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Abstract 13 

Natural inorganic adsorbents are attractive for pollutants removal due to the easy operation, non-14 

toxic characteristics and low cost. In this study, two raw clays (C1 and C2) were doped with iron and 15 

evaluated for the recovery of phosphate from simulated urban treated wastewater. The adsorbents 16 

performances were evaluated through batch adsorption assays. Iron was stably retained in doped 17 

clays (C1-Fe and C2-Fe) at basal and edge surface at adsorption and desorption stages. Clay 18 

adsorbents were effective for adsorption of phosphate at neutral pH 7 and in broad range of 19 

phosphate concentrations. The maximum phosphate adsorption capacity values were 21, 38, 21 20 

and 38 for C1, C1-Fe, C2 and C2-Fe, respectively. The equilibrium sorption data of raw and iron-21 

doped clays were well described by the Langmuir isotherm model (R2 > 0.97). Therefore, 22 

monolayer phosphate adsorption occurred through hydrogen bonding and complexation between 23 

protonated hydroxyl groups and phosphate anions. The raw and iron-doped clay adsorbents 24 

reached the equilibrium within 10 minutes and the equilibrium attainment data were well described 25 
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by the intraparticular diffusion model (R2 > 0.96). The phosphate monolayer adsorption was 26 

followed by diffusion through the internal clay pores. The phosphate adsorption by clays in 27 

presence of competing ion was inhibited by the higher ionic charge of sulphate. Besides, the less 28 

hydrated chloride and bicarbonate anions promoted the reduction of the sorption capacity of 29 

phosphate. Finally, the reusability of iron-doped clays is limited. Therefore, saturated iron-doped 30 

clays as single-use adsorbents can be disposed for soil amendment applications. 31 

Keyword: iron hydroxides; phosphate recovery; low-cost-sorbent; sustainable use of resources 32 

 33 

1. Introduction 34 

Sources of natural phosphorous sources are limited worldwide, and their high demand predicts a 35 

shortage in the coming years. At the industrial level, phosphorus is used for the manufacture of 36 

fertilisers, as well as other applications such as cleaning products, food and beverages, and 37 

metallurgy. The phosphorus from detergents and household wastes is the largest  inorganic source 38 

of phosphate-phosphorous forms in natural water bodies and in domestic wastewater. 39 

Anthropogenic phosphorus from agricultural runoff, farming waste, industrial and domestic sewage 40 

is discharge into the aquatic bodies and is then responsible for eutrophication [1]. Furthermore, the 41 

massive increase in the use of cleaning products due to the pandemic makes the short-term 42 

eutrophication scenario even worse. 43 

A recent study on phosphorus-flow analysis demonstrated that wastewater treatment plants 44 

(WWTP) are considered as the most important secondary source of phosphorus (more than 40%) 45 

[2]. Therefore, the removal of phosphate from wastewater containing nutrients is important to 46 

conserve the natural aquatic environment [3] and even more important is the recovery of 47 

phosphorous from WWTP. Its recovery would also reduce the dependence on external supplies of 48 

phosphate rock by recovering it within the phosphorous cycle.  49 



 3 

Several processes such as precipitation with Fe(III) salts and crystallisation as struvite with Mg(II) 50 

salts from the richest streams (e.g., sewage sludge anaerobic digestion side-streams) are used for 51 

this purpose [4]. However, the high operating costs limit the large deployment of these technologies 52 

in medium and small-sized WWTPs [5]. The low levels of phosphate in wastewater according to 53 

the current regulatory framework make current technological solutions too expensive, so it is 54 

necessary to propose effective and low-cost technological strategies. Ion exchange and adsorption 55 

are postulated as viable option to recover phosphate forms from both, the total phosphorous-richest 56 

side streams and more diluted main streams with total phosphorous levels below 5 mg/L P (16 57 

mg/L P-PO43-). The use of several polymeric anion exchangers resins have been reported to be 58 

excellent phosphate adsorbents due to its selectivity and sensitivity [6] in streams with low content 59 

of dissolved organic matter. 60 

Accordingly, low-cost and environmentally friendly materials are nowadays preferred for the 61 

phosphate recovery from wastewater, such as zeolites (clinoptilolite [7], attapulgite [8]), industrial 62 

wastes (e.g., fly ash, blast furnace slag, organic/inorganic hybrid adsorbents) [9], and clays (e.g., 63 

bentonites, allophane nanoclay) [10]. Clay exhibits a net negative charge, which gives them an 64 

important cation adsorption and cation exchange properties. The clay structure and the pH of the 65 

aqueous phase determine the development of adsorption and exchange properties of the clays. 66 

The use of clays in environmental applications has been reported for the adsorption of toxic 67 

pollutants: transition metals, organic micro-pollutants (e.g., biocides and dyes) from wastewater; 68 

however, the affinity of clays for phosphate adsorption is very low. The use of hybrid selective 69 

phosphate adsorbents such as clays modified by physical and chemical methods is proposed to 70 

increase their affinity for oxyanions such as arsenate, selenite and phosphate [11]. The modification 71 

protocols based on iron oxide-constructed nanomaterials have reported high stability and potential 72 

application [12]. Besides, other metal ions as zirconium(IV) loaded fibrous adsorbent have been 73 

reported as efficient phosphate adsorbent [3]. Exceptionally, allophane is a clay type with several 74 
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environmental applications due to its interaction with toxic anions. The small particle size, high 75 

surface area and aluminol groups at the surface allow a high retention capacity for anions [13].  76 

The development of low-cost material is proposed as a single-use adsorbent, assimilating it as a 77 

chemical, for example, as coagulant that could be dosed in the sedimentation or filtration stages in 78 

the WWTP. The levels of total phosphorous could reach values from 5 to 15 mg/L P or 50 to 250 79 

mg/L P at main- and side streams, respectively [14]. In the case of countries where more than 80% 80 

of the sludge is disposed or applied in agriculture or for soil improvement, such mixtures will 81 

improve their fertilising value [15]. Since, phosphate-loaded Fe-adsorbents could function as slow-82 

release fertilisers where the inorganic phosphate could be released under the controlled root 83 

mechanism [16].  84 

To the best of our knowledge, several modified clays have been developed for phosphate removal, 85 

but we have not found no previous studies that report detailed experimental information about iron-86 

doped clays for phosphate adsorption. The literature review provided of the field indicated that 87 

adsorbents rarely develop high phosphate adsorption in neutral pH range [17]. The pH is a critical 88 

operational parameter because in a full-scale application the treated wastewater is usually at 89 

neutral pH (e.g., 6 to 8.5), therefore it will not require pH adjustment. In this study, iron-doped clays 90 

are prepared with the ability to recover phosphate efficiently at neutral pH range values. This work 91 

describes the preparation of the iron-doping stage and in batch experimental set-up, the 92 

effectiveness and selectivity were evaluated. The specific objectives were: i) to investigate the iron-93 

doping onto raw clays to remove phosphate at neutral pH range, i) to investigate the iron-doping 94 

onto raw clays to recover phosphate at neutral values, ii) to study the effect of initial phosphate 95 

concentration to determine the clay adsorbent capacity, iii) to study the phosphate adsorption 96 

kinetics, iv) to determine the selectivity of clay adsorbents for phosphate adsorption over competing 97 

ions and (v) to evaluate the regeneration of clays after phosphate adsorption or their potential 98 

application as single-use adsorbent. 99 
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 100 

2. Materials and Methods 101 

2.1. Clay adsorbent preparation 102 

The raw clay samples were obtained from the San Cayetano formation C1 sample (3° 103 

S, 79° , C1 sample) and from the Zalapa formation C2 sample (3° 53 51.72 ° 104 

15 4.12 , C2 sample) from Ecuador. The raw clays were located in the Loja Miocene 105 

Sedimentary Basin located at the Central Andes Cordillera in southern Ecuador. The raw clays in 106 

bulk were crushed and washed with deionised water and subsequently dried in an oven at 80°C 107 

for 24 h. The raw clays were dry sieved to obtain homogeneous adsorbent particle sizes. Particles 108 

below 200-µm mesh were used for the experiments. Furthermore, to prepare the iron-doped clay 109 

forms (C1-Fe and C2-Fe), the clay samples were treated with 0.5 M of FeSO4 solution. A 110 

mass:volume ratio of 25 g:250 mL of clay sample and iron sulphate solution, respectively was used. 111 

The mixture was stirred under reflux conditions (at 95 ± 2°C) for 4 hours. The pH (7) of the mixture 112 

was maintained by the constant addition of a 0.1 M NaOH solution. Then, the treated clays were 113 

recovered from the mixture, the iron-doping procedure was repeated twice under the same 114 

conditions. Finally, the resulting iron-doped clays were repeatedly washed and centrifugated with 115 

deionised water, until not chloride ion was detected in the discharge. The resulting material was 116 

vacuum-filtered and dried in an oven at 90 ºC for 24 h. The C1-Fe and C2-Fe doped clay samples 117 

were stored in a desiccator for further characterization and for adsorption experiments. 118 

2.2. Clays physicochemical characterisation 119 

The sample structures were characterised by a powder X-ray Diffractometer. X-ray diffraction 120 

(XRD) patterns were acquired on a powder X-ray Diffractometer (D8 Advance A25 Bruker) with a 121 

.1542 nm) operating at 40 kV and 40 mA. The diffraction patterns were collected 122 

at 25°C and over an angular range from 4 to 60°  Nitrogen 123 
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gas adsorption method was used to determine the specific surface area of the adsorbents with an 124 

automatic adsorption analyser using the multipoint Brunauer Emmett Teller (BET) method. 125 

The morphology of clay samples was studied by a field emission scanning electron microscope 126 

(FE-SEM). In addition, a wavelength dispersive X-ray fluorescence spectrometer (Bruker S1 Turbo 127 

SD-LE Mining Calibrations) was used to determine the composition of the sample. The infrared 128 

absorption spectra were recorded with a Fourier Transform FTIR spectrometer in the range of 129 

4000 550 cm-1. KBr was used to prepare a table sample, and the spectra were obtained by 130 

collecting 32 scans using a 4 cm 1 resolution. Clay adsorbents were equilibrated with solutions at 131 

different ionic strengths to determine the point of zero charge (PZC) by the pH drift method in the 132 

range of pH 3 10 as described in a previous work [18]. The test was replicated four times for each 133 

sample and the average data is reported. 134 

2.3. Phosphate batch adsorption studies  135 

The phosphate adsorption by raw and iron-doped clays was evaluated under optimal conditions 136 

obtained in our previous works and which are summarized in Error! Reference source not found.. 137 

The phosphate solutions used in the adsorption tests were prepared by dissolving NaH2PO4.2H2O 138 

stock solution (1000 mg/L) in deionised water. The pH of the phosphate solutions used in the 139 

adsorption test were adjusted using 0.1 M HCl or 0.1 M NaOH. After, phosphate solution-clay 140 

adsorbent system was equilibrated it was centrifuged at 5000 rpm and the supernatant filtered 141 

 The pH of the initial and final solution was measured using a combined 142 

glass electrode (CrisonTM) at room temperature (22 ± 2°C). In the phosphate solution, the pH 143 

values were adjusted with an accuracy greater than 0.02 units. The potenciometer calibration was 144 

carried out with standard buffer solutions of pH 2, pH 4 and pH 7. The concentration of the initial 145 

and equilibrated phosphate solutions were measured using the standard methods for the 146 

examination of water and wastewater. A calibration curve was prepared from the phosphate stock 147 

solution by using the vanadomolybdophosphoric acid colourimetric method (4500-P C). [19], using 148 
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a wavelength 470 nm. Cation and anion concentrations including iron ion were determined using a 149 

Thermo Scientific Ionic Chromatograph (Dionex ICS-1100 and ICS-1000). The tests were 150 

performed in batch by triplicate, and the average values are reported.  151 

The equilibrium adsorption capacity was calculated by Eq. 1. 152 

              (Eq. 1) 153 

where Qe was the equilibrium adsorption capacity (mg/g PO43-), V was the volume of phosphate 154 

solution (L), C0 and Ce were the initial and equilibrium concentration of the phosphate solution 155 

(mg/L PO43-), and w was the mass of the clay material (g). 156 

2.3.1. Phosphate adsorption as a function of pH 157 

The influence of pH on phosphate adsorption by clay adsorbents was evaluated using phosphate 158 

solutions at initial pH values between 3 to 10. 159 

2.3.2. Equilibrium adsorption capacity 160 

The sorption capacity of clays adsorbents was determined using a wide range of initial 161 

concentrations 10 2000 mg/L PO43- at pH 7 (pH was used adjusted according to the expected 162 

treated wastewater conditions). The weighted amounts of raw and modified clays were equilibrated 163 

by mixing with the phosphate solution in a rotatory stirrer. 164 

The equilibrium adsorption isotherms were fitted to the linearised Langmuir (Eq. 2) and Freundlich 165 

(Eq. 3) equations: 166 

             (Eq. 2) 167 

            (Eq. 3) 168 

where Qm is the maximum adsorption capacity (mg/g PO43-), KL Langmuir adsorption constant 169 

(L/mg), KF (mg/g) and n were Freundlich constant.  170 

The separation factor RL was a dimensionless constant that explains the Langmuir isotherm shape. 171 

The favourability of the adsorption process is defined when 0 < RL< 1 and can be calculated by Eq. 172 

4. 173 
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             (Eq. 4) 174 

2.3.3. Effect of competing ions 175 

The clay samples were equilibrated in solutions containing a binary combination of phosphate and 176 

the coexisting anions (e.g., nitrate, bicarbonate, chloride and sulphate) at equal concentration level. 177 

In addition, the phosphate adsorption phosphate was evaluated considering a combination of all 178 

competing anions at same concentration level.  179 

2.3.4. Kinetic of phosphate adsorption 180 

The kinetic behaviour of phosphate adsorption by clay adsorbents were evaluated using two 181 

liquid/adsorbent dosages. Samples (5 mL) were withdrawn at given times for determining the 182 

phosphate concentrations in solution.  183 

The phosphate adsorption capacity as a function of time was calculated by Eq. 5. 184 

              (Eq. 5) 185 

where Qt was the adsorption capacity as a function of time (mg/g PO43-), V is the volume of 186 

phosphate solution (L), C0 and Ct were the initial and concentration of the phosphate solution at 187 

specific time (mg/L PO43-) and w was the mass of the clay material (g). 188 

The experimental kinetic data were fitted to the Homogeneous Diffusion Model (HDM) and the Shell 189 

Progressive Model (SPM) in order to describe the phosphate recovery by clay adsorbent materials. 190 

The HDM model considered the clay as a quasi-homogeneous media, and the adsorption diffusion 191 

rate is a controlling step on the spherical particles defined by Equations 6 and 7 [20]:  192 

i) if particle diffusion Dp (m2 s-1) controls the adsorption rate, it is described by Eq. 6:  193 

   (Eq. 6) 194 

ii) if liquid film diffusion Df (m2 s-1) controls the adsorption rate, it is described by Eq. 7:  195 

   (Eq. 7) 196 
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where X(t) was the fractional attainment of adsorption equilibrium between the solid and liquid 197 

phase (qt/qe) at time t; C and Cr (mg/L) were the concentrations of solute in a solution and the 198 

adsorbent phase, respectively; t was the contact time (min); r is the average radius of clay particles 199 

(particles below 200 mesh  particles diameter: 7.4 × 10-5 m or particles radius: 3.7 × 10-5 m) and 200 

h was the thickness of film around the clay particle (1 × 10-5 m for a poorly stirred solution) [21]. In 201 

the SPM, as the porosity of the clay could be considered small and thus practically impervious to 202 

the aqueous solution, the phosphate adsorption process is described by a concentration profile of 203 

the solution containing phosphate ions going forward into a spherical partially saturated clay 204 

particle [20]. The adsorption rate-controlling steps on the clay particles were defined by:  205 

(a) if it was controlled by the fluid film (KF (m/s)), described by Eq. 8: 206 

     (Eq. 8) 207 

(b) if it was controlled by the diffusion through the particle adsorption layer (Dp (m2/s)), 208 

described by Eq. 9: 209 

  (Eq. 9) 210 

(c)  if it was controlled by the chemical reaction (ks ((m.mol)/(L.s))), described by Eq. 10: 211 

   (Eq. 10) 212 

where as was the stoichiometric coefficient; and Cc and Cs0 were the concentration of solute at clay 213 

unreacted core and in bulk solution, respectively (mg/L).  214 

2.3.5. Phosphate desorption 215 

The raw and doped clay samples were equilibrated with 100 mg/L PO43- solution. The solid samples 216 

were separated from the aqueous phase for further tests. Therefore, the loaded clay samples were 217 

further equilibrated in closed containers using deionised water at pH 3, 6 and 10. 218 

Table  1 Operating conditions of the phosphate adsorption by raw C1, C1-Fe, C2 and iron-doped 219 

C2-Fe clay adsorbents. 220 
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Process factors Conditions 

Initial pH (3, 4, 5, 6, 7, 8, 9, 10) 

Temperature = 22°C ± 2°C; agitation= 100 rpm; volume: 

25 mL; initial PO43- concentration= 25 mg/L; contact time = 

60 min 

Initial concentration (10, 25, 50, 

100, 250, 500, 1000, 2000 mg/L) 

Temperature = 22°C ± 2°C; pH= 7; agitation= 100 rpm; 

volume: 25 mL; sorbent dosage= 0.1 g; contact time = 60 

min 

Kinetic adsorption  (2.5 and 5 g) 

Temperature = 22°C ± 2°C; pH= 7; agitation= 100 rpm; 

volume: 500 mL; sorbent dosage= 0.1 g; initial PO43- 

concentration= 100 mg/L; contact time = 5 seg, 10 seg, 

30 seg, 45 seg, 60 seg, 2.5 min, 5 min, 10 min, 15 min, 

20 min, 30 min, 40 min, 50 min, 60 min 

Competing ions (nitrate, 

bicarbonate, chloride and 

sulphate) 

Temperature = 22°C ± 2°C; pH= 7; agitation= 100 rpm; 

volume: 25 mL; sorbent dosage= 0.1 g; initial PO43- 

concentration= 50 mg/L; initial competing ion 

concentration= 50 mg/L; initial coexisting ions 

concentration= 50 mg/L; contact time = 5 seg, 10 seg, 30 

seg, 45 seg, 60 seg, 2.5 min, 5 min, 10 min, 15 min, 20 

min, 30 min, 40 min, 50 min, 60 min 

Desorption essays (pH 3, 6, 10) 

Temperature = 22°C ± 2°C; pH= 7; agitation= 100 rpm; 

volume: 25 mL; sorbent dosage= 0.1 g; initial PO43- 

concentration= 100 mg/L: contact time =  60 min 

Optimal conditions  

Temperature = 22°C ± 2°C; pH= 7; agitation= 100 rpm; 

volume: 25 mL; sorbent dosage= 0.1 g; initial PO43- 

concentration= 25 mg/L; contact time = 60 min 

 221 

3. Results and Discussion 222 

3.1. Clay and Fe-doped clay characterisation 223 

The X-ray diffraction patterns of raw and iron-doped clays C1, C1-Fe, C2 and C2-Fe are depicted in 224 

Figure 1. The XRD patterns of raw and iron-doped clays at lower angles (4 10º) and at wide angles 225 

(10 60º) are represented. The analysis indicated that the C1 raw clay was a heterogeneous clay 226 

material composed of 65.9% montmorillonite (Mt) [(Na,Ca)0,3(Al,Mg)2Si4O10(OH)2], 18.5% anorthite 227 
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(At) [CaAl2Si2O8] and 15.6% quartz (Qt) (SiO2). The analysis of C2 raw clay determined that it was 228 

also a heterogeneous clay composed of 25.4 % dickite (Dt) [Al2Si2O5(OH)4], 51.9% illite (It) 229 

[(K,H3O)(Al, Mg, Fe)2(Si, Al)4O10[(OH)2,(H2O)]] and 22.8% quartz (Qt) (SiO2).  230 

The diffraction patterns of the doped clays did not exhibit the formation of a new crystalline 231 

mineralogical phases after iron doping. A decrease of the peak intensities was observed for both 232 

iron-doped clays in comparison to parent clays. This effect has been attributed to the lower 233 

crystallinity of clays due to the presence of Fe (III) ions [22]. The basal space d001 plane was 234 

calculated as 15 Å for the raw C1 clay at 2 : 5.9, which was comparable to the d001 value of the 235 

montmorillonite pattern. Montmorillonite is a 2:1 layer clay mineral consisting of one Al3+ octahedral 236 

sheet between two Si4+ tetrahedral sheets. The permanent negative charge on the montmorillonite 237 

surface occur by the isomorphous substitution of Al3+ for Si4+ in the tetrahedral layer and the 238 

substitution of Mg2+, Zn2+ and Fe3+  for Al3+ in the octahedral layer. The hydrated cations like Na+ 239 

and Ca2+ are in the interlayer space which depends of the water content  [23].  The iron-doped clay 240 

C1-Fe d001 value was 16.35 Å, which has a slight increase in the basal space as consequence of 241 

the change of the interlayer cation nature. A similar behaviour was reported before for an iron 242 

activated montmorillonite where the iron polyhydroxy cations promoted a partial exchange of Ca2+ 243 

and Na+ interlayer metal ions by Fe3+ and K+ [24]. It was also reported the enlarge of basal space 244 

for an iron activated montmorillonite nanocomposite where the interlayer metal ions were replaced 245 

by hydrogen ions which are intercalated into the silicate layers and the interlayer water is lost during 246 

the modification process [23].  247 

The basal space d001 plane was calculated as 9.9 Å for the raw C2 clay at 2 : 8.9, which was 248 

comparable to the d001 value of the illite pattern. llite clay is a typical 2:1 cationic layered silicate 249 

that consists of one central (Si/Al/Fe/Mg) octahedron bound to two (Si/Al) tetrahedrons with K as 250 

the intermediate cation. The iron-doped clay C2-Fe d001 value was 10.9 Å, which was a slight 251 

increase in comparison to C2 raw clay. The enlarge of the basal space of illite clays have been 252 
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previously reported as consequence of the exchange of K+ ions by divalent cations (e.g., Ca2+, 253 

Mg2+) which is an extremely slow mechanism [25]. The potassium from basal surface and edge-254 

interlayer have been recognized as exchangeable with other cations.  255 

Since, iron can be found in clays as: i) structural iron, ii) iron complexed by surface hydroxyl groups 256 

and iii) iron bound by ion exchange at basal siloxane surfaces and at the edge surface [26]. It is 257 

confirmed that iron has been retained in C1-Fe and C2-Fe clays at basal and edge surface.  The 258 

specific surface area of C1, C1-Fe, C2 and C2-Fe clay samples are detailed in Error! Reference 259 

source not found.. The incorporation of iron also promoted the increase of specific surface up to 260 

80% and 90% for C1-Fe and C2-Fe, respectively, in comparison to the raw clay. Otherwise, opposite 261 

effect about the reduction of surface area of the functionalized amino form (NH2-SBA-15) in 262 

comparison with the parent prepared mesoporous silica material (SBA-15) was reported.  There 263 

was reported values of surface area up to 170 and 406 m2/g respectively for SBA-15 and NH2-264 

SBA-15. The decrease of surface area value were reported as effect of the existence of functional 265 

groups in both outer surface as well as the mesoporous channels [27]. Also, other mesoporous 266 

materials MCM-41 with extremely high surface area of 1450.9 m2/g, has been reported as excellent 267 

adsorbent for wastewater treatment  [28]. The existence of a higher adsorbent surface area is 268 

associated to a larger variability of reactive sites and then higher adsorption capacities can be 269 

obtained [29]. However, the surface area values that have been reported for clay adsorbents in this 270 

study are lower than the mesoporous materials ones. 271 
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Figure 1 X-ray diffraction patterns of the low and wide angle of a) C1 and C1-Fe, b) C2 and C2-Fe 276 

clay. (Mt: montmorillonite, Qt: quartz, At: anorthite, It; illite, Dt: dickite) 277 

The FSEM analyses of raw clays C1 and C2 presented a homogeneous morphology with plate-like 278 

crystal surface distribution with a smooth surface (Figure S1 and S2 of the supplementary section). 279 

Particularly, in raw clay C1, there are some rod-like morphology minerals on the surface. A 280 

conventional plate-like structure is a representative shape for clays; however, some rod-like 281 

structure shapes were previously attributed to some other raw clays. Also, other pedogenic iron 282 
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oxide particles were associated with the rod-like morphology [30]. Some changes occurred in the 283 

morphology of both iron-doped clays C1-Fe and C2-Fe with the appearance of small particles 284 

clustered covering the surface. However, the amorphous nature of these iron-hydroxide phases 285 

did not allow their identification by XRD analysis. Furthermore, the FSEM-EDX results (data not 286 

shown) revealed also the increase of iron on the clay materials used in this study.  287 

 288 

The X-ray fluorescence analysis revealed the chemical composition of C1, C1-Fe, C2 and C2-Fe 289 

clay samples and the SiO2/Al2O3 ratio (Table  2). The C1 and C2 clays were mainly composed of 290 

SiO2 and Al2O3. Other components such as Fe2O3, CaO, MgO, Na2O, K2O were in low contents for 291 

both clays. In addition, raw clays are heterogeneous clays with SiO2/Al2O3 ratios of 5.3 and 2.7 for 292 

C1 and C2, respectively. The presence of TiO2 also was determined for clay C1 at a higher content 293

than in clay C2. The iron content of both raw clays increased after the modification process. The 294 

iron oxide content of C1-Fe and C2-Fe clays increased 7% and 20%, respectively, after the iron 295 

doping process. The exhausted loading solution of both iron-doped C1-Fe and C2-Fe clays was 296 

verified by ICP and the release of cations were found (e.g., Mg2+, K+, Na+, Ca2+, data not shown). 297 

Thus, ion exchange reactions occurred between Fe2+/Fe3+ ions with the interchangeable cations 298 

(Mg2+, K+, Na+, Ca2+) from the raw clays, as described by Eq. 11:  299 

Clay-Mg2+ / Na+/ K+ / Ca2+ + Fe2+/Fe3+  Clay-Fe2+/Fe3+ + Mg2+ / Na+/ K+ / Ca2+    (Eq. 11) 300 

The Na content is almost the same for both raw and modified clays. Thus, sodium exchanges again 301 

from solution to the iron doped clays while NaOH was added for maintaining the pH. The increase 302 

of the pH during iron doping on clays was performed to favour the formation of iron mineral phases 303 

in presence of dissolved oxygen. It is worth mentioning that oxidation of Fe(II) to Fe(III) could be 304 

favoured at this condition. 305 

Table  2 Chemical composition of C1, C1-Fe, C2 and C2-Fe clay samples, SiO2/Al2O3 ratio and 306 

specific surface area. 307 
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Clay 

materials 

Chemical compositiona 
SiO2/Al2O3 

ratio 

Specific 

surface area 

(m2/g) 

SiO2 Al2O3 Fe2O3 Ca

O 

MgO Na2O K2O TiO2 

C1 74.7 14.2 2.9 1.4 2.8 1.3 2.1 0.6 5.3 28 

C1-Fe 74.8 14.5 3.1 1.3 2.7 1.2 2.0 0.4  50 

C2 68.9 25.1 2.4 1.3 0.3 0.7 1.2 0.1 2.7 28 

C2-Fe 69.1 25.0 2.9 1.1 0.2 0.6 1.1 <lq.b  53 

a Composition of clay samples based on XRF analyses (weight %) 308 

b Below of the limit of quantification (<lq). The limit of detection is specified for SiO2 matrix in three sigma 99.7% 309 

confidence level and 120 second analysis time and the error is below 0.5%. 310 

 311 

The functional groups present in raw clays C1 and C2 were determined (Figure S3, supplementary 312 

section). The absorption bands at 3622 cm-1 and 3614 cm-1 of C1 and C2, respectively, were 313 

attributed to the external -OH groups. The bands at 3420 and 3693 cm-1 for C1 and 3435 and 3691 314 

cm-1 for C2 were assigned to the internal -OH groups (physisorbed water molecules). These 315 

hydroxyl groups can be distinguished by a doublet in these bands [31]. The stretching vibrations of 316 

Si-O-Si groups were confirmed in C1 and C2 by the presence of the bands at 997 cm-1 and 1022 317 

cm-1, respectively. The bending vibration of Al-OH-Si was confirmed in both clays by the 318 

appearance of the bands at 768 and 791 cm-1 for C1 and C2, respectively [32]. In addition, the 319 

bands at 2402 and 1651 cm-1 for C1 and at 2380 and 1633 cm-1 for C2 were registered as indicative 320 

for the basic layer silicate structures existent on raw and iron-doped clays [33]. There were minimal 321 

changes at the wavenumber and positions of the main vibration peaks, which demonstrates that 322 

the structural transformation of clays after iron doping did not occur. The variation of the position 323

and the intensity of bands at 1227, 1089 and 793 cm-1 for C1-Fe and the bands at 1228, 1090 and 324 

795 cm-1 for C2-Fe confirms that the Si-O bonds were broken due to partial incorporation of Fe into 325 
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the three-dimensional silica network. For Fe-exchanged smectite, the Si-O-Fe bonds were 326 

confirmed with the presence of new bands at 634 cm-1, as was obtained in this study for C1-Fe (688 327 

cm-1) and C2-Fe  (666 cm-1) [33]. The shift of the bands of Si-O-Si groups was at 1028 cm-1 for C1-328 

Fe and 1038 cm-1 for C2-Fe. The shift of the bands of internal OH groups (for C1-Fe at 3398 and 329 

3672 cm-1 and C2-Fe at 3398 and 3672 cm-1) and external OH groups (for C1-Fe at 3613 cm-1 and 330 

C2-Fe at 3622 cm-1) also occurred in iron-doped clays in comparison to raw clays. The -OH group 331 

bands were related to the stretching mode of water molecules from the interlayer and clay surface 332 

[34]. Thus, the modification of the both iron-doped clays C1-Fe and C2-Fe occurred then at these 333 

sites forming iron hydroxide bonds. The vibration modes of the iron hydroxide (Fe-O-H) species 334 

occurred at 1003 and cm-1 for C1-Fe and 1007 and cm-1 C2-Fe, respectively. However, it may 335 

overlap with the conventional vibration mode of clays. Thus, the vibration mode of iron species 336 

formed is not well resolved in the infrared spectra [35]. After, the phosphate loading on iron-doped 337 

clays, the silicate layer structures were conserved. The loaded phosphate clays C1-Fe and C2-Fe 338 

presented shifts of the bands of Si-O-Si and iron hydroxide (Fe-O-H) groups, resulting in unique 339 

bands at 1009 cm-1 and 1001 cm-1, respectively [33].  340 

Considering the characterization of raw and iron-doped clays, iron was retained on C1-Fe and C2-341 

Fe in different proportion in accordance with their structure, which determines their reactivity and 342 

enable the chemical modification.  343 

3.2. Effect of pH on the adsorption of phosphate 344 

The phosphate adsorption capacities of raw clays C1 and C2 were improved after iron particles 345 

were incorporated on C1-Fe and C2-Fe clays under the evaluated pH conditions. The initial pH of 346 

the solution plays an important role in phosphate adsorption (Figure 2). The points of zero charge 347 

of the raw clays C1 and C2 were found to be 5.2 ± 0.2 and 4.7 ± 0.4, respectively. After being 348 

doped, the points of zero charge were 7.2 ± 0.2 and 6.7 ± 0.1 for C1-Fe and C2-Fe, respectively. 349 

The values of the zero charge points of this study were comparable with those reported for other 350 
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clay materials in their raw and iron-doped state [36]. The increase of the point of zero charge values 351 

of the doped clay represents a valuable improvement of adsorbent properties due to the existence 352 

of iron and iron-(hydr)oxides on the surface. Since hydroxylation occurs when the existing iron on 353 

the surface of the clays is exposed to water, which promotes coordination with hydroxyl groups. 354 

  355 

Figure 2 Phosphate adsorption capacity (Qe (mg/g PO43-)) removal by raw and doped clays as 356 

function of the initial pH solution (V: 25 mL, w: 0.1 g and Ci: 25 mg/L PO43-). 357 

The phosphate adsorption capacity exhibited by both raw and iron-doped clays followed the same 358 

trend since it increased in the range of pH solutions from 3 to 6 (below pHPZC) and decreased from 359 

7 to 10 (above pHPZC). These results endorsed the oxyanionic speciation of phosphate (H2PO4- - 360 

HPO42-), and the pHPZC of the adsorbents played an important role in the adsorption stage. Since 361 

clay minerals contains also other surface hydroxyl groups (e.g., AlOH) in its external basal or edge 362 

surface. Under pH conditions below the pHPZC, the protonation of iron hydroxyl groups promote 363 

positive charges that generate an electric field. The clay adsorbents used in this study in contact 364 

with an aqueous medium at this pH condition develop positive charges. Therefore, these sites are 365 

very reactive for phosphate interaction through hydrogen bonding interactions. Considering the 366 

speciation of phosphate anion in aqueous solutions at the experimental conditions (pH 7), both 367 

H2PO4- (ca. 60%) and HPO42- (ca. 40%) anionic forms were present. Phosphate anions (HPO42-) 368 

0

1

2

3

4

5

6

7

2 3 4 5 6 7 8 9 10 11

Q
e

(m
g/

g 
PO

43-
)

pH

C1 C2

C1-Fe C2-Fe



 19 

have high basicity with a pair of high electronic density that can form hydrogen bond with the 369 

protonated iron-doped clay surface -(OH)+ [37][38]. At pH conditions above the pHPZC, the 370 

hydroxylation occurred and the hard Lewis base (OH- ions) compete with phosphate oxyanions 371 

adsorption (especially HPO42-) at the clay surface [39]. The occurrence of physisorption or non-372 

specific phosphate adsorption by electric interactions forces (outer-sphere adsorption complexes) 373 

is observed in this study, thus, phosphate is adsorbed by iron oxi(hydroxy) surface groups existent 374 

on the surface of raw and doped clays in this study [40]. An advantage of the raw and iron-doped 375 

clays used in this study in comparison to many other functional materials, is the effectiveness of 376 

phosphate removal at pH between 6 and 7, which is the usual pH condition for surface water and 377 

treated wastewater. Therefore, iron-doped clays can be an efficient alternative for the phosphate 378 

recovery from wastewater treatment plants at neutral pH of main- or side-streams after anaerobic 379 

digestion [17].  380 

3.3. Phosphate adsorption isotherms 381 

The phosphate adsorption capacities of clays in their doped C1-Fe and C2-Fe forms were higher 382 

than for C1 and C2 raw clays (Figure 3 a, b). The increase of phosphate adsorption capacity was 383 

around 80% higher in modified clays in comparison to the raw clays. The maximum adsorption 384 

capacity of an adsorbent is one of the most important physicochemical parameter to characterize 385 

the adsorbent performance [41]. The phosphate equilibrium adsorption capacity as a function of 386 

the equilibrium concentration of the four clay samples followed a similar trend. Then, the data 387 

provide evidence of the use of iron-doped clays for sensitive phosphate adsorption from a broad 388 

range of concentration in treated wastewater. A similar result was reported for a mesoporous silica 389 

and ligand embedded composite adsorbent, where higher phosphate concentration provided a 390 

driving force that promotes the easier mass transfer from aqueous phase to solid material surface 391 

[38]. The Langmuir and Freundlich isotherm were used to identify the phosphate adsorption 392 

behaviour by the clay adsorbents (Table  3). The experimental data were best fitted to the Langmuir 393 
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isotherm model or monolayer adsorption, thus, indicating that phosphate adsorption takes place at 394 

specific equivalent and identical fixed sites [42].  395 

a)  396 

b)  397 

Figure 3 Isotherms of phosphate uptake by clays in raw and Fe-doped forms: a) C1 and C1-Fe and 398 

b) C2 and C2-Fe (V: 25 mL, w:0.1 g and pH: 7) 399 

The highest regression coefficient (R2) values were obtained for the Langmuir isotherm model for 400 

all clays: C1, C2, C1-Fe and C2-Fe, and the maximum adsorption capacities values determined were 401 

21.4  2.3, 20.9  1.6, 38.0  2.6 and 37.6  3.3 mg/g PO43-, respectively. In addition, the 402 

separation factor value was determined to be 0 < RL < 1 for all clay adsorbents, thus phosphate 403 

adsorption by clay adsorbents is favourable. The Freundlich isotherm model represent multilayer 404 
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adsorption that occur on heterogenous surface energy active sites [43]. The experimental data 405 

fitting revealed the lowest R2 value for the phosphate adsorption. This fact was expected since 406 

clays have a homogeneous morphology and a smooth surface. The examination of phosphate 407 

adsorption data using Freundlich isotherm model  was discard onto a mesoporous silica and ligand 408 

embedded composite adsorbent due to its homogeneous surface [38]. 409 

The results suggested the existence of a second mechanism of phosphate adsorption by clays due 410 

to specific reactions in both raw and iron-doped forms. The phosphate adsorption onto the raw C1 411 

and C2 clays occurred mainly due to the surface hydroxyl groups. The iron incorporated into the 412 

C1-Fe and C2-Fe clays improved the phosphate adsorption capacity due to the increase of iron 413 

surface hydroxyl groups. It is worth mentioning that iron was not detected in the equilibrated 414 

solutions. Therefore, the iron complexed by surface hydroxyl groups are chemical stable and highly 415 

relevant groups for phosphate removal at the expected pH of treated urban wastewater. Phosphate 416 

can replace the protonated hydroxyl groups generated at the  surfaces, promoting mono-417 

dentade and bi-dentade complexation process. The protonated hydroxyl groups on the adsorbent 418 

surface allowed the phosphate inner sphere complexation reactions. The phosphate can be 419 

bounded to an iron atom forming the mononuclear form or phosphate can be bound to two iron to 420 

the bidentate form which is schematically described by Eq. 12 [7].   421 

 422 

 (Eq. 12) 423 

 424 
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Table  3 Langmuir and Freundlich isotherms parameters obtained for phosphate adsorption by C1. 425 

C1-Fe. C2. C2-Fe clays. 426 

Sorbent Langmuir Freundlich 

Qm 

(mg/g PO4
3-) 

KL 

(L/mg) 

RL R2 1/n n KF 

(mg/g PO4
3-)(mg/L)-1/n 

R2 

C1 21.4 1.84x10-03 0.23 0.97 0.7 1.4 0.1 0.92 

C1-Fe 38.0 1.83x10-03 0.22 0.98 0.6 1.6 0.3 0.91 

C2 20.9 9.81x10-03 0.06 0.97 0.8 1.3 0.1 0.92 

C2-Fe 37.6 1.17x10-03 0.31 0.97 0.6 1.7 0.3 0.93 

 427 

The phosphate adsorption process was governed by some physicochemical mechanisms including 428 

electrostatic attraction (physical adsorption) and complexation reaction (chemical adsorption). The 429 

adsorption capacities for clay minerals used for phosphate adsorption from aqueous solutions are 430 

reported in Table S3 of the supplementary section. The maximum adsorption capacities values 431 

reported using raw and synthetic iron-doped clays were between 10 40 mg/g P-PO43-, which are 432 

comparable with the raw and iron-doped clays used in this study. Maximum adsorption capacity 433 

values up to 100 mg/ PO43- were reported for phosphate removal using polymeric anion exchangers 434 

resins and fibber composites [45] [6] [3] The larger adsorption capacities, the mechanical strength 435 

and the operation flow-rates in column packed arrangement of polymeric exchangers involve an 436 

advantage in comparison with the iron-doped clays used in this study. [4] [17]. In addition, maximum 437 

adsorption capacity values up to 50 mg/g PO43- were reported when using an iron (oxyhydr)oxides 438 

ferrihydrite impregnated polymeric exchangers [46]. However, from a practical and economical 439 

point of view, the potential use of such materials at full-scale is limited due to the large content od 440 

dissolved organic matter in solution. A convenient method to control the problem of particle size of 441 

iron hydroxides could be the preparation in a template such as clays, as it is proposed in this work. 442 

3.4. Adsorption kinetic evaluation of the clay-based adsorbents   443 
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By plotting the phosphate adsorption capacity (Qt) as a function of time, clay adsorbents (C1, C1-444 

Fe, C2 and C2-Fe) extracted 50% of phosphate within 5 minutes of operation (Figure 4). The 445 

phosphate adsorption subsequently increased at a slower rate; reaching the equilibrium at 446 

approximately 10 minutes. The easy access of phosphate to the binding sites on surface of clays 447 

allowed fast adsorption due to their structure, as had been previously reported for open-pore 448 

mesoporous silica that reached equilibrium within 1 minute [47]. Otherwise, a mesoporous material 449 

(SBA-15) and its amino form (NH2-SBA-15) reached the equilibrium above 110 min for metal ion 450 

removal. It seems the lowest passage to inner surface adsorbent promote lower adsorbent 451 

efficiency due to the reactivity of the bonding processes involved. Even though, NH2-SBA-15 and 452 

SBA-15 have higher surface areas in comparison to the clays reported in this study [27]. Then, 453 

kinetic performance of iron-doped clays is very attractive for their application in stirred reactors. 454 

 455 

Figure 4 Kinetic of phosphate adsorption by C1, C1-Fe, C2 and C2-Fe clays (Ci: 100 mg/L PO43-; V: 456 

500 mL, w: 2.5 g and pH: 7). 457 

The experimental data of phosphate adsorption on C1, C1-Fe, C2 and C2-Fe were adjusted to three 458 

conventional kinetic models (Table S1 of the supplementary section). The adsorption kinetic 459 

modelling explains the rate of phosphate adsorption from aqueous solution to a solid-phase 460 

interface at different conditions [43] (e.g., physisorption and chemisorption). Therefore, pseudo-461 
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first and pseudo-second order kinetic models were used to explain the phosphate adsorption 462 

mechanisms. The data were best fitted to the pseudo-second-order kinetic model with an R2 value 463 

. This fact supports the fact that phosphate was chemisorbed through monolayer adsorption as 464 

previously described. Complexation reactions involving the iron oxyhydroxide species and 465 

phosphate anions turns out to be the dominant phosphate adsorption mechanism in clay 466 

adsorbents. Also, the experimental data demonstrated a good fitting to the  intraparticular diffusion 467 

kinetic model which describes the adsorbate diffusion-controlled in macroscopic adsorbent 468 

particles.  469 

In addition, kinetic parameters were obtained from the linear regression of the adsorption rate 470 

equation of the Homogeneous Diffusion Model (HDM) and Shell Progressive Model (SPM) (Table  471 

4). The analysis of the kinetic data of C1, C1-Fe, C2 and C2-Fe indicated that the adsorption 472 

mechanisms governing the phosphate adsorption were well described by the HDM and SPM 473 

according to the R2 values closer to 1. The values of effective diffusion coefficients (Dp and Df) were 474 

in the range of 10 12 to 10 10 m2/s, similar to other systems governed by chemisorption, as was 475 

reported for a synthetic zeolite [48]. Two consecutive phases controlled the adsorption rate of 476 

phosphate by raw and iron-doped clay adsorbents. There was an initial process of quick adsorption 477 

of phosphate on the surface of the clay materials until saturation. Then, slower adsorption occurred, 478 

and phosphate was diffused through the internal clay pores. This means quick phosphate removal 479 

is due electrostatic attraction and the second stage of slow phosphate adsorption occurred by 480 

complexation reactions. Thus, the mechanisms involved in phosphate removal determine the 481 

kinetic efficiency of adsorbents. It is comparable to ligand exchange polymeric adsorbents where 482 

the ligand coordinated to the central metal ion is after substituted by the phosphate anion. These 483 

ligand exchangers develop slower kinetic performances than anion exchange and hydrogen 484 

bonding adsorption mechanisms of conventional polymeric exchangers [4]. 485 
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Table  4 Homogeneous Diffusion Model and Shell Progressive Model kinetic parameters obtained 486 

for phosphate uptake by C1. C1-Fe. C2 and C2-Fe clays. 487 

  HDM SPM 

Sorbent Df (m2/s) R2 Dp (m2/s) R2 KF (m/s) R2 Dp (m2/s) R2 ks (m/s) R2 

C1 1.2E-10 0.95 8.1E-12 0.99 1.7E-06 0.79 1.8E-11 0.98 2.9E-08 0.90 

C1-Fe 2.8E-11 0.93 2.8E-12 0.96 7.9E-08 0.68 2.0E-10 0.93 3.3E-09 0.96 

C2 1.3E-10 0.94 9.4E-12 0.98 1.0E-06 0.72 2.2E-11 0.99 3.5E-08 0.97 

C2-Fe 5.4E-11 0.97 4.8E-12 0.98 1.4E-07 0.69 3.5E-12 0.97 5.6E-09 0.95 

 488 

Kinetic parameters would be critical in the integration of the synthesised Fe-doped clays in stirred 489 

reactor-based applications. According to the kinetic parameters, even with low hydraulic residence 490 

times (e.g., shorter than 10 minutes), more than 90% of the adsorption equilibrium attainment would 491 

be reached. The performance of iron-doped clays was better than that obtained with natural zeolites 492 

in our previous studies where higher equilibrium times were obtained [49].  It is worth mentioning 493 

that kinetic depends on several parameters, such as the arrangement and the type of adsorbents 494 

used for phosphate removal. The fixed-bed column adsorption arrangement is conventionally 495 

limited for the iron-doped clay adsorbents used in this study. However, fixed-bed column is the best 496 

layout for phosphate removal at low levels where polymeric resins and fibbers adsorbents develop 497 

high efficiencies. The diffusion path of granular resin adsorbents is higher in comparison to fibrous 498 

adsorbents promoting low kinetic performances; where flow rate disturb their kinetic behaviour [17]. 499 

Therefore, kinetic efficiency of adsorbents is relevant when large volumes of treated water exist as 500 

is the case of urban wastewater and a rapid extraction is desired. Then, iron-doped clays can 501 

achieve these conditions for a rapid phosphate adsorption in low- and high-concentration feeds. 502 

3.5. Effect of competitive anions typically present in treated wastewater 503 

The phosphate adsorption capacity of clay adsorbents was determined when other ionic species 504 

were present in the solutions (Table  5a,b). The phosphate adsorption selectivity on C1, C1-Fe, C2 505 
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and C2-Fe was evaluated at equal level in comparison with main anions existing in urban 506 

wastewater. Adsorption changes were quantified in terms of the adsorption ratio (qmix/q0) on the 507 

presence of competing ions (qmix) and in the absence of competing ions (q0). At pH 7, both 508 

phosphate species (H2PO4- and HPO42-) coexist in the solution. The phosphate adsorption capacity 509 

was reduced by sulphate, chloride and bicarbonate. The sulphate ion inhibited the adsorption of 510 

phosphate reporting a qmix/q0 ratio near to zero for all clay adsorbents. Sulphate has higher ionic 511 

charges and compete with phosphate through enhanced electrostatic interaction as has been 512 

reported for polymeric exchangers [6]. Therefore, the adsorption of phosphate at pH 7 (HPO42-) 513 

was inhibited by sulphate ion according to the Helfferich's electroselectivity concept; in which the 514 

Donnan potential acts proportionally to the ionic charge [50]. Thus, the existence of equivalent 515 

content of sulphate limit the ability of phosphate (HPO42-) to form hydrogen bonds at protonated 516 

sites of iron-doped clays [6]. The phosphate adsorption was also reduced by monovalent anions 517 

Cl- > HCO3-. The less hydrated chloride anion was preferred in comparison to the highly hydrated 518 

phosphate. The results obtained for iron-doped clays is comparable with conventional anion 519 

exchange resins that prefer less hydrated anions to highly hydrated ones and exhibited the 520 

Hofmeister anion series behaviour [6] [37]. Moreover, a non-Hofmeister anion selectivity was 521 

provided by a crosslinked poly(allylamine) resin [51] and by a zirconium(IV) loaded fibrous used for 522 

phosphate removal [3]. Nevertheless, the nitrate ion potentiates the phosphate adsorption on clay 523 

adsorbents, obtaining a qmix/q0 ratio above 1. The increase of phosphate adsorption by the 524 

presence of nitrate was related to the Donnan invasion mechanism [52] [53]. A similar result was 525 

reported for a zirconium (IV) loaded fibrous adsorbent for phosphate removal in presence of 526 

sulphate. It can be explained in terms of the co-ion (sodium ion). When iron-doped clays adsorbed 527 

phosphate, it promotes an increase of sodium ion that enter in the exchanger phase through ion 528 

pair formation with phosphate maintaining electroneutrality. The increase of sodium ion 529 

concentration in aqueous solution promotes the equilibrium and enhanced the phosphate 530 
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adsorption [3]. The simultaneous existence of competing ions at the same concentration level 531 

decreased the phosphate adsorption on iron-doped clay adsorbents due to the competition for 532 

active sites. Otherwise, metal ligand exchange adsorbents are not strongly affected by common 533 

anions present in solution due to the phosphate outer sphere complex formation [54]. This suppose 534 

an advantage in comparison to the iron-doped clays used for phosphate adsorption used in this 535 

study, resulting in higher selectivity.   536 

Table  5 Phosphate a) uptake capacity of C1. C1-Fe. C2 and C2-Fe in absence and presence of 537 

competing anions. and b) quantification in the terms of the sorption ratio (qmix/q0) on the presence 538 

of competing ions (qmix) and in the absence of competing ions (q0). 539 

a) 540 

 541 

 542 

 543 

 544 

 545 

 546 

 547 

 548 

b) 549 

Anions Qe 

 (mg/g PO43-) 

C1 C1-Fe C2 C2-Fe 

PO43    2.1±0.2 2.9±0.0 1.1± 0.1 1.7±0.0 

PO43  + NO3  2.7±0.3 4.2±0.1 2.8±0.1 4.2±0.2 

PO43  +SO42- 0.0±0.0 0.0±0.2 0.0±0.0 0.0±0.1 

PO43  + Cl- 0.4±0.0 0.8±0.2 1.6±0.3 2.9±0.1 

PO43  + HCO3- 0.8±0.0 1.5±0.1 0.9±0.0 1.1±0.2 

PO43 +All anions 1.2±0.0 1.9±0.2 0.7±0.1 1.2±0.1 

Competing ion ratio 
qmix/q0 

C1 C1-Fe C2 C2-Fe 

 - - - - 

PO43 +NO3 /PO43  1.3 1.5 2.5 2.4 

PO43 +SO42-/PO43  0.0 0.0 0.0 0.0 

PO43 + Cl-/PO43  0.2 0.3 1.5 1.7 
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 550 

 551 

 552 

3.6. Phosphate desorption studies simulating soil amendment applications 553 

According to soil chemistry, soil pH can become acidic, basic or neutral; therefore, batch 554 

experiments were performed at different pH values (3.0, 6.0 and 10.0) using water as a 555 

regeneration solution. The phosphate desorption efficiencies of clay adsorbents onto raw and iron-556 

doped clays were governed by physical and chemical adsorption, and it was not fully reversible 557 

(Figure 5). According to the results at pH 3 and 6, the monobasic anion phosphate specie (H2PO4558 

) was the main specie recovered from adsorbents, since it is the main source of available 559 

phosphorus for plants [55]. The phosphate recovered at pH 6 from raw and doped clay adsorbents 560 

is higher for C1 than C2. This phosphate fraction was mainly physically adsorbed or linked by weak 561 

electrostatic bonds as was reported before when a neutral solution was used for phosphate 562 

desorption of natural modified zeolites [18]. At pH 10, the phosphate fraction recovered from clay 563 

adsorbents was limited even the hydroxide is a hardest Lewis base. The phosphate adsorption by 564 

the formation of chemical reactions (covalent bonds) to oxyhydroxide iron groups of clays could be 565 

partially reversed by strong basic solutions. In this condition, also the contents of phosphate anionic 566 

forms (e.g., H2PO4- and HPO42-) were reduced. Phosphate exists mainly as triple charged anion, 567 

which partially avoids the formation of an inner sphere complex and has OH  as a competing ion. 568 

In this work, a higher release of phosphate was reported using a desorption solution at acidic 569 

conditions for clay C2. A difference was found in the regeneration solution at pH 3 between raw and 570 

iron-doped adsorbents clays since the phosphate released from C2 and C2-Fe was higher than that 571 

from C1 and C1-Fe. This effect can be attributed to the phosphate bonded to the alkaline earth 572 

elements. The C1 and C1-Fe contained higher amounts of Ca2+ and Mg2+ than the C2 and C2-Fe 573 

clays did. These elements impeded the release of loaded phosphate due to the inner sphere 574 

PO43 + HCO3-/PO43  0.4 0.5 0.8 1.1 

PO43 +All anions/PO43  0.6 0.7 0.6 0.7 
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surface complexes, electrostatic forces and surface precipitation mechanisms involved [56]. The 575

higher phosphate desorption determined for C2 and C2-Fe could be explained in terms of the higher 576

content of phosphate bonded to iron hydroxyl groups. At acidic conditions, it has been 577

demonstrated that iron species complexed by surface hydroxyl groups of clays are desorbed [26].578

Therefore, the phosphate bounded by iron hydroxyl groups is mainly released from clays at this 579

condition. It should be noted that iron was not detected in the desorbed solutions. Therefore, iron 580

was not released in comparison to the iron immobilized at the doping stage, determining the 581

chemical stability of the iron-doped clays at the experimental conditions using at desorption stage. 582

The reusability for long-term use of iron-doped clays is limited in comparison to other phosphate 583

adsorbents such as polymeric exchangers and ligand exchangers [45]. Such materials can be used 584

in several operational cycles without deterioration and maintaining their performance which balance 585

their high cost of investment in a practical viewpoint [17]. Even if, the adsorbents used in this study586

seems to be inefficient for reuse, their low cost and availability brings new perspectives for final 587

disposal. Since, the saturated phosphate iron-doped clays can be assigned for soil amendment 588

applications such as saturated zeolites were used in our previous studies for plant  growth [57].  589

590

Figure 5 Phosphate desorption from C1, C1-Fe, C2 and C2-Fe clays at different pH conditions (V: 591

25 mL and w: 0.1 g).592
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 593 

3.7. Implications of the potential use of Fe-doped clays as low-cost adsorbents for 594 

phosphate recovery from WWTP 595 

The P adsorption capacity shown by the synthesised Fe-doped clays from this study was compared 596 

with the values previously reported by inorganic adsorbents. P, N and blends of P and N containing 597 

loaded reactive adsorbents loaded with bio-solids from urban wastewater were proposed for 598 

sustainable soil enrichment, taking into account economic, agronomic and circularity criteria [58]. 599 

There are several examples of initiatives to promote valorisation pathways of nutrients from 600 

wastewater (Table S2, supplementary information). 601 

Efforts to provide a feasibility analysis on the promotion of the P recovery and valorisation options 602 

using single-use low-cost adsorbents such as Fe-doped clays focused on economic and regulatory 603 

concerns are scarce. In the case of the EU, a new Directive on Fertilisers will be a useful tool that 604 

will promote and define the quality control of by-products to identify the type of agronomic 605 

application or potential applications in the solid amendment. In two previous studies with Al, Fe and 606 

Mn-doped natural zeolites the loaded carrier and the nutrient release rate with three different soils 607 

showed how the dissolution of soil minerals and soil acidity control the release of nutrients from the 608 

loaded carriers [16].  The proposed methodology on the development of low-cost sorbents is 609 

supported on the fact that natural clays are not containing trace of hazardous metals. Studies with 610 

natural zeolites demonstrated that enrichment due to the trace levels of hazardous metals in urban 611 

wastewater did not provide concerns on accumulation and latter release from the sorbent to the 612 

soil. 613 

As can be seen in a large number of studies (Table S3, supplementary section, information online), 614 

increasing activity on the promotion of low-cost adsorption processes to recover P from wastewater. 615 

The general trend was the use of metal-hydroxide adsorbents (e.g., Al and Fe), as pure component 616 

or impregnated onto a high surface area adsorbent, typically of inorganic nature. However, some 617 
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examples on the use of organic adsorbents as polymeric macroporous supports (ion-exchangers 618 

of divinyl-benzene) have been also reported.  619 

4. Conclusion 620 

In this study, two raw clays were successfully doped with iron hydr(oxides) for the phosphate 621 

recovery from simulated urban treated wastewater is evaluated. The iron-doped clays can adsorb 622 

phosphate efficiently at neutral pH range which is an advantage in comparison with other 623 

adsorbents used with this purpose. The experimental data were best fitted to the Langmuir isotherm 624 

model and the intraparticular diffusion model. Phosphate adsorption was governed by the 625 

combined effect of physi-sorption and chemi-sorption. The occurrence of hydrogen bonding and 626 

complexation reactions were determined as the main mechanisms for phosphate adsorption to raw 627 

and doped clays. The presence of sulphate inhibited the phosphate adsorption limiting the ability 628 

of phosphate to form hydrogen bonds at protonated sites of iron-doped clays. The phosphate 629 

adsorption onto clays was also reduced by monovalent anions (chloride and bicarbonate) exhibited 630 

the Hofmeister anion series behaviour which is comparable with conventional polymeric anion 631 

exchangers. Finally, iron ions were not released during the phosphate adsorption and desorption 632 

stages revealing a good chemical stability of iron-doped clays. The reusability of iron-doped clays 633 

is limited in comparison to other phosphate adsorbents such as polymeric exchangers. However, 634 

saturated phosphate iron-doped clays can be used for soil amendment applications due to their 635 

low cost and availability. Since, natural minerals do not provide concerns on accumulation and 636 

latter release of hazardous contaminants from the adsorbent to the soil. Then, the use of iron-637 

doped clays as single-use adsorbents could allow reaching the regulatory levels of total 638 

phosphorous in wastewater and being an alternative source of phosphorous. 639 
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