Phosphate removal from aqueous solutions using a hybrid fibrous exchanger containing hydrated ferric oxide nanoparticles
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Abstract
This study presents the evaluation of a fibrous ion exchanger impregnated with nanoparticles of hydrated ferric oxide (HFO) as a selective sorbent for phosphate. The hybrid impregnated anion exchanger (FIBAN-As) combines the durability and mechanical strength of a polymeric weak base anion exchange resin with the high sorption affinity of HFO towards phosphate species. The phosphate loading capacity at the common pH of waste waters treatment plant secondary effluents was 162±12 mg PO43-/g sorbent. Dynamic experiments were carried out and data obtained was fitted to fixed-bed sorption models. The theoretical sorption capacities reported by the Thomas model were in good agreement to the breakthrough experimental capacities determined from the sorption data. The sorption capacity decreased in multicomponent system due to the faster ion exchange of competing anions compared to phosphate ions. The loaded FIBAN-As was efficiently regenerated by using a sodium hydroxide solution, reporting up to 90% of recovery. Finally, reuse of FIBAN-As was evaluated in three successively sorption-desorption cycles by using two regeneration solutions. A sorption capacity reduction of 23% and 30% was observed for acid and alkaline solutions, respectively after the third cycle.
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1. INTRODUCTION
Human activities have altered the phosphorus global cycle consuming in days or years what in the nature takes millions of years to be created [1]. Phosphorous is an essential element of life and of the modern agricultural system [2], and it is a very valued resource due to its main role in fertilizer production and plays a key role in sustainable food production. Fertilizers are produced from phosphate rock and whereas the supply of phosphate rock is limited at the global scale, the fertilizer consumption is in continuous growing [3]. Furthermore, phosphorous is one of the limiting nutrients for the growth of phytoplankton and algae and is therefore one of leading causes of eutrophication. The discharge of wastes containing phosphorus must meet new environmental quality standards for this element. Different technologies have been applied for phosphate removal from wastewater namely physical [4], chemical precipitation by using ferric, calcium or aluminium salts [5], biological [6], and adsorption [7,8]. However, physical processes are expensive and inefficient and chemical precipitation and biological processes have been widely used but they suffered from high costs, sludge handling and operational difficulties to achieve the low phosphate levels required [9–11]. For example, the phosphorus concentration in discharged water to natural water bodies has been limited to 10 µg P/L in United States of America [12], 100 µg P/L in South Korea or 400 µg P/L in Europe. In view of need to reduce the discharge limits, research is oriented to tertiary treatments for phosphorus removal since conventional chemical and biological nutrient removal cannot reach values below 500 µg P/L of phosphorus [13].
Adsorption is the most suitable technique for phosphate removal, particularly for low phosphate concentrations [14]. Several types of phosphate adsorbents have been investigated such as aluminium/ferric oxide or hydroxide [15], inorganic ion-exchangers [16,17], polymeric anion exchange resins [7,8,18], fly ash and activated carbon [19], magnetic chitosan composites [20].
In recent years new alternatives have been developed as more selective sorbents. The main idea of such materials is to combine high mechanical and hydraulic properties of polymeric ion exchange resins with the selectivity of hydrated metal oxides (HMO) toward oxyanions as phosphate [21,22]. Among them, hydrated ferric oxide (HFO) is characterized to be innocuous, inexpensive, readily available, chemically stable over a wide pH range and provides sizes of freshly precipitated amorphous HFO particles between 10 to 100 nm [23]. Several attempts have been made to disperse HFO nanoparticles within various support materials, namely, alginate, zeolite, cation exchange resin and activated carbon [23–26]. Only recently, it was shown that the ligand sorption capacity can be greatly increased by dispersing HFO nanoparticles within polymeric anion exchangers [27,28]. Such an enhancement in sorption capacity results from the Donnan membrane effect exerted by the fixed positive charges of an anion exchanger. 
Between ion exchangers, fibrous based materials have high efficiency in water treatment processes due to the extremely fast sorption on the fibre filaments. Their small diameter (30–50 µm) predetermines high rate of all diffusion-controlled processes [29]. A large variety of ion-exchangers based on different polymers, registered trademark FIBAN, has been synthesized and tested in different processes [29,30]. Extensive studies on development of composite fibres obtained by incorporation of HFO for selective removal of toxic anions as As(V) and As(III) species have been conducted. The advantage of this hybrid ion exchanger is the higher selectivity toward oxyanions and its lower affinity for nitrate, chloride and sulfate ions. Moreover, the regenerability, reuse and the high mechanical strength and therefore easy to backwash or to pump in suspension represent significant advantages compared to other adsorbents. However, few data are reported in literature regarding the potential use of fibrous ion exchangers for phosphate removal and recovery from aqueous effluents as a potential technology for phosphorous recovery in wastewater treatment plants.
The aim of this study was to explore the capacity of a hybrid inorganic/polymeric fibrous sorbent impregnated with amorphous iron hydroxide particles to recover phosphate. The influence of pH on phosphate sorption capacity was evaluated in single and multicomponent systems. Sorption experiments with commonly competing anions present in waste-water effluents were also carried out in order to evaluate the phosphate selectivity of the sorbent. Dynamic experiments were performed and a well-established fixed-bed sorption approach (Thomas model) was used to describe the experimental data and to determine the sorption capacity. Finally, the regeneration and reuse capacity of the sorbent were also evaluated through the elution and sorption-desorption experiments, respectively.

2. EXPERIMENTAL METHODOLOGY
2.1. Materials
Fibrous ion exchanger FIBAN-As was synthesized at the Institute of Physical Organic Chemistry, National Academy of Sciences (Belarus). The typical characteristics of FIBAN-As are summarized in Table 1 [30]. The fibrous ion exchanger FIBAN-As was used on the sorption experiments in the form delivered. 

Table 1. Physicochemical properties of FIBAN-As [30].
	
	FIBAN-As

	Matrix
	Acrylic

	Functional groups
	Secondary amine groups  (-N- (CH3)2

	Iron content (mmol/g)
	1.07

	pH range
	4.5-8.5



2.2. Equilibrium sorption experiments: single and multicomponent systems
Phosphate test solutions were prepared by dissolving known amounts of Na2HPO4.2H2O in water from a Mili-Q-Academic-A10 apparatus (Millipore Co. France). Batch experiments were carried out at room temperature (21±1 ºC). Samples of FIBAN-As (0.05 g) were mixed in polyethylene tubes with an aqueous phosphate solution (25 mL) at different initial concentrations of phosphate (5–5000 mg PO43-/L) until equilibrium was achieved (24 h). 
The influence of pH on the phosphate sorption was evaluated by equilibrating 0.05 g of sorbent with an aqueous phosphate solution (25 mL). Suitable volumes of HCl or NaOH solution (0.1 mol/L), to adjust the initial pH, were used. After phase separation, the equilibrium pH was measured using a pH electrode (Crison GLP22), and total phosphate concentration was determined as described in subsection 2.4.

2.3 Factorial experimental design to study the influence of competing anions
The effect of competing anions on phosphate removal was studied in batch configuration by using the same conditions described above. Competing anions solutions were prepared by dissolving appropriate amounts of NaCl, NaHCO3, Na2SO4 or NaNO3 salts in deionized water. 
The influence of HCO3-, Cl-, SO42- and NO3- onto the phosphate removal by FIBAN-As was studied by a two-level factorial experimental design [31,32]. The experiments were carried out without pH modification and the pH of the solutions was ranged between 6.5 and 7.5. The fractional factorial experiment was build using the program Minitab from a full factorial experiment by choosing an alias structure for determining which effects are confounded with others [33]. Data treatment was performed using Minitab software. The levels studied were defined by the common values found in WWTP secondary effluent for competing anions, thus the average concentration of each anion at low and high levels assigned by (−) and (+), respectively are collected in Table 2.

Table 2. Factors and levels used in the 25-1 factorial design study
	Factors
	units
	Low level (-)
	High level (+)

	A: PO43-   
	mg P- PO43-/dm3
	10
	50

	B: HCO3-
	mg C-HCO3-dm3
	200
	300

	C: Cl-      
	mg Cl-/dm3
	150
	300

	D: SO42-  
	mg S-SO42- /dm3
	150
	250

	E: NO3-  
	mg N-NO3-/dm3
	20
	50



2.3. Dynamic phosphate sorption experiments  
All column experiments were conducted in duplicate in glass columns of 100 mm length and 15 mm internal diameter (Omnifit), uniformly packed with 3.4–3.5 g of sorbent. During the column sorption operation, a phosphate aqueous solution (10 mg PO43-/L) was pumped upwards through the column at a constant flow rate 2 mL/min. A synthetic solution containing 300 mg/L of chloride and hydrogen carbonate, 150 mg/L of sulphate and 50 mg/L of nitrate was used for experiments with multicomponent composition. These concentrations were selected accordingly to the average background composition of WWTP secondary effluent. Samples from the outlet of the column were collected by a fraction collector (Gilson FC204) at given time intervals. Initially, the columns were conditioned with deionized water for half an hour. The wet bed volume was used as reference to convert the supplied solution volume into bed volumes (BV).
Saturated columns were washed with deionized water, for half an hour and then were regenerated by using a 20 g/L NaOH solution at a flow rate of 2 mL/min. Then, 500 mL of 0.1 M HCl water were pumped into the column for washing the sorbent bed and finally it was conditioned with 1 L of deionized water before reusing. Regeneration capacity of FIBAN-As was evaluated trough three sorption-desorption cycles. 

2.4. Analytical methods
Samples obtained from the single and multicomponent batch experiments were filtered with 0.20 μm filters and analysed spectrophotometrically to determine total phosphate content (Hewlett Packard, Model HP-8453) using the colorimetric stannous chloride protocol ASTM 4500-P (APHA et al., 1992). Ionic chromatography (Dionex ICS1000 CS-16 (Vertex, Molins de Rei, Spain)) was used to determine Cl-, SO42- and NO3- concentrations in samples obtained from the multicomponent experiments. Solid samples were analysed using a JEOL 3400 field emission scanning electron microscope with energy dispersive system (FE-SEM-EDS) (JEOL Europe SAS, Croissy Sur Seine (France)). When necessary, the ion exchange fibres were sliced using a thin cutter after being frozen with liquid nitrogen. Mapping analysis of the samples along the particle diameter was completed.
Mineral phases were analysed with a BRUKER D5005 X-Ray Diffractometer (XRD) with Cu L radiation (Bruker Española S. A.; Madrid (Spain)).

2.5 Sorption isotherm models
Langmuir and Freundlich models were used to describe the sorption equilibrium data at constant pH. The Langmuir isotherm [34] assumes monolayer sorption and only occurs at a finite number of definite localized sites. Furthermore, Langmuir isotherm refers to homogeneous sorption, where all sites possess equal affinity for the sorbate and is described by equation 1:

						(1)
where, qm is the maximum loading of the sorbent (mg PO43-/ g)  and KL is the Langmuir sorption constant (L/mg sorbent).
The Freundlich isotherm [34] describes an heterogeneous and reversible sorption not restricted to the formation of a monolayer. The Freundlich equation is given by equation 2:

     					(2)
where, K is the sorption Freundlich constant (mg PO43-/ g)(mg/ L)-1/n, and n is the Freundlich exponent, values of n > 1 represent favourability sorption.

2.5. Breakthrough sorption capacity
The breakthrough point is chosen arbitrarily at some low value, Cb (mg/L); and the sorbent is considered to be essentially exhausted when the effluent concentration, Cx (mg/L), reaches the 90% of C0 (initial concentration of PO43-, mg/L). The capacity at exhaustion qcolumn (mg/g) is determined by calculating the total area below the breakthrough curve. This area represents the amount of solute sorbed by mass of fibre in the sorption zone from the breakpoint to exhaustion [35,36].
[image: ]    		(3)
Where C is the outlet PO43- concentration (mg/L) and ms is the mass of the fibre (g).
Three models were used to describe the phosphate sorption on FIBAS-As under flow dynamic conditions:
The Thomas Model assumes Langmuir sorption isotherm, no axial dispersion and that the driving force obeys second-order reversible reaction kinetics [37]. The linear form of Thomas model is expressed as equation 4.
	
	(4)


where KT is the Thomas rate of constant (mL/min·mg), q0 the PO43- sorption capacity (mg/g), Q the flow rate (mL/min) and m the mass of fibre (g). 
The Yoon-Nelson model based on the theory of sorption and breakthrough of PO43- probability [38]: 
	
	(5)


where t is the time (min), KYN the rate of constant (1/min) and τ the time required for 50% of PO43-breakthrough (min). 
The Bed Depth Service Time (BDST) model is frequently selected for the delineation of fixed-bed column breakthrough for the initial state of the operation [38] [39]:
	
	(6)

	
	


[bookmark: _GoBack]where N0 is the PO43- sorption capacity of the bed (mg/dm3), h the column bed depth (cm), u the linear flow velocity  (cm/h) and K the sorption rate constant (L/mg·h). 

3. RESULTS AND DISCUSSION
3.1. Phosphate extraction properties of FIBAN-As: model description and pH dependence
The sorption capacity of FIBAN-As was evaluated as a function of both pH and interfering anions concentration, by determining the phosphate loading q (mg of PO43-/g of sorbent):

				(7)
where C0 and Ce are the initial and the equilibrium total concentration (mg PO43-/L) of phosphate in solution, respectively, V (L) is the volume of the solution, and ms (g) is the sorbent mass.
The influence of equilibrium pH on PO43- sorption for both single and multicomponent system is shown in Figure 1. The highest extraction efficiency was achieved at pH around 8.5, where the predominant P(V) species are HPO42- (96%) and H2PO4- (4%) and which can be selectively sorbed by HFO through formation of mono or bi dentate complexes [40,41]. 
From an application point of view, the highest sorption capacity of fibre FIBAN-As was measured at typical pH values of the WWTP secondary effluent after biological treatment (6.5 to 8.8) and phosphate removal could be achieved without any pH correction.
[image: ]
Figure 1. Experimental sorption rate of phosphate onto fibre FIBAN-As and comparison between initial pH (5 - 11) and equilibrium pH for single and multi-component systems.

The sorption of PO43- on the hybrid sorbent is mainly associated to the impregnated hydrated ferric oxides (HFO) particles. HFO particles are characterized by the presence on surface of hydroxyl groups, represented as Fe-OH. Its acid-base properties are described by equations 8 and 9 [42]:

	Fe-OH2+  Fe-OH + H+		logKsa1 = -7.3 ± 0.8    		(8)
	Fe-OH     Fe-O-  + H+		logKsa2 = -8.9 ± 0.4   		(9)

The removal of phosphate anionic species (HPO42-, H2PO4-) could be explained by the formation of surface complexes with the Fe-OH groups by coordination with the Fe atom by a ligand exchange mechanism where the OH surface group is exchanged with phosphate anions [42]. In the expected pH conditions (e.g., between 6 and 8.5), where the dominant species (molar fraction >90%)  will be H2PO4- for pH < 6.2 and HPO4-2 for pH > 8.2, the formation of mononuclear species could be postulated by equations 10-12:
	Fe-OH + H2PO4-+H+  Fe-H2PO4+H2O		(10)
	Fe-OH + HPO42- +H+  Fe-HPO4-+H2O		(11)
	Fe-OH + HPO42-   Fe-PO42-+H2O			(12)

With excess FeOH, the favoured species is FeH2PO4 at pH values below 6 (Eq. 10) and the increase of pH favours the formation of FeHPO4- (Eq. 11), whereas at basic pH values the dominant complex is FePO42- (Eq. 12). The increase of the pH solution above pH 11 is traduced on the phosphate desorption as FeOH are converted to FeO- [30].

3.2. P(V) loading capacity: single and multicomponent solutions
The experimental and the predicted data based on both isotherm models are shown in Figure 2 for single and multicomponent experiments. The isotherms parameters (qm, KL and K, n) were determined from the linearized forms of equations 1 and 2, and are summarised on Table 3.  
[image: ]b
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Figure 2. P(V) sorption isotherms q (mg PO43-/g resin) as a function of the aqueous equilibrium concentration in  a) single and b) multi-component system.

Table 3. Freundlich and Langmuir isotherm parameters for phosphate removal onto FIBAN-As in single and multi-component system.
	Model
	Langmuir
	Freundlich

	System 
	R2
	KL
	qm
	R2
	K
	n

	Single 
	0.99
	0.009
	162±12
	0.94
	9.92
	2.75

	Multi-component
	0.98
	0.003
	156±9
	0.96
	1.99
	1.77



The experimental equilibrium data were properly described by the Langmuir model with a maximum FIBAN-As loading of 162±12 and 156±9 mg PO43-/g for single and multicomponent systems, respectively. The removal of phosphate is slightly affected by the presence of interfering ions accordingly to the  obtained qm values and representing a 4% reduction. The results suggest that at pH values common for WWTP secondary effluent (from 6 to 8.5), the competitive ions typically present in these effluents will not represent a significant effect on phosphate sorption. 
A comparison of phosphate loading capacities for hydrated metal hydroxide impregnated sorbents reported in the literature and covering from polymeric weak and base anion resins up to activated carbon is collected on Table 4.

Table 4: Comparison of phosphate sorption capacity data reported in literature for different sorbent materials and values obtained in this study.
	Resin Name
	Support
	Active Phase
	Model
	Langmuir isotherms parameters
	Reference

	
	
	
	System 
	KL
	qm*
	

	FAs
	Acrylic
-N- (CH3)2
	HFO
	Single
Multi-component
	0.009
0.003
	161.9
156.5
	This work

	FO36
	Weak base anion exchanger
PCH2N((CH3)2
	HFO
	Single 
Multi-component
	0.007
0.008
	91.3
89.0
	[43]

	HAIX
	Quaternary ammonium
	HFO
	
	
	2.6
	[13,44]

	HAIX
PLE:DOW-HFO-Cu
PLE: DOW-HFO
	Quaternary ammonium
Tertiary amine (bis-picolylamine)
Tertiary amine (bis-picolylamine  (Cu)
	HFO
HFO
HFO-Cu(II)
	
	
	23.0
	[45]

	HAIX (PhosXnp, LayneRT) (SolmeteX)
	Quaternary ammonium

	HFO
	Fresh Urine
Hydrolysed urine
	0.04
0.026
	9.54
7.17
	[46]

	Diaion WA20
Diaion SA10A
	WBA styrene-DVB, Primary and secondary amines (polyamines)
SBA, Quaternary ammonium
	
	
	
	
	[22]

	La10-meso-SiO2
	Mesoporous Silica
	La (III)
	Single
	
	23.1
	[47]

	La40MCM-41
La40SBA-15
La80SBA-15
La100SBA-15
	Cetyltrimethylammononium bromide
Mesoporous Silica
Mesoporous Silica
Mesoporous Silica
	La(III)
La(III)
La(III)
La(III)
	Single
Single
Single
Single
	
	72.87
89.11
124.17
139.84
	[48]

	FMS-0.2La
FMS-0.1La
FMS-0.04La
FMS-0.02La
	Mesoporous silica
	La (III)
	Single
Single
Single
Single
	0.386
0.350
0.317
0.465
	44.82*
42.76*
14.74*
9.72*
	[49]

	ACF
ACF-La
	Activated Carbon Fiber
Activated Carbon Fiber
	
La(III)
	Single
Single
	3.45
	0.6
7.46
	[50]

	ACF-LaFe
	Activated Carbon Fiber
	La(III) – Fe(III)
	Single
	8.60
	29.44
	[51]

	ACF-NanoHFO
	Activated Carbon Fiber
	HFO
	Single
	0.95
	12.86
	[52]

	DETA-PES-Cu(II)
	Polyethersulfone membrane
	Cu (II)
	Single
Phosphate-Cl-
Phosphate-SO42-
Phosphate-Mg2+
Phosphate-Ca2+
	0.147
0.038
0.028
0.033
0.074
	82.03
79.68
77.16
78.84
81.37
	[53]

	CCP-Zr
	Cross-linked chitosan
	Zr (IV)
	Single (303K)
Single (313K)
Single (323K)
Single (pH = 3)
Single (pH = 5)
Single (pH = 7)
	0.228
0.091
0.085
0.081
0.228
0.256
	67.29
66.49
66.18
71.68
67.29
47.44
	[54]

	Bayoxide ® E33
Bayoxide ® E33/Mn
Bayoxide ® E33/AgI
Bayoxide ® E33/AgII
	Goethite
	FeO(OH)
FeO(OH), Mn (II)
FeO(OH), Ag (I)
FeO(OH), AG (II)
	Phosphate doped lake water
	1.359
0.156
0.440
1.112
	37.74
30.96
25.52
38.80
	[55]

	MKC
	Kaolin clay
	OH-, NH4+
	Single
	2.68
	11.92
	[56]

	ZCB
	Chitosan
	Zr (IV)
	Single
	2.61
	61.92
	[57]


*Sorption capacity in (mg PO43-/g)	Comment by Xialei: FMS studies expressed sorption capacity in phosphorus. I don’t know if it’s properly perform the conversion.	Comment by César Valderrama: It is expressed in phosphate or phosphorous????

Analysis of the impregnated fibre FIBAN-As by EDS (Figure 3a) detected the presence of C, N, O, Fe, Ca, Mg and Si. The presence of C, N, and O is associated with the polymeric weak-base anion exchanger and the presence of Fe and O is associated with sorbed HFO particles. Furthermore, irregular filament forms with an average section size of 40 to 50 μm were observed in the virgin fibre (Figure 3b). Si, Ca and Mg are associated to the synthesis step of the fibrous ion-exchanger and the impregnation step of the HFO.
EDS analysis of loaded FIBAN-As (Figure 3c) shows the presence additionally to the main components of the weak-base anion exchanger (C, N, and O) and the HFO (Fe and O), the presence of phosphorous due to PO43- is also detected. A SEM image of the loaded hybrid sorbent (Figure 3d) at 150x original magnification showed phosphate particles greater than 100 nm fixed on the surface of the fibre filaments.	Comment by César Valderrama: revisar
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Figure 3. a) EDS analysis and b) FE-SEM of virgin FIBAN-As fibre; c) EDS analysis and d) FE-SEM micrograph of PO43- loaded on FIBAN-As fibre.


3.3. Influence of competing anions on phosphate removal
Phosphate sorption data (mg PO43-/g fibre) are summarized in Table S1 (supplementary material) and the effects of the competing anions and their interaction effect on PO43- removal by FIBAN-As are compared in Figure 4. 
Analysis of the effects of anions typically present in WWTP secondary effluents showed that in the studied concentration range, the phosphate concentration is the most significant factor for achieving the maximum PO43- removal. This analysis also indicates that the effects of the concentrations of hydrogen carbonate, chloride, sulphate and nitrate on phosphate sorption rate is low and can be considered as not significant at the evaluated pH levels. The results in factorial design are in accordance to the principle of sparsity of effects as it is most likely that the single- and two-factor interactions are the most significant effects, and the higher order interactions such as three-factor interactions are very rare and to be considered as the residual that is dispersed randomly.

[image: ]
[bookmark: _Ref405826629]Figure 4. Estimated effects of competing anions on PO43- removal by FIBAN-As fibre using fractional factorial design.
The corresponding first-order response model describing the phosphate removal ratio (Q) for un-coded units (mg PO43-/g) is described by equation 13, and the regression equation coefficients obtained for the correlation of anion concentration (in coded units) with P(V) removal ratio and the statistical parameters are summarized in Table S2 (supplementary material).
Q = 2.278 + 0.1098XA + 0.0022XB + 0.0006XC – 1.8x10-5 XD + 0.0003XE   		(13)

3.4. Dynamic phosphate sorption experiments
The results of dynamic experiments were used to obtain the breakthrough curves for phosphate sorption from single and multicomponent aqueous solution systems onto FIBAN-As. The experimental breakthrough curves for PO43- on FIBAN-As are shown in Figure 5. 
[image: ]
[bookmark: _Ref405827776]Figure 5. The experimental and theoretical breakthrough curves of PO43- sorption on FIBAN-As for single and multicomponent systems.
It is observed (Figure 5) that single nanocomponent experiments resulted in delayed breakthrough curve and higher treated volumes, while multicomponent column saturated faster leading to earlier breakthrough and exhaustion bed volumes. The experimental and the sorption parameters obtained by fitting the experimental breakthrough data to Thomas, BDST and Yoon Nelson models for PO43- sorption onto FIBAN-As are summarized in Table 5.

[bookmark: _Ref406332566]Table 5. Thomas, BDST and Yoon–Nelson model parameters for single and multicomponent PO43- sorption on FIBAN-As.
	Model
	
	Single 
	Multicomponent

	Experimental 
	qcolumn (mg g-1)
	48.1
	9.8

	
	N0 (mg L-1)
	14031
	2930

	
	θr (min)
	9969
	2123

	Thomas
	KTh (mL mg-1min-1)
	0.07
	0.23

	
	q0 (mg g-1)
	45.3
	7.1

	BDST 
	KBDST (mL mg-1min-1)
	4.28·10-3
	2.24·10-4

	
	N0 (mg L-1)
	13680
	2162

	Yoon-Nelson
	KYN (min-1)
	6.98·10-4
	1.63·10-3

	
	τ (min)
	10576
	2090

	
	r2
	0.98
	0.91

	
	
	16
	38


*Average Percentage Error (APE)
Analysis of regression coefficients (r2) and the predicted behaviour of breakthrough curves (Figure 5) indicate that models describe properly the PO43- sorption on FIBAN-As for single system and less effectively for multicomponent solution. The sorption parameters obtained were in concordance to the experimental breakthrough data. Thus, the sorption capacity q0, the sorption capacity of bed volume N0, and the time required for 50% sorbate breakthrough τ were in agreement with the measured data. It is important to point out that the sorption capacity in fixed bed experiments was lower compared to values obtained in equilibrium experiments, which is related to the differences in the batch experimental conditions such as solid/liquid (S/L) ratio, sorption kinetics, homogeneity of packed sorbent and variations in flowrate under dynamic configuration. Moreover, the effect of competing ions in fixed-bed experiments was increased up to 80%. This significant effect can be explained by the faster ion exchange mechanism between competing anions and FIBAN-As which lead to a reduction of HFO surface sites available for the selective PO43- sorption by the surface Fe-OH groups. This phenomenon is minimized by vigorously stirring during the entire reaction time under batch equilibrium experiments leading to not significant effect of competing anions on phosphate recovery as was reported in subsection 3.2.
The shape of breakthrough curves was slight different between single and multicomponent systems as can be seen Figure 5. In single system a common s-shaped breakthrough curve was observed with 1000 and 2000 BV for breakthrough and saturation time. A different behaviour was observed in multicomponent system with faster breakthrough (300 BV) and saturation (500 BV) volumes indicating that available sites on HFO surface were occupied by competing anions.

Desorption with sodium hydroxide was carried out in order to regenerate the loaded sorbent and also to recover phosphate. Sodium hydroxide solutions were selected taking into account a previous work with HFO impregnated polymeric resins [43]. The regeneration can be described accordingly to  equation 14  [44]:
  (14)
After regeneration the HFO groups should be conditioned by acidic solutions (H2SO4, HCl) to transform Fe-O- onto Fe-OH and Fe-OH2+ as described by equation 15:
 			(15)
The experimental data from desorption experiments is summarized in Table 6. The recovery ratio was estimated taking into account the experimental sorption uptake during the sorption step as a reference in calculations. The PO43- elution profiles for loaded FIBAN-As in single and multicomponent systems are shown in Figure 6. The highest phosphate concentrations recovered in samples of 10 mL were 3624±19 mg/L and 1178+12 mg/L for single and multicomponent systems, respectively. It should be pointing out that a concentration factor higher than 360 was obtained after the desorption process. In both cases, 90% of the eluted phosphate was recovered in less than 5 BV and then pre-concentration factors from 60 to 360 were obtained. Those rich concentrated solutions could be used to produce hydroxyapatite by using a Ca(II) source [58] or could be used in conjunction with rich ammonium side streams generated in the anaerobic digestion processes in WWTP to precipitate struvite using a Mg(II) source [59].
Table 6. Summary of the results of sorption-desorption of phosphate onto FIBAN-As in single and multicomponent systems.
	Single system

	Amount of sorbed phosphate (mg)
	158.6±3.9

	Amount of sorbed phosphate(mg)
	155.5+3.1

	Percentage of phosphate recovery (%)
	98±2

	Multicomponent system

	Amount of sorbed phosphate (mg)
	34.9±1.9

	Amount of sorbed phosphate (mg)
	32.5±2.2

	Percentage of phosphate recovery (%)
	93±2



[image: ]
Figure 6. PO43- elution profile for FIBAN-As in single and multicomponent systems using NaOH 0.5 M solution, at a flow rate of 10 BV/h.
3.5. Reusability of FIBAN-As fibre 
The experimental data after three sorption-regeneration cycles is summarized in Table 7. The data were fitted to the Thomas, Yoon-Nelson and BDST models.
[bookmark: _Ref406924342]Table 7. Flow dynamic experiments results for three consecutive sorption regeneration cycles on FIBAN-As using 10 mg PO43-/L feeding solution in the presence of competing anions and using NaOH 0.5 M as regenerant solution. Sorption flowrate was 10 BV/h and elution flowrate was 10 BV/h.
	
	
	1st cycle
	2nd cycle
	3rd cycle

	Thomas
	KT
	0.23
	0.23
	0.26

	
	q0
	9.8
	8.8 (<10 %)
	7.1 (<28%)

	Yoon-Nelson
	KYN
	2.26·10-3
	1.81·10-3
	2.42·10-3

	
	τ
	2028
	1974
	1354

	BDST
	K
	3.11·10-4
	2.40·10-4
	2.77·10-4

	
	N0
	2248
	2199
	1808

	
	r2
	0.91
	0.95
	0.94

	
	
	17
	21
	19


           *Average Percentage Error (APE)
The sorption capacity q0, the sorption capacity of bed volume N0, and the time required for 50% sorbate breakthrough τ decreased after each sorption-desorption cycle, however this trend becomes remarkable after the third cycle leading to a decrease of sorption capacity above 60% (data not shown).
The phosphate desorption mechanism for HFO containing ion exchangers can be described according to the regeneration solution used (equations 16 and 17):
i) desorption using NaOH solutions:
  (16)

and ii) conditioning of the HFO groups with acid solutions (H2SO4, HCl):
 		(17)

Accordingly to the above reactions (Equations 16 and 17), the regeneration process involved the reversion of the complexation reactions of the active surface groups by a change in pH, thus, the sorbed phosphate is desorbed and released into the aqueous phase. At pH above 11, the surface hydroxyl groups become deprotonated and negatively charged, thus causing efficient desorption of negatively charged phosphate species (Eq. 18). Rising with dilute acid at pH lower than 8 allows formation of protonated surface functional groups with high phosphate sorption affinity [44]. The conditioning procedures were compared and experimental data is collected in Table 8 as a function of the sorption capacity reduction.

Table 8. Sorption capacity reduction of FIBAN-As accordingly to ion exchange conditioning process (Eq. 17 and 18) for PO43- loaded fibre.
	Regeneration solution
	Alkaline regeneration
	Acid regeneration

	
	1st cycle
	2nd cycle
	3rd cycle
	1st cycle
	2nd cycle
	3rd cycle

	Sorption capacity (%)
	100
	90
	72
	100
	86
	83



Conventional ion exchange provides possibility for regeneration and reuse without significant loss of the sorption capacity. In the case of hybrid ion exchange resins impregnated with HFO, scarce data on performance could be found in the literature. Typically, these types of materials are used as polishing step for removal of toxic species and after loaded sorbents as disposed as toxic wastes, and typically are not regenerated. Results showed a loss of capacity over consecutive cycles, due to a loss of HFO from the fibres surface. Then, the use of such materials will need a re-impregnation step to recover the lost capacity.

4. CONCLUSIONS
In this study, FIBAN-As showed high selectivity towards phosphate ions sorption in presence of common competing anions in WWTP secondary effluents and exhibited excellent phosphate removal capacity without any pH adjustment. The sorption of anionic phosphate species could be explained by the formation of inner sphere bidentate complexes via the ligand-exchange mechanism. The experimental equilibrium data were fitted by the Langmuir isotherm with a maximum loading of 162±12 and 156±9 mg PO43-/g of sorbent for single and multicomponent systems, respectively. These results confirms the higher selectivity of FIBAN-As towards phosphate as the sorption capacity was not significant affected in the presence of competing anions as was also reported by the factorial experiment which revealed that phosphate is the most significant factor in achieving the maximum phosphate removal rate under equilibrium. Dynamic experiments reported a maximum loading of 48±4 and 10±2 mg PO43-/g of sorbent in single and multicomponent systems, respectively. Regeneration studies showed that the sorbent can be eluted efficiently with NaOH solutions achieving pre-concentration factors in the range of 360. Then, allowing the valorisation of these rich PO43- solutions in form of Ca and Mg mineral phosphates. However during the reuse experiments, a reduction on the sorption capacity was observed in consecutive cycles, leading to a necessary a re-impregnation step. Finally, it should be pointing out that the pH of WWTP secondary effluents after biological treatment is suitable for the removal of phosphate anions by FIBAN-As without any further adjustment.
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