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Abstract 12 

The incorporation of Fe(III) was performed in a natural clinoptilolite (Z-N) for simultaneous 13 

phosphate and ammonium removal. The existence of hydroxyl groups (≅Fe-OH) in the iron 14 

zeolite (Z-Fe) enhances the phosphate uptake from 0.6±0.1 mg-P/g in Z-N to 3.4±0.2 mg-P/g in 15 

Z-Fe. However, the ammonium sorption capacity slightly decreases from 33±2 mg-N/g in Z-N to 16 

27±2 mg-N/g in Z-Fe. The equilibrium and kinetics sorption were well explained by the Langmuir 17 

isotherm and the intraparticle diffusion model, respectively. Both the phosphate and ammonium 18 

uptake were slightly affected by the coexistence of competing ions. The phosphate sorption 19 

capacity of iron zeolite was decreased in the regeneration cycles. The desorption using a 1 M 20 

NaOH solution under dynamic conditions provided higher enrichment factors for ammonium than 21 

phosphate. 22 

 23 
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1. Introduction 1 

Eutrophication, is a serious environmental problem associated with phosphate and ammonium 2 

overloading in surface waters due to municipal effluents and agricultural runoff 1. Therefore, the 3 

implementation of wastewater purification technologies for both phosphate and ammonium 4 

removal is required 2, 3. Natural and synthetic zeolites are crystalline microporous aluminosilicates 5 

that are widely used in separation and purification processes and a promising material for 6 

environmental applications 4 due to their high abundance, availability and low cost 5-7. In addition, 7 

zeolites can be used as substrates for supporting and impregnating metallic hydroxides for 8 

oxyanion uptake applications (i.e., arsenic and phosphate) 8, 9. Surface-modified adsorbents have 9 

become more prominent in recent years. In addition to granular media, such as granular ferric 10 

hydroxides (GFH) and granular activated carbon (GAC) that are used for anions adsorption, other 11 

iron composites have been used to confine iron oxide particles in the pores of the support. A 12 

convenient method to control aggregation and particle size involves the preparation of iron 13 

hydroxide particles (e.g., akaganeite) in a template, such as clay 10, 11, polymer 12, 13 or Fe-14 

exchanged natural zeolite 14. 15 

The modification of zeolites with Fe(III) is typically performed in two stages as follows: i) the 16 

conversion of the zeolite to the Na+ form using NaCl, NaOH and NaOH/NaCl solutions and ii) the 17 

conversion of the sodium form of the zeolite (Z-Na+) to the Fe(III) form using typical FeCl3 18 

solutions. When the modification process is carried out under acidic conditions, Na+ ions are 19 

exchanged by Fe(III) cationic species and, to a lesser extent, the formation of hydrated iron 20 

oxides 15, 16. Under basic conditions, the formation of hydrated iron hydroxide particles is the main 21 

modification mechanism 17, 18. In general, the mineral properties of the zeolite support are not 22 

modified. However, a slight increase in the surface area has been associated with the formation 23 

of hydrated mineral oxides occupying both the surface and channels of the porous structure of 24 

zeolitic material 19. The application of Fe(III) modified zeolites as well as Al(III), Mn(II) or Zr(IV) for 25 
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the removal of oxyanionic species has been primarily focused on the removal of toxic elements, 1 

such as As(III)/As(V) 18, and other anions, such as fluoride 20. Most of these studies of modified 2 

zeolites have focused on the removal mechanism with little attention to their possible 3 

regeneration. 4 

This study describes the modification of a natural zeolite (clinoptilolite) with Fe(III) to promote the 5 

formation of >FeOH surface groups on the zeolites structure to favour the simultaneous uptake of 6 

cationic (ammonium) and anionic (H2PO4-/HPO42-) species; to evaluate the sorption performance 7 

and the potential regeneration and re-use of the Z-Fe zeolite via sorption and desorption cycles 8 

for tertiary wastewater treatment applications. The objectives of this work are as follows: (i) to 9 

incorporate Fe(III) into natural zeolite, (ii) to characterize the modified zeolite, (iii) to study the 10 

influence of pH and concentration on the phosphate and ammonium sorption onto the modified 11 

zeolite, (iv) to determine the equilibrium and kinetic sorption parameters, (v) to determine the 12 

sorption selectivity of common ions in wastewater effluents and (vi) to evaluate its performance in 13 

sorption and desorption cycles via dynamic experiments.       14 

2. Materials and methods 15 

2.1. Incorporation of Fe(III) to the natural zeolite 16 

A natural zeolite (Z-N) obtained from the Zeocem Company (Slovak Republic) was washed and 17 

dried at 80 °C for 24 hours. The experiments were performed in batch (particles < 200 µm) and 18 

fixed-bed (< 800 µm) configurations. Z-N was modified to the iron form using an adaptation of the 19 

method reported by Jiménez – Cedillo et al. 21. The Z-N sample (30 g) was treated in 250 mL of 20 

NaCl (0.1 M) two consecutive times under reflux for 4 h to obtain the sodium form of the zeolite 21 

(Z-Na). Then, the Z-Na sample (30 g) was treated two consecutive times by refluxing in 250 mL 22 

of FeCl3 (0.1 M) for 4 h to obtain the iron zeolite (Z-Fe). After treatment, the samples were 23 

washed until no chloride was detected using an AgNO3 test followed by drying at 80 °C for 24 24 

hours. 25 
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2.2. Physicochemical characterization of the zeolites 1 

A powder X-ray diffractometer (D8 Advance A25 Bruker) was used for X-ray diffraction (XRD) 2 

characterization of the Z-N, Z-Na and Z-Fe samples. The chemical composition and morphology 3 

of the samples were determined using a field emission scanning electron microscope (JEOL 4 

JSM-7001F) coupled to an energy dispersive spectroscopy system (Oxford Instruments X-Max). 5 

The infrared absorption spectra were recorded on a Fourier transform FTIR 4100 (Jasco) 6 

spectrometer in a range of 4000 to 550 cm-1. The nitrogen gas adsorption method was used to 7 

determine the specific surface area of the Z-N, Z-Na and Z-Fe samples on an automatic sorption 8 

analyser (Micrometrics). The tests were replicated at least four times for each sample, and the 9 

average values are reported.  10 

2.3. Equilibrium and kinetic batch sorption studies 11 

The batch equilibrium sorption experiments were carried out using a standard methodology that 12 

has been previously reported 22. Weighed amounts of the dry samples (particle size < 200 µm) 13 

were shaken overnight in 25 mL of a solution containing various phosphate (P) and ammonium 14 

(N) concentrations. The following types of experiments were performed:  15 

i) Sorption capacity as a function of phosphate and ammonium concentration: The Z-N and Z-Fe 16 

samples (0.25 g) were equilibrated in solutions without pH adjustment using concentrations 17 

ranging 1 to 2000 mg-P/L and 10 – 5000 mg-N/L. 18 

ii) Sorption capacity as a function of equilibrium pH: The Z-Fe (0.1 g) sample was added to 25 19 

mg-P/L and 25 mg-N/L solutions (pH adjusted from 2 to 11). 20 

iii) Sorption capacity as a function of phosphate and ammonium concentration in the presence of 21 

individual ions and mixtures of common competing ions present in wastewater effluents: By 22 

addition of the Z-Fe sample (0.1 g) to solutions (without pH adjustment) containing 25 mg-P/L, 25 23 

mg-N/L and 25 mg/L of the competing ion. The ion concentrations were fixed at the average 24 

annual composition of the stream from a tertiary treatment including a reverse osmosis step at 25 
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the El Prat wastewater treatment plant (Barcelona – Spain). The solution consisted of: chloride 1 

(625 mg/L), bicarbonate (325 mg/L), sulfate (200 mg/L), nitrate (30 mg/L), sodium (260 mg/L), 2 

calcium (160 mg/L), magnesium (50 mg/L) and potassium (40 mg/L). Finally, the Z-Fe sample 3 

(0.25 g) was equilibrated in a solution containing concentrations ranging from 1 to 2000 mg-P/L 4 

and 10 – 5000 mg-N/L with the mixed ion solutions. 5 

iv) Batch kinetic sorption experiments: The Z-Fe (0.1 g) sample was equilibrated in a solution 6 

containing 20 mg-N/L and 10 mg-P/L. The tubes were withdrawn sequentially at specific time 7 

intervals. All of the tests were performed at 200 rpm and room temperature (21±1 °C) in triplicate, 8 

and the average values are reported. The samples were centrifuged for 10 min and filtered (45 9 

µm) prior to analysis. The concentrations of the phosphate and ammonium ions were determined 10 

in the initial and remaining aqueous solution. In addition, the loaded zeolite samples were 11 

examined by field scanning electron microscopy, and the mineral phases were identified by X-12 

Ray diffraction. 13 

2.4. Phosphate speciation in the loaded Z-Fe samples by fractionation assays. 14 

The fractionation of phosphorus immobilized in loaded Z-Fe was performed based on a modified 15 

three sequential step extraction protocol 23. The Z-Fe sample (0.25 g) was equilibrated in 25 mL 16 

of a 25 mg-P/L solution. The loaded sample was washed and dried prior to the extraction trials. 17 

The loosely bound phosphorus fraction (LB-P) was determined by two consecutive extractions of 18 

the Z-Fe loaded sample (0.25 g) in 20 mL of 1 M NH4Cl (pH 7). The iron and aluminum fraction 19 

(Fe+Al)-P was determined by two consecutive extractions in 20 mL of 0.1 M NaOH followed by 20 

extraction in 1 M NaCl. Finally, the phosphorus linked to the calcium and magnesium compounds 21 

(Ca+Mg)-P was determined by two consecutive extractions in 20 mL of 0.5 M HCl. The residual 22 

phosphorus (R-P) was calculated based on the mass balance between the phosphorus adsorbed 23 

and the extracted fractions. The tests were performed at 200 rpm in triplicate at 21±1 °C, and the 24 

average data are reported.   25 

Page 5 of 43

http://mc.manuscriptcentral.com/jctb-wiley

Journal of Chemical Technology & Biotechnology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

6 

 

2.5. Phosphate and ammonium batch desorption studies 1 

The Z-Fe sample (0.5 g < 200 µm) was added to 25 mL of a solution containing 25 mg-P/L and 2 

25 mg-N/L. The loaded sample was washed and dried followed by equilibration in 25 mL of the 3 

elution solution: (i.e., NaOH (1 M), NaHCO3 (0.1 M), Na2CO3 (0.1 M) and NaHCO3/Na2CO3 (0.1 4 

M)). The tests were performed in two sorption – desorption cycles at 200 rpm in triplicate at 21±1 5 

°C, and average values are reported. 6 

2.6. Phosphate and ammonium sorption and desorption column studies  7 

The Z-Fe samples (<800 µm) were packed in a glass column (15 mm x 100 mm). The expected 8 

values of the effluent streams from secondary treatment at the El Prat wastewater treatment plant 9 

(Barcelona – Spain) were considered for the feed composition (i.e., phosphate (12.5 mg/L), 10 

ammonium (25 mg/L), chloride (312.5 mg/L), bicarbonate (162.5 mg/L), sulfate (10 mg/L), nitrate 11 

(15 mg/L), sodium (130 mg/L), calcium (80 mg/L), magnesium (25 mg/L) and potassium (20 12 

mg/L)). The sorption under dynamic conditions was evaluated in the presence and absence of 13 

competing ions with a countercurrent flow rate of 1.85 mL/min. Then, Z-Fe was saturated in the 14 

absence of competing ions and regenerated using a 1 M NaOH solution at a flow rate of 0.5 15 

mL/min. 16 

2.7. Analytical methods  17 

Standard methods were used for phosphate (P) and ammonium (N) determination 24. The 18 

vanadomolybdophosphoric acid colorimetric method (4500-P C) allowed for P quantification, and 19 

the ammonia-selective electrode method (4500-NH3 D) was employed for N determination. The 20 

ions were determined using a Thermo Scientific Ionic Chromatograph (Dionex ICS-1100 and ICS-21 

1000). 22 

3. Results and discussion  23 

3.1. Characterization of modified Fe(III) zeolite 24 
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The XRD patterns of Z-N, Z-Na and Z-Fe (supporting information Figure S1) indicated that 1 

clinoptilolite as the main crystalline phase, which coexisted with quartz and albite. The Z-Na 2 

sample was an intermediate stage in the zeolite modification to the iron form due to the easy 3 

sodium removal in ion exchange applications 25. The existence of akaganeite (β-FeOOH) as the 4 

crystalline iron phase was observed in Z-Fe, which is in contrast to the reports of amorphous iron 5 

oxide species forming on natural zeolite surfaces 8, 21, 26. The Z-Na and Z-Fe spectra exhibited the 6 

zeolite characteristic reflections (i.e., 2θ at 9.92°, 11.23°, 17.36°, 22.52° and 32.08°), which did 7 

not change. The small changes in the intensity of the reflections observed in the Z-Fe spectra 8 

resulted from the occupation of cation exchange sites by iron ions due to the FeCl3 treatment. In 9 

addition, the specific surface area (19.8±0.3 m2/g) of Z-N and Z-Fe was the same.  10 

The FSEM-EDX analysis indicated that the chemical composition of clinoptilolite consisted of O, 11 

Na, Mg, Al, Si, K, Ca, Ti and Fe as the main elements (Table 1). 12 

In the Z-Na sample, the increase in the Na+ content was due to the cationic exchange reaction 13 

between the Mg2+, K+ and Ca2+ ions. The iron content in Z-Fe exhibited an eight-fold increase due 14 

to ion exchange between K+, Mg2+, and Ca2+. In addition, it is important to note the existence of 15 

chloride (1.1%) in the modified zeolite, which is consistent with previously reported results for 16 

natural or synthetic zeolites 15, 22. Unfortunately, no discussion has been provided in these 17 

previous studies. The presence of chloride in the sample is associated with the presence of Fe-Cl 18 

complexes (e.g., FeCl2+ and FeCl2+), which are the predominant species in the FeCl3 solutions 19 

used to modify the zeolites. The species distribution diagram for the FeCl3 solution is provided in 20 

Figure S2 in the supporting information. The modification process of the zeolite can be described 21 

by exchange reactions involving Fe-Cl complexes (Eq. (1-3)) even though it could not be 22 

discarded the exchange with Fe+3 ions. 23 

>ZO-Na+ + FeCl2+ ↔   >ZO- FeCl2+ +  Na+     (1)    24 

2(>ZO-Na+) + FeCl+2 ↔  ( >ZO-)2(FeCl+2) +  2 Na+   (2) 25 
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3(>ZO-Na+) + Fe+3 ↔  ( >ZO-)3Fe+3 +  3 Na+     (3) 1 

 where >ZO- represents the zeolitic structure.  2 

A network of crystal clusters with a homogeneous size distribution was identified in the FSEM 3 

image of the Z-N sample (supporting information Figure S3a). The crystals of clinoptilolite 4 

displayed the characteristic plate-like morphology with large cavities and entries in to the 5 

channels inside the zeolite framework 27. Notably, some lamellar crystals and small particles 6 

covered the surface of Z-Na and Z-Fe (supporting information Figures S3b, c), confirming that 7 

sodium and iron modification was achieved in clinoptilolite.  8 

The FTIR spectra of Z-N, Z-Na and Z-Fe (supporting information Figure S4) displayed peaks 9 

between 798 cm-1 and 547 cm-1 that correspond to the stretching bridges of the Al-O-Si and Si-O-10 

Si groups. The stretching vibration of the Si–O groups corresponds to the band at ~1100 cm-1, 11 

and the deformation vibration of water was located at ~1630 cm-1. The hydroxyl groups of the 12 

zeolitic structure are associated with the peaks in the range from 3700 cm-1 to 3100 cm-1 4, 28. The 13 

Z-N (Figure S4a) and Z-Na (Figure S4b) spectra exhibited minimal differences, which is typical for 14 

ion exchange between cations with a similar valence 29. The Z-Fe spectra exhibit some changes 15 

in comparison to Z-N due to the ion exchange with the trivalent Fe(III) (Figure S4c). The new 16 

bands located at 1396 cm-1, 1455 cm-1 and 1541 cm-1 as well as the shift at 3396 cm-1 are related 17 

to the presence of the surface iron hydroxide groups (≅FeOH) 30, 31. The formation of (≅FeOH) is 18 

caused by the modification step due to the strong acidity of the Fe(III) species even at low pH 19 

values (supporting information Figure S2), promoting the formation of Fe(OH)2+ and Fe(OH)2+ 20 

(e.g., ( >ZO-)2(FeOH2+) or >ZO-FeOH2+). In addition, a fraction of Fe(III) will be in the ≅ Fe-OH 21 

form (e.g., (Fe(OH)3(s)). 22 

3.2. Phosphate and ammonium equilibrium isotherms 23 

The equilibrium uptake for phosphate and ammonium (qe) was calculated using Eq. 4.  24 

Page 8 of 43

http://mc.manuscriptcentral.com/jctb-wiley

Journal of Chemical Technology & Biotechnology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

9 

 

�� = ��� − ��� × 

�     (4)  1 

where Co (mg/L) and Ce (mg/L) represent the initial and equilibrium concentrations, respectively, v 2 

(L) is the aqueous solution volume and w (g) is the mass of the zeolite. The phosphate and 3 

ammonium equilibrium sorption was evaluated according to the Langmuir (Eq. 5) and Freundlich 4 

(Eq. 6) isotherms: 5 

�� = �
��.�� + 	���     (5)   6 

log �� = log�� + 	�
� ���	��    (6) 7 

where qm (mg/g) is the maximum sorption capacity, KL (L/mg) is the Langmuir sorption equilibrium 8 

constant and KF ((mg/g)/(mg/L)1/n) is the Freundlich equilibrium sorption constant.  9 

The Langmuir isotherm provided a better description of the phosphate and ammonium equilibrium 10 

sorption (R2≥ 0.99) compared with the Freundlich isotherm (Table 2 and Figure 1), which only 11 

describes the experimental data at low concentrations levels. These results suggest that the 12 

availability of specific and equal affinity sites on the zeolite for monolayer and homogenous 13 

sorption or/and ion exchange. The phosphate maximum sorption capacity exhibited a six-fold 14 

increase in Z-Fe (3.4±0.2 mg-P/g) compared with Z-N (0.6±0.1 mg-P/g). In contrast, a decrease 15 

in ammonium capacity from 33±2 mg-N/g in Z-N to 27±2 mg-N/g in Z-Fe was observed.  16 

The phosphate removal was not dependent on the pH in the range of 2 to 11 (Figure 2). The 17 

sorption mechanism of the phosphate oxyanion (H2PO4- - HPO42- - PO43-) is associated with the 18 

formation of monodentate and bidentate complexes with the hydroxyl surface groups of both of 19 

the exchanged iron complexes on the cation exchange positions or on the hydrated iron oxides 20 

(≅FeOH groups) inside the zeolite micropores (specific adsorption), which is represented by Eq. 7 21 

32-34; or by means of columbic forces depending of the pHpzc (non-specific adsorption), as shown 22 

in Eqs. 8 and 9 35. 23 
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   (8) 4 

� −  ! − "#		 YZ[M*.1-/01*�2333333333345# ≫ 	5#78� 			� −  ! − ") 	+ #%"       (9) 5 

The reduction of the P sorption capacity above a pH of 8, indicates the acid-base properties of 6 

the hydrated iron oxides formed during the impregnation processes with a pHPCZ close to 8. This 7 

behaviour is in agreement with published data for the akaganeite minerals 36 and ion-exchange 8 

resins impregnated with hydrated iron oxides 37, 38. 9 

The electrostatic interactions of the surface groups of Z-Fe (Eq. 7 and 9) are responsible for the 10 

lowest ammonium sorption at acidic pH values (near pH 2) due to competition with H+ ions. The 11 

NH4+ sorption pH dependence exhibited an unexpected increase even above a pH of 9.3 when it 12 

is converted to NH3, and then, the removal values could not be explained by the exchange 13 

reaction defined by Eq. 10 39. However, Liu et al. 20 reported Fe(III) removal of NH3 due to a 14 

complexation reaction with Fe atoms as ≅FeOHn(NH3)m .  15 

Z-Na+ +NH4+↔ Na+ + Z-NH4+        (10) 16 

3.3. Effect of competing ions on phosphate and ammonium sorption 17 
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The phosphate sorption exhibited a slight improvement in the presence of Mg2+ (6 %) > K+ (5 %) > 1 

Na+ (3 %) and Ca2+ (1 %), which it has been reported for a synthetic zeolite due to the effect of a 2 

precipitation reaction involving the formation of Mg/NH4/PO4 and Ca/PO4 minerals 40. However, 3 

no mineralogical phase was identified by XRD analysis of the loaded iron samples due to their 4 

content being below the limit of detection. An important decrease in the ammonium removal was 5 

promoted by K+ (18 %) > Ca2+ (16 %) > Na+ (10 %) > Mg2+ (4 %), which is in agreement with the 6 

behaviour reported for a synthetic zeolite 5 even though the ion-exchange coefficients are 7 

favoured for NH4+ ions over K+/Na+/Ca2+ and Mg2+. The cation mixture decreases by 16% and 38 8 

% for the phosphate and ammonium uptakes, respectively.  9 

The phosphate and ammonium sorption capacity has a variation of less 5 % in the presence of 10 

chloride and sulfate as reported for other zeolites (Figure 3) 5, 39. Therefore, there is no 11 

competition between these species for the same binding sites due to outer-sphere complexation 12 

40, 41. Notably, a reduction in the phosphate removal was promoted by the coexistence of HCO3-, 13 

which is consistent with the selectivity reported for a modified zeolite 42. The combination of 14 

anions decreases the phosphate and ammonium uptake by 8 % and 14 %, respectively.  15 

The Langmuir isotherm (R2≥ 0.99) provided a better description of the phosphate and ammonium 16 

equilibrium sorption in the presence of competing ions compared with the Freundlich isotherm 17 

(Table 3, Figure 4). The ammonium sorption capacity decreased in the presence of ions at 23 18 

mg-N/g and at 25mg-N/g with coexisting anions and cations. Similarly, decrease in the phosphate 19 

uptake capacity was observed in the presence of ions and anions at 3.1 mg-P/g and in the 20 

presence of cations at 3.3 mg-P/g. 21 

3.4. Phosphate and ammonium sorption kinetics 22 

The sorption kinetics of both the phosphate and ammonium ions for Z-Fe are comparable to 23 

those reported for zeolitic materials (Figure 5). Equilibrium was reached within 200 minutes, and 24 

Page 11 of 43

http://mc.manuscriptcentral.com/jctb-wiley

Journal of Chemical Technology & Biotechnology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

12 

 

the phosphate sorption rates were lower compared with those of the ammonium ions, which is 1 

due to ion exchange between NH4+ and Na+ ions being faster than phosphate ion complexation 2 

on the zeolite surface (≅FeOH).  3 

The intraparticle diffusion model reported by Weber and Morris 43 (Eq. 11) was employed to 4 

describe the sorption mechanisms of the zeolite assuming it was promoted by diffusion in the 5 

spherical adsorbent and convective diffusion in the adsorbate solution.  6 

�0 = ]0 	B� %^ + _   (11) 

where kt (mg.g-1.h-1/2) is the intraparticle diffusion rate constant and A (mg/g) describes the 7 

thickness of the boundary layer (i.e., the higher the value of A, the greater the boundary layer 8 

effect). The sorption process is controlled by intraparticle diffusion when the sorption uptake (qt) 9 

as a function of t1/2 yields a straight line. In contrasts, when two or more steps influence the 10 

sorption process, the data result in multi-linear plots. 11 

The fitting of the kinetic data to the intraparticle diffusion model revealed two linear steps. 12 

Therefore, film diffusion followed by particle diffusion may be used to describe the phosphate and 13 

ammonium sorption 44. In addition, the phosphate and ammonium sorption were evaluated based 14 

on the film diffusion (Df) and particle diffusion (Dp) mechanisms corresponding to the 15 

homogenous particle diffusion model (HPDM) (Figure 6) 45, 46. The effective particle diffusivity 16 

calculates the sorption on the spherical particles using Eq. 12:  17 

− ln a1 − c�0��d
%e = 2	f%g,K% B (12) 

When the rate of sorption is controlled by liquid film diffusion, this rate can be expressed as shown in 18 

Eq. 13:  19 

− lnh1 − c�0��di =
gj�kℎ	K	�m B (13) 
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where qt and qe are the solute loadings on the adsorbent phase at time t and equilibrium (mg/g), 1 

respectively, Cs (mg/L) and Cz (mg/kg) are the ion concentrations in solution and in the zeolite, 2 

respectively, r is the average radius of the zeolite particles (1x10-4 m), t is the contact time (min) 3 

and h is the thickness of film around the zeolite particle (1x10-5 m for a poorly stirred solution) 47. 4 

Both the phosphate and ammonium sorption exhibited higher values of Df than those found for 5 

Dp. Therefore, particle diffusion was the rate-limiting step, and monolayer molecular sorption 6 

occurred on the surface of zeolite (Table 4), which is consistent with the results reported for 7 

ammonium sorption on natural zeolites at low initial ammonium concentrations 44, 47, 48. In 8 

addition, the evaluation of the sorption kinetics was performed via convention models (supporting 9 

information Eqs. S1 – S2 and Table S1). 10 

Based on FSEM – EDAX analysis, the loaded Z-Fe possessed a surface covered by several 11 

lamellar particles (supporting information Figure S3d), and the existence of phosphorus but not 12 

nitrogen was observed, which may be due to the content being below the limit of quantification. 13 

After sorption, the zeolite surface exhibited a compact crystalline framework. The loaded zeolite 14 

spectra (supporting information Figure S5) exhibited changes in the bands at 3392 cm-1, 1455 15 

cm-1 and 1040 cm-1 due to the hydroxyl groups (Fe(OH)) of the zeolite surface participating in the 16 

complexation reactions with the phosphate and ammonium ions 9, 49, 50. Therefore, the increase in 17 

phosphate removal at the expense of a slight reduction in ammonium sorption occurred on Z-N 18 

and Z-Fe due to binding site competition.  19 

3.5. Phosphorus speciation in the loaded Z-Fe samples 20 

The L-B and R-P were the minor fractions of the immobilized phosphorous at 4±2 % and 3±2 %, 21 

respectively (Table 5), which is in agreement with previous results using a synthetic zeolite 51. 22 

The 54±8 % phosphorus was associated with the iron and aluminum hydroxides. This result 23 

suggests that the Fe-OH groups of the hydrated iron oxides in Z-Fe are primarily responsible for 24 

phosphate removal. In addition, 39±6 % of phosphorus was immobilized by calcium and 25 
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magnesium (Ca+Mg)-P compounds. Chemical precipitation encouraged phosphate uptake but no 1 

mineral phase was determine by XRD analysis due to the concentrations being below the limit of 2 

quantification.  3 

3.6. Phosphate and ammonium batch desorption 4 

Higher recovery ratios were obtained for ammonium than phosphate from the loaded zeolite 5 

using NaOH, NaHCO3, Na2CO3 and mixtures of NaHCO3/Na2CO3 in the first sorption – 6 

desorption cycle (Table 6). 7 

The partial phosphate desorption was due to complexation between hydrated iron oxide groups 8 

and phosphate and the formation of Ca-Mg phosphate mineral phases. All of the regenerated Z-9 

Fe samples exhibited a larger decrease in phosphate uptake compared with ammonium removal 10 

capacity in the subsequent sorption cycles. Therefore, in operational terms, the sorption capacity 11 

obtained in the impregnation step was lost. Previous studies of Fe-loaded zeolites do not discuss 12 

general regeneration cycles and reuse, and loading capacity losses have not been previously 13 

reported. Therefore, the reuse of the modified zeolite will require re-impregnation after cycling, or 14 

the loaded zeolites could be potentially used for improvement of soil quality. 15 

3.7. Simultaneous phosphate and ammonium uptake in dynamic assays 16 

The breakthrough curves of ammonium (25 mg/L) and phosphate (12.5 mg/L) sorption by Z-Fe 17 

with and without competing ions are shown in Figure 7. The ammonium maximum sorption 18 

capacity at column saturation (C/C0=0.95)  was 26 mg-N/g at 306 BV, and in the presence of 19 

competing ions, the ammonium maximum sorption capacity decreased to 15 mg-N/g at 257 BV. 20 

In addition, the phosphate maximum sorption capacity decreased from 2.7 mg P/g at 167 BV to 21 

1.1 mg-P/g at 122 BV in the presence of coexisting ions.  22 

The profiles of the ammonium and phosphate desorption in a NaOH solution (Figure 8) indicated 23 

a recovery of 88±3 % of the eluted phosphate and 92±2 % of the eluted ammonium at 4 BV. The 24 

highest concentrations were determined to be 131 mg-P/L and 3834 mg-P/L. Under these 25 
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conditions, enrichment factors of 40 and 80 were achieved for phosphate and ammonium, 1 

respectively.  2 

4. Conclusions 3 

In this study, a simple modification process of an iron zeolite (Fe(III)) resulted in simultaneous 4 

cationic and anionic sorption. The enhancement of the phosphate uptake slightly affected the 5 

ammonium exchange capacity of the modified zeolite. The ammonium sorption primarily occurred 6 

by ion exchange and complexation with the (ZO-) groups of the zeolitic structure and a 7 

combination of electrostatic interactions, chemical precipitation and inner sphere complexation 8 

with ≅Fe-OH functional groups act as the sorption mechanism for phosphate uptake. The 9 

coexistence of competing ions slightly affected the phosphate and ammonium sorption uptake 10 

onto Z-Fe. In the dynamic experiments, the desorption using 1 M NaOH provided enrichment 11 

factors of 39 and 80 for phosphate and ammonium, respectively. However, the sorption – 12 

desorption operation revealed a reduction in the anionic and cationic uptake capacity. Therefore, 13 

re-impregnation steps are required after reuse cycles, or based on the reusability limitations, the 14 

loaded zeolites have the potential for use as additives to improve soil quality. 15 
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Element Z-N Z-Na Z-Fe 

O 57.8 ± 2.6 60.3 ± 1.4 57.4 ± 3.4 

Na 0.3 ± 0.0 1.5 ± 0.1 0.4  ± 0.8 

Mg 0.4 ± 0.1 0.4 ± 0.0 - ± - 

Al 5.3 ± 0.2 5.3 ± 0.0 3.3 ± 1.4 

Si 29.7 ± 1.7 29.1 ± 1.5 23.3 ± 3.7 

Cl < loq* < loq* 1.1  0.2 

K 2.9 ± 0.5 1.8 ± 0,2 1.0 ± 0.2 

Ca 1.9 ± 0.3 1.1 ± 0,1 0.6 ± 1.0 

Ti 0.2  0.2 < loq* < loq* 

Fe 1.6 ± 0.4 0.5 ± 0,0 12.8 ± 2.4 

*loq: limit of quantification 1 

Table 1. Chemical composition (wt. %) of the zeolitic materials: natural zeolite (Z-N), sodium 2 

zeolite (Z-Na) and iron zeolite (Z-Fe). 3 

 

Langmuir Freundlich 

qm KL 
R2 

KF 
1/n R2 

(mg/g) (L/mg) ((mg/g)/(mg/L)1/n) 

Z-N 
Phosphate 0.6 0.01 0.99 0.02 0.47 0.97 

Ammonium 33 0.006 0.99 1.84 0.36 0.94 

Z-Fe 
Phosphate 3.4 0.02 0.99 0.59 0.25 0.71 

Ammonium 27 0.004 0.99 0.80 0.46 0.96 

Table 2. Isotherm parameters for phosphate and ammonium sorption on natural zeolite (Z-N) and 4 

iron zeolite (Z-Fe). 5 

 Langmuir Freundlich 
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 qm KL 
R2 

KF 
1/n R2 

 (mg/g) (L/mg) ((mg/g)/(mg/L)1/n) 

Phosphate 3.4 0.02 0.99 0.59 0.25 0.71 

P-Anions 3.1 0.01 0.99 0.35 0.31 0.81 

P-Cations 3.3 0.02 0.99 0.54 0.26 0.80 

P-Ions 3.1 0.02 0.99 0.53 0.24 0.98 

Ammonium 27 0.004 0.99 0.80 0.46 0.96 

N-Anions 25 0.003 0.99 0.69 0.45 0.97 

N-Cations 25 0.002 0.98 0.45 0.49 0.99 

N-Ions 23 0.002 0.99 0.46 0.47 0.99 

Table 3. Isotherm parameters for phosphate and ammonium sorption by iron zeolite (Z-Fe) in the 1 

presence of competing ions. 2 

Model Kinetic parameters Phosphate Ammonium 

Intraparticle diffusion 

kt1   (mg�g-1�h-1/2) 

R2 

0.1 

0.99 

1.9 

0.97 

kt2   (mg�g-1�h-1/2) 

R2 

0.1 

0.89 

0.5 

0.96 

Film diffusion 
Df  (m2�s-1) 

R2 

4.6x10-11 

0.92 

1.2x10-09 

0.95 

Particle diffusion 
Dp  (m2�s-1) 

R2 

1.6x10-13 

0.98 

2.1x10-12 

0.98 

Table 4. Kinetic parameters for phosphate and ammonium removal by iron zeolite (Z-Fe). 3 

qe 

(mg/g) 

LB-P (Fe+Al)-P (Ca+Mg)-P (mg/g) R-P 

(mg/g) % (mg/g) % (mg/g) % (mg/g) % 

Page 23 of 43

http://mc.manuscriptcentral.com/jctb-wiley

Journal of Chemical Technology & Biotechnology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

24 

 

0.98 0.03 4±2 0.53 54±8 0.39 39±6 0.03 3±2 

Table 5. Speciation of phosphate immobilized on the iron zeolite (Z-Fe) associated to the 1 

chemical forms: LB-P; (Fe+Al)-P; (Ca+Mg)-P; R-P. 2 

Elution solution 
Desorption (%)  

Phosphate  Ammonium 

1 M NaOH 64±4 92±6 

0.1 M NaHCO3 49±4 52±4 

0.1 M Na2CO3 74±5 91±6 

0.1 NaHCO3/0.1 MNa2CO3 73±5 66±4 

Table 6. Simultaneous phosphate and ammonium desorption efficiency from loaded Z-Fe in batch 3 

experiments at 21±ºC. 4 

  5 
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 1 

 2 

Figure 1. Experimental and theoretical equilibrium isotherms for a) phosphate and b) ammonium 3 

removal by iron zeolite (Z-Fe) at constant equilibrium pH 3.1±0.2. 4 

 5 

Figure 2. Effect of pH on the phosphate and ammonium removal by iron zeolite (Z-Fe). 6 
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 1 

 2 

Figure 3. Individually effect of a) cations and b) anions for phosphate (P) and ammonium (N) 3 

removal by iron zeolite (Z-Fe). 4 
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 1 

Figure 4. Equilibrium capacity for a) phosphate and b) ammonium recovery by the iron zeolite (Z-2 

Fe) in presence of competing ions. 3 

 4 

Figure 5. Evolution of phosphate and ammonium sorption uptake versus time for iron zeolite (Z-5 

Fe) in batch experiments at 21±1 ºC. 6 
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 1 

 2 

Figure 6. Experimental and theoretical sorption kinetics of a) phosphate and b) ammonium ions 3 

for Z-Fe. 4 
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 1 

Figure 7. Breakthrough curves of a) phosphate and b) ammonium uptake by iron zeolite (Z-Fe) at 2 

flow rate of 1.8 mL/min. 3 

 4 

 5 

Figure 8. Desorption profiles of a) phosphate and b) ammonium from loaded iron zeolite (Z-Fe) 6 

using 1 M NaOH at 0.5 mL/min. 7 
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