g/L), and the sample volume (L), respectively.

2.5. Kinetic, isotherm and thermodynamic behaviors
There are 3 steps in adsorption of contaminants using a sorbent, which can affect the adsorption kinetics, including 1) transfer of contaminants from the solution to the adsorbent surface, 2) penetration of contaminants into the pores inside the adsorbent, and 3) adsorption of contaminants on the adsorbent inner surface.17 In this research, pseudo-first order (PFO) and pseudo-second order (PSO) kinetics were employed to investigate P ions adsorption. To this end, several experiments were done in different P ion concentrations (10-100 ppm) and contact times (5-130 min). Other factors like pH of 6, mixing rate of 500 rpm, the adsorbent dosage of 2.5 g/L, and temperature of 55 oC were considered constant. Equations 3 and 4 describe PFO and PSO models, respectively:


In these models, qe (mg/g), qt (mg/g), K1 (min-1) and K2 (g/mg.min) are the adsorption capacity at equilibrium state, adsorption capacity at time t, the PFO kinetic model constant and the PSO kinetic model constant, respectively.18,19
Also, adsorption isotherms describe the distribution of contaminant molecules on the adsorbent surface. The most important models are the Langmuir, Dubinnin-Radushkevich (D-R) and Freundlich. Several experiments were done in various P ion concentrations (10-100 ppm), pH of 6, adsorbent dosage of 2.5 g/L, temperature of 55 oC, mixing rate of 500 rpm, and contact time of 60 min. The Langmuir theory is used for monolayer adsorption on a homogeneous surface with an infinite number of identical sites. In this theory, it is assumed that the adsorbent sites are saturated after monolayer adsorption. This model is defined below.20

In this model, Ce (mg/L), qmax (mg/g) and KL (1/mg) are the P ion equilibrium concentration, the adsorption capacity at equilibrium time, and the Langmuir constant, respectively. 
Another isotherm model (Freundlich) describes the adsorption process on a heterogeneous surface. The following relationship defines the Freundlich model:

 Where, Kf (mg/g(L/mg)1/n) and n are the Freundlich constants. Also, n indicates whether the adsorption process is desirable or not.21,22
Moreover, the D-R model is another important isotherm and assumes that the adsorption energy is homogeneous on the surface. The D-R linear model is defined below:

Where, qm (mol/g), β (mol2/J2), and ɛ are the theory saturation capacity, the mean adsorption free energy, and Polanyi potential, respectively. The Polanyi potential is calculated from Equation 8:

Also, the following relationship describes the type of the adsorption process:

For E between 8-16 KJ/mol and lower than 8 KJ/mol, the adsorption process will be chemical and physical, respectively.23
Also, thermodynamic parameters like Gibbs free energy changes (∆G°), entropy changes (∆S°) and enthalpy changes (∆H°) are employed to determine the nature of the adsorption process. Using these parameters, it can be determined whether the adsorption process is endothermic or exothermic.19



In these relationships, Kd is the equilibrium constant.
Negative values of ∆G° in various temperatures indicate the spontaneous nature of the adsorption process. For -80 KJ/mol<∆G°<0 and -400 KJ/mol<∆G°<-80 KJ/mol, the adsorption process will be physical and chemical, respectively. Also, positive values of ∆H° indicate that the adsorption process is endothermic and vice versa. Moreover, positive values of ∆S° indicate an increase in the solid-solute surface disorder during adsorption, and its negative values display a decrease in irregularity in the adsorption process.19 For investigating the thermodynamic behavior of P ion adsorption using MnFe2O4 nanoparticles, several tests were performed in various temperatures (25-55 oC), pH of 6, mixing rate of 500 rpm, nanoparticles dosage of 2 g/L, P ion concentration of 20 mg/L and contact time of 60 min.
3. Results and discussion
3.1. Characteristics of MnFe2O4
For determining the surface features of MnFe2O4 nanoparticles such as specific surface area and pore size, BET analysis was used. According to Table 1, the specific surface area, pores volume and average pore size of MnFe2O4 were 196.56 m2/g, 0.36605 cm3/g, and 74.49 oA, respectively. The adsorbent pore size shows that MnFe2O4 is mesoporous. Also, the high specific surface area of the adsorbent shows that contaminants can be adsorbed on the MnFe2O4 surface.
Table 1. Surface features of MnFe2O4 nanoparticles by BET analysis
	196.56 m²/g
	BET specific surface area

	m²/g 273.21
	Langmuir specific surface area

	cm³/g 0.366
	Pore volume

	cm³/g 0.392
	BJH pore volume

	74.49 oA
	Mean pore size

	74.44 oA
	BJH average width of absorption pores

	67.14 oA
	BJH average width of desorption pores


[bookmark: _Toc8409026][bookmark: _Toc10200085]SEM, EDAX, and Mapping analyses were used to determine the morphology of MnFe2O4 nanoparticles, distribution of elements, active sites on the adsorbent surfaces, and elemental compositions before and after the P ion adsorption process, as shown in Figure 1. SEM image for MnFe2O4 nanoparticles shows that there are many holes and bumps, which are effective in the phosphate ion adsorption (Figure 1 (a)). Also, EDAX and Mapping analyses for MnFe2O4 nanoparticles indicate several elements such as Fe (46.87%), O (28.5%), and Mn (24.63%) in its surface, which confirm the correct synthesis of MnFe2O4 nanoparticles (Figure 1 (b and c)). After adsorption of P ions, many changes were observed on the MnFe2O4 surface, which can be due to the adsorption of P ions (Figure 1 (d)). Also, EDAX analysis showed that the percentage of elements has been changed. According to Figure 1 (f), the percentages of Fe, O, and Mn were changed to 46.1%, 22.58%, and 30.6%, respectively. Moreover, 0.73% of P was seen after the P ion adsorption. 
TEM analysis was also employed to determine the morphology and particle size of MnFe2O4 nanoparticles (Figure 2). The outcomes show that the particle size of MnFe2O4 is smaller than 50 nm. Also, their particles are almost spherical.


Figure 1. SEM, Mapping, and EDAX analysis for MnFe2O4 nanoparticles before adsorption (a-c) and before adsorption of P ions (d-f)


Figure 2. TEM image for MnFe2O4 nanoparticles
Figure 3 indicates FTIR analysis for MnFe2O4 nanoparticles. For MnFe2O4 nanoparticles before adsorption, a wide peak was seen at 3363 cm-1, which can be attributed to the -OH tensile vibrations. Also, another absorption peak was seen at 586 cm-1, which is related to the Fe-O vibrations. Moreover, two peaks were observed at 1624 cm-1 and 964 cm-1, which indicate C=C and C-O vibrations, respectively.16 After adsorption of P, the range of absorption peaks in the MnFe2O4 structure was changed, which can be due to the interaction of functional groups and phosphate ions. To this end, functional groups of -OH, C=C, C-C, and Fe-O in the MnFe2O4 structure were shifted to 3366, 1632, 1016, and 583 cm-1, respectively.24,25


Figure 3. FTIR results for MnFe2O4 nanoparticles before and after adsorption of P ions
Moreover, XRD analysis for determining the crystalline phases in the MnFe2O4 structure is demonstrated in Figure 4. Several peaks with various intensities were observed at 18.04 o, 29.6 o, and 35.02 o, which are attributed to the crystalline phases of (111), (220), and (311), respectively. Also, other peaks were observed at 42.42 o, 56.62 o, and 61.74 o, which are attributed to the crystalline phases of (400), (422), and (440), respectively. These crystalline phases correspond to the card number 0449-075-01.16


Figure 4. XRD results for MnFe2O4 nanoparticles
Furthermore, VSM analysis was used to measure the magnetic strength of MnFe2O4 nanoparticles (Figure 5). According to the results, magnetic saturation, coercive force, and magnetic resonance of MnFe2O4 nanoparticles were 6.377 emu/g, 230 Oe, and 2.245 emu/g, respectively. The amount of magnetic saturation and the resulting figure shows that MnFe2O4 nanoparticles have ferromagnetic properties and can be separated from the aqueous media by a magnet (1 Tesla).26


Figure 5. Magnetic behavior of MnFe2O4 nanoparticles
Eventually, the thermal stability of MnFe2O4 nanoparticles was investigated by TGA-DTG analysis (Figure 6). In the temperature range of 50-300oC, MnFe2O4 nanoparticles lost 5% by weight, which can be due to the evaporation of moisture from its surface.27 By increasing temperature from 300 to 900 oC, MnFe2O4 nanoparticles had the highest weight loss (8 wt.%), which is due to structural degradation and dehydroxylation of MnFe2O4 nanoparticles.28 Also, its weight loss in the temperature range of 900-1000 oC was about 2% by weight. Generally, MnFe2O4 nanoparticles showed a weight loss of 15 wt.%.

Figure 6. TGA-DTG analysis for thermal stability of MnFe2O4 nanoparticles
3.2. Effective factors on the P ion removal
The solution pH is a key factor in the adsorption process and can affect the surface properties of the adsorbent. Also, pH causes the release of various forms of ions in the solution.29 Figure 7 shows the impact of pH at different temperatures on the uptake of P ions. The solution pH has a great impact on phosphate ion species (H3PO4, H2PO4-, HPO42- and PO43-). At pH> 2, H3PO4 is the predominant species of P ion in solution, which is due to the absence of electrostatic forces. With an increase in pH from 2 to 6, H2PO4- and HPO42- are the main species in the solution, which have a strong attraction to the MnFe2O4 adsorbent, enhancing removal efficiency. At pH>6, the adsorption efficiency decreases because the solution contains large amounts of H2PO4- and PO43- species, and these ions compete fiercely with OH- ions to sit on the active sites of the adsorbent.13 Therefore, the highest removal efficiency (96.56%) was obtained at pH 6.
Also, the impact of temperature on the P ion adsorption is shown in Figure 7. The tests were performed at adsorbent dosage of 2 g/L, P ion concentration of 20 mg/L, mixing rate of 500 rpm, time of 60 min, and pH of 6. As shown, the adsorption efficiency of P ions enhances from 86.83% to 96.56% with raising the temperature from 25 to 55 oC, respectively, demonstrating that the sorption of P ions using MnFe2O4 nanoparticles is endothermic.14

[bookmark: _Toc11270329]Figure 7. Impact of pH at different temperature on the P ion adsorption using MnFe2O4 nanoparticles (contact time=60 min, mixing rate=500 rpm, pH=6, P ion concentration=20 mg/L and adsorbent dosage= 2 g/L)
The initial concentration of P ions in the solution plays an important role as the driving force overcoming the resistance due to the mass transfer between the liquid and solid phases. The impact of phosphate ion concentration at different contact times on the P ion adsorption using MnFe2O4 nanoparticles is indicated in Figure 8. As shown, the removal efficiency of P ions decreases from 97.43% to 87.54% with increasing P ion concentration from 10 to 100 mg/L, respectively, which is due to the greater accessibility of active sites at low P ion concentrations. At a constant adsorbent dose, the ratio of active sites to P ions decreases with increasing P ion concentration, resulting in a decrease in the interaction between P ions and adsorption sites.30,31
Also, Figure 8 presents the impact of contact time on the P ion adsorption efficiency. As shown, the contact time has an impressive impact on the adsorption process, so that with increasing time from 5 to 60 min, the P ion adsorption efficiency increases from 46.26% to 97.43%, respectively. With increasing contact time, P ions in the solution have a greater chance of being located on MnFe2O4 adsorption sites. However, the removal efficiency decreases at higher contact times, which may be due to the saturation of MnFe2O4 adsorption sites.32

[bookmark: _Toc11270330]Figure 8. Impact of contact time in various P ion concentrations on the removal efficiency (Conditions: pH=6, mixing rate= 500 rpm, adsorbent dosage=2 g/L, and temperature= 55 oC)
Adsorbent dosage is another critical factor in the P ion adsorption efficiency because it directly affects the economics of the process. The removal efficiency and adsorption capacity of P ions using MnFe2O4 nanoparticles in various adsorbent concentrations (0.5-4 g/L) are illustrated in Figure 9. It is observed that the P ion removal efficiency increases with increasing MnFe2O4 concentration from 0.5 to 2.5 g/L, which is due to an increase in adsorption sites. At adsorbent dosage> 2.5 g/L, no significant change in removal efficiency is observed because almost all P ions are adsorbed by the adsorbent and the MnFe2O4 adsorption sites are saturated. Also, the adsorption capacity of P ions decreases with increasing MnFe2O4 concentration. P ions in solution aggregate at high adsorbent dosages, which leads to saturation of the adsorbent surface and thus reduces the adsorption capacity.33,34 According to the results, the utmost adsorption capacity of P ions using MnFe2O4 nanoparticles was attained as 9.172 mg/g. Also, the utmost adsorption efficiency (98.52%) was obtained at the adsorbent dosage of 2.5 g/L.

Figure 9. Impact of MnFe2O4 dose on adsorption efficiency and adsorption capacity of P ions (Conditions: pH=6, mixing rate= 500 rpm, P ion concentration= 10 ppm, contact time= 60 min, and temperature= 55 oC)
3.3. Adsorption isotherms
Adsorption isotherms of P ions using MnFe2O4 nanoparticles and with the help of the Langmuir, D-R, and Freundlich models were studied (Figure 10 and Table 2). To this end, several experiments were performed in various P ion concentrations (10-100 ppm). According to the results, the correlation coefficient (R2) for the Freundlich model was higher than other models, indicating that this model can better describe the P ion adsorption process. Also, the P ions adsorption occurs on the heterogeneous surfaces of MnFe2O4 nanoparticles. Moreover, the R2 value for the D-R model is small (0.814), indicating that the D-R model is not fitted well with the experimental data. Furthermore, the highest adsorption capacity of P ions by the Langmuir model was 39.84 mg/g, which is an acceptable amount. RL factor was also obtained between 0 and 1, indicating that the P ions adsorption process is favorable. Besides, the value of n in the Freundlich model is greater than 1, showing that the P ions adsorption process using MnFe2O4 nanoparticles is physical. Using the D-R model, the mean free energy (E) was obtained as 2.331 KJ/mol, which is smaller than 8 KJ/mol, and shows that the P ion adsorption using MnFe2O4 nanoparticles is physical.
 
 
(c)

Figure 10. Adsorption isotherms of P ions using the Langmuir (a), Freundlich (b) and D-R (c) models (Conditions: pH= 6, MnFe2O4 dose=2 g/L, temperature= 55 oC, time= 60 min, mixing rate= 500 rpm)
Table 2. Parameters of P ions adsorption isotherms using MnFe2O4 nanoparticles
	Model
	Factor
	Value

	
	qm(mg/g)
	39.84

	Langmuir
	KL (L/mg)
	0.326

	
	R2
	0.973

	
	RL
	0.029-0.234

	
	n 
	2.362

	Freundlich
	Kf (mg/g (L/mg)1/n)
	10.142

	
	R2
	0.978

	
	E (KJ/mol)
	2.331

	D-R
	qm (mg/g)
	23.805

	
	βx10+6(mol2/J2)
	0.092

	
	R2
	0.814


[bookmark: _Toc8409037][bookmark: _Toc11261822]The maximum adsorption capacity of P ions using MnFe2O4 nanoparticles was compared with previous works, as reported in Table 3. As reported, iron oxides with the maximum adsorption capacity of 57.8 mg/g35 and bentonite/magnesium hydroxide with the maximum adsorption capacity of 4.3 mg/g36 showed the highest and lowest adsorption capacities. The adsorbent used in this work (MnFe2O4 nanoparticles) with an utmost adsorption capacity of 39.84 mg/g showed a suitable adsorption capacity compared to other adsorbents.
Table 3. Comparing the maximum adsorption capacity of P ion using various adsorbents
	[bookmark: _Toc8409038]Reference
	qmax (mg/g)
	Adsorbent

	8
	52.1
	cross-linked chitosan

	9
	13
	acicular goethite nanoparticles

	10
	16.86
	aluminum hydroxide/ palygorskite nano-composite

	35
	57.8
	Iron oxides

	36
	4.3
	Bentonite/magnesium hydroxide 

	37
	6.722
	Chitosan

	38
	8.21
	           iron oxide

	39
	36
	Fe-Mn binary oxide

	Present study
	39.84
	MnFe2O4


3.4. Adsorption kinetics of MnFe2O4
The PFO and PSO models were used to study the kinetic behavior of the P ions adsorption using MnFe2O4 nanoparticles. To this end, several experiments were performed in various P ion concentrations from 10 ppm to 100 ppm and different contact times from 5 min to 130 min. The results of adsorption kinetics are provided in Figure 11 and Table 4. As reported, the amount of adsorption capacities (qe,cal) in P ion concentrations of 10, 20, 30, 50, 70, and 100 ppm were calculated as 3.063, 8.864, 14.042, 20.753, 27.009, and 36.205 mg/g, respectively. Also, the PFO kinetic constant (K1) in these concentrations were obtained as 0.0605, 0.0654, 0.0567, 0.0439, 0.0419, and 0.037 min-1, respectively. Comparison between the PFO and PSO models shows that the PSO model has more ability to describe the kinetic behavior of P ion adsorption due to higher R2 values in various P ion concentrations. Moreover, the kinetic constant of the PSO model (K2) is smaller than K1 in different P ion concentrations. Furthermore, the amounts of qe,cal for the PSO model are larger than that of the PFO model at all P ion concentrations.12

(b)

Figure 11. Adsorption kinetics of P ions using MnFe2O4 nanoparticles in different P ion concentrations (10-100 ppm) and different contact times (5-130 min), including the PFO model (a) and PSO model (b) (Other conditions: adsorbent dosage= 2 g/L, temperature= 55 oC, mixing rate= 500 rpm and pH=6)
Table 4. Adsorption kinetics of P ions using MnFe2O4 nanoparticles
	Kinetic model
	
Parameter
	P ion concentration

	
	
	10 ppm
	20 ppm
	30 ppm
	50 ppm
	70 ppm
	100 ppm

	PFO
	R2
	0.9441
	0.9887
	0.9878
	0.985
	0.9779
	0.9638

	
	K1(min-1)
	0.0605
	0.0654
	0.0567
	0.0439
	0.0419
	0.037

	
	qe.cal (mg/g)
	3.063
	8.864
	14.042
	20.753
	27.01
	36.205

	
	qe.exp (mg/g)
	4.906
	9.726
	14.427
	23.38
	29.792
	40.28

	PSO
	R2
	0.9985
	0.9978
	0.9978
	0.9979
	0.9977
	0.992

	
	K2 (g/mg.min)
	0.029
	0.011
	0.005
	0.002
	0.002
	0.0009

	
	qe.cal (mg/g)
	5.23
	10.548
	16.025
	26.455
	33.67
	47.46

	
	qe.exp (mg/g)
	4.906
	9.726
	14.427
	23.38
	29.792
	40.28


[bookmark: _Toc8409039][bookmark: _Toc11261824]3.5. Thermodynamic study of P ion adsorption
The thermodynamic parameters are calculated through the plot of LnKd against 1/T, as shown in Figure 12. The thermodynamic constants are also reported in Table 5. As given, negative values of ∆G° in various temperatures (-2.954 kJ/mol at 25 oC and -7.205 kJ/mol at 55 oC) show that the P ion adsorption process is spontaneous. Also, the ∆G° values are between 0 to -20 kJ/mol, indicating that the P ion adsorption process using MnFe2O4 nanoparticles is physical. Moreover, ∆H° was obtained a positive value (38.024 kJ/mol), indicating that the P ion adsorption process is endothermic. Furthermore, ∆S° was obtained a positive value (136.848 J/mol.K), showing that irregularities between the solid (adsorbent) and liquid (solution) phase interface during the P ion removal process using MnFe2O4 nanoparticles are increased .40

Figure 12. The thermodynamic behavior of P ion adsorption using MnFe2O4 nanoparticles (Conditions: mixing rate= 500 rpm, pH= 6, MnFe2O4 dose= 2 g/L, P ion concentration= 10 mg/L, and contact time= 60 min)
Table 5. Thermodynamic parameters for P ion adsorption using MnFe2O4 nanoparticles
	Temperature (oC)
	ΔG°(kJ/moL)
	ΔH°(kJ/moL)
	ΔS°(J/moL.K)

	
	 25 
	-2.954
	38.024
	136.848

	
	  35 
	-4.053
	
	

	
	  45 
	-5.123
	
	

	
	 55 
	-7.205
	
	


3.6. Reusability of MnFe2O4
After examining the adsorption capacity of MnFe2O4 nanoparticles in the removal of P ions from an aqueous solution, the reusability of MnFe2O4 nanoparticles was studied in eight reuse cycles to assess its industrial utilization potential (Figure 13). The solution containing H2SO4 was used to study the reusability of MnFe2O4. Figure 13 (a) shows the impact of H2SO4 concentration on the P ion adsorption using MnFe2O4 nanoparticles. According to the results, the desorption efficiency of P ions increases with increasing H2SO4 concentration. However, no significant change was seen in the P ion desorption efficiency at H2SO4 concentration above 4 mol/liter. Therefore, the H2SO4 concentration of 4 mol/liter was considered the optimum value to study the reusability of MnFe2O4 nanoparticles in the removal of P ions. According to Figure 13 (b), MnFe2O4 nanoparticles were able to remove P ions from aqueous solution with an uptake efficiency above 91% after six cycles. However, the adsorption efficiency of P ions in 7th and 8th cyles were 85.6 and 78.8%, respectively, which are not suitable adsorption efficiencies. Therefore, MnFe2O4 nanoparticles can be used for up to 6 reuse cycles, which is significant reusability.

Figure 13. Desorption efficiency (a) and reusability (b) of MnFe2O4 nanoparticles for removal of P ions from aqueous solution
3.7. Treatment of wastewater using MnFe2O4 nanoparticles
MnFe2O4 nanoparticles were used to treat an urban wastewater and the physical properties of the wastewater before and after treatment are reported in Table 6. As shown, the initial values of COD, BOD5, pH and phosphate ions before adsorption were 310 ppm, 185 ppm, 9.5 and 22 ppm, respectively. After adding MnFe2O4 nanoparticles to the wastewater, the values of COD, BOD5, pH and phosphate ions were changed to 75 ppm, 42 ppm, 9, and 3.8 ppm, respectively. The results show that the concentration of phosphate ions is reduced by 82.7%, which is a proper amount. 
Table 6. The concentration of contaminants in urban wastewater before and after adding MnFe2O4 nanoparticles
	Parameter
	Initial value
	After treatment
	Removal percentage (%)

	Phosphate (ppm)
	22
	3.8
	82.7

	COD (ppm)
	310
	75
	75.8

	BOD5 (ppm)
	185
	42
	77.3

	pH
	9.5
	9
	-


4. Conclusion
In this study, the adsorption capability of MnFe2O4 nanoparticles was investigated in the removal of P ions from synthetic and real wastewater. The physical and structural properties of the aforementioned adsorbent were studied by several analyses such as TEM, SEM, EDAX, Mapping, XRD, VSM, FTIR, BET, and TGA. According to these analyses, MnFe2O4 nanoparticles have a highly porous structure with many active sites, which can be effective in the adsorption process. The adsorption study indicated that the highest adsorption efficiency of P ions was obtained as 98.52%, which was achieved at pH of 6, mixing rate of 500 rpm, MnFe2O4 dosage of 2.5 g/L, P ion concentration of 10 ppm, temperature of 55 oC and contact time of 60 min. Also, the maximum adsorption capacity obtained by the Langmuir model was 39.84 mg/g. Moreover, the isotherm and kinetic studies showed that the P ion adsorption process using MnFe2O4 follows the Freundlich and PSO models. Therefore, heterogeneous surfaces of the adsorbent are very important in the P ion adsorption process. Furthermore, the D-R and Freundlich isotherm models show that the P ion adsorption process using MnFe2O4 is physical. The thermodynamic factors like ∆G°, ∆S°, and ∆H° displayed that the sorption of P ions using MnFe2O4 nanoparticles is spontaneous and endothermic. Besides, the MnFe2O4 adsorbent can be reused for up to 6 cycles with high adsorption efficiency of P ions. Generally, it is recommended that MnFe2O4 nanoparticles can be used on industrial scales.
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Weight Loss (%)

DTG (%/min)


25 °C	2	3	4	5	6	7	8	9	10	11	46.720000000000013	53.88	75.430000000000007	81.28	86.83	85.32	74.169999999999987	56.49	41.34	34.67	35 °C	2	3	4	5	6	7	8	9	10	11	51.660000000000011	58.730000000000011	80.56	84.42	90.679999999999978	87.56	78.69	63.55	46.720000000000013	41.81	45 °C	2	3	4	5	6	7	8	9	10	11	54.32	65.430000000000007	84.76	87.649999999999991	93.28	88.54	84.48	69.540000000000006	53.260000000000012	47.43	55 °C	2	3	4	5	6	7	8	9	10	11	58.730000000000011	68.28	89.72	92.66	96.56	93.93	87.710000000000022	72.540000000000006	58.43	52.42	Solution pH

Removal efficiency (%)



10 mg/L	5	10	15	20	30	40	50	60	80	100	130	45.260000000000012	55.71	69.78	79.55	84.54	92.76	96.679999999999978	97.43	97.61999999999999	97.83	98.11999999999999	20 mg/L	5	10	15	20	30	40	50	60	80	100	130	42.67	49.38	63.42	72.38	81.86999999999999	88.52	94.26	96.56	96.78	97.11	97.26	30 mg/L	5	10	15	20	30	40	50	60	80	100	130	33.520000000000003	43.63	58.27	67.25	76.77	82.35	87.54	94.210000000000022	95.43	95.78	96.179999999999978	50 mg/L	5	10	15	20	30	40	50	60	80	100	130	28.17	39.21	52.74	61.63	70.28	74.73	82.58	89.38	91.240000000000023	92.38	93.52	70 mg/L	5	10	15	20	30	40	50	60	80	100	130	26.779999999999987	36.56	45.85	54.64	62.45	68.31	77.42	80.56	82.38	83.63	85.11999999999999	100 mg/L	5	10	15	20	30	40	50	60	80	100	130	20.779999999999987	26.630000000000027	37.57	42.51	51.49	60.15	72.78	75.27	76.78	78.239999999999995	80.56	Contact time (min)

Adsorption efficiency (%)



%	0.5	0.750000000000001	1	1.5	2	2.5	3	4	45.86	65.430000000000007	84.82	95.410000000000025	97.43	98.52	96.34	94.53	qe	0.5	0.750000000000001	1	1.5	2	2.5	3	4	9.1720000000000006	8.7240000000000002	8.4820000000000046	6.3605999999999945	4.8710000000000004	3.9409999999999998	3.2109999999999999	2.363	Adsorbent dosage (g/L)

Adsorption efficiency (%)

Adsorption capacity (mg/g)




0.25700000000000001	0.68799999999999994	1.7369999999999981	5.31	13.608000000000001	24.73	5.270000000000008E-2	7.1199999999999999E-2	0.12290000000000002	0.23760000000000001	0.48260000000000008	0.65700000000000114	Ce 

Ce/qe 



-1.3580000000000001	-0.37300000000000044	0.55210000000000004	1.669	2.61	3.2080000000000002	1.583	2.2669999999999999	2.6480000000000001	3.1059999999999999	3.3389999999999977	3.6269999999999998	Ln Ce

Ln qe 



18.756	5.9950000000000001	1.538	0.22159000000000001	3.742800000000001E-2	1.1696000000000003E-2	1.583	2.2669999999999999	2.6480000000000001	3.1059999999999999	3.3389999999999977	3.6269999999999998	ԑ2*106  

Ln qe 


10 mg/L	5	10	15	20	30	40	50	60	80	100	0.96800000000000064	0.75160000000000116	0.34800000000000031	-7.4100000000000013E-2	-0.38700000000000051	-1.3160000000000001	-2.6309999999999998	-3.3666999999999967	-3.6880000000000002	-4.2329999999999997	20 mg/L	5	10	15	20	30	40	50	60	80	100	1.6970000000000001	1.5660000000000001	1.2189999999999981	0.91139999999999999	0.43110000000000032	-0.1346	-1.2038999999999966	-2.2629999999999999	-3.0364999999999966	-4.1997	30 mg/L	5	10	15	20	30	40	50	60	80	100	2.2406000000000001	2.0646	1.738	1.4669999999999979	1.0686	0.72970000000000101	9.4100000000000045E-2	-1.2189999999999981	-2.1848000000000001	-2.8129999999999966	50 mg/L	5	10	15	20	30	40	50	60	80	100	2.7930000000000001	2.6080000000000001	2.3209999999999997	2.0759999999999987	1.7589999999999979	1.5469999999999982	1.006	3.44E-2	-0.56200000000000061	-1.2549999999999979	70 mg/L	5	10	15	20	30	40	50	60	80	100	3.3809999999999998	2.8319999999999967	2.621	2.367	2.0709999999999997	1.772	0.99099999999999999	0.42500000000000032	-4.1800000000000004E-2	-0.65000000000000113	100 mg/L	5	10	15	20	30	40	50	60	80	100	3.3969999999999967	3.294	3.0670000000000002	2.8339999999999987	2.6759999999999997	2.3219999999999987	1.3580000000000001	0.97200000000000064	0.63600000000000101	0.14840000000000028	time (min)

ln(qe-qt)



10 mg/L	5	10	15	20	30	40	50	60	80	100	130	2.2989999999999999	3.59	4.2990000000000004	5.0282	7.0969999999999995	8.6240000000000006	10.343	12.316000000000004	16.39	20.442999999999966	26.497999999999987	20 mg/L	5	10	15	20	30	40	50	60	80	100	130	1.171	2.0249999999999999	2.3649999999999998	2.7629999999999999	3.6640000000000001	4.5179999999999945	5.3039999999999985	6.2130000000000001	8.266	10.297000000000001	13.366000000000014	30 mg/L	5	10	15	20	30	40	50	60	80	100	130	0.99399999999999999	1.528	1.716	1.9820000000000018	2.605	3.238	3.8069999999999977	4.2450000000000001	5.5880000000000001	6.96	9.01	50 mg/L	5	10	15	20	30	40	50	60	80	100	130	0.70900000000000063	1.02	1.137	1.298	1.7069999999999979	2.141	2.4209999999999998	2.6850000000000001	3.5070000000000001	4.3289999999999926	5.56	70 mg/L	5	10	15	20	30	40	50	60	80	100	130	0.53300000000000003	0.78100000000000003	0.93400000000000005	1.0449999999999982	1.3720000000000001	1.673	1.845	2.1219999999999999	2.774	3.4159999999999977	4.3629999999999933	100 mg/L	5	10	15	20	30	40	50	60	80	100	130	0.48100000000000032	0.751000000000001	0.79800000000000004	0.86000000000000065	1.165	1.33	1.3740000000000001	1.5940000000000001	2.0830000000000002	2.5559999999999987	3.2269999999999999	time (min)

t/qt



lnKD	
3.3539999999999988	3.2450000000000001	3.1429999999999998	3.0470000000000002	1.1919999999999982	1.5820000000000001	1.9370000000000001	2.641	1/T*10-3  

Ln Kd


(a)

Cr (VI)	1	2	3	4	5	79.5	88.2	96.1	97.5	97.9	NB dye	1	2	3	4	5	H2SO4 concentration (molar)


Desorption (%)



(b)

Cr (VI)	1	2	3	4	5	6	7	8	98.52	97.25	96.75	94.9	93.26	91.1	85.6	78.8	NB dye	1	2	3	4	5	6	7	8	Cycle number


Adsorption efficiency (%)
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