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ABSTRACT 21 

 22 

The sorption of phosphate by K-zeolites synthesized from fly ash (FA) by hydrothermal conversion 23 

is investigated in this study. The aim is the synthesis of Ca bearing K-zeolites to recover phosphate 24 

from urban and industrial wastewater effluents. The loaded zeolites are considered as a by-25 

products rich in essential nutrients such K and P (KP1) with a potential use as slow release 26 

fertilizer. A number of synthesis conditions (temperature, KOH-solution/FA ratio, KOH 27 

concentration, and activation time) were applied on two FA samples (FA-TE and FA-LB) with 28 

similar glass content but different content of crystalline phases, to optimize the synthesis of a 29 

zeolitic sorbent suitable for the subsequent phosphate uptake. Merlinoite and W rich zeolitic 30 

products synthesized from FA-LB and FA-TE were found to have sorption properties for phosphate 31 

removal. A maximum phosphate sorption capacity of 250 mgP-PO4/g and 142 mgP-PO4/g for the 32 
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zeolitic products selected (KP1-LB and KP1-TE, respectively) was achieved. The dominant 33 

phosphate sorption mechanism, in the pH range (6-9) of treated wastewater effluents, indicated 34 

that sorption proceeds via a diffusion-controlled process involving phosphate ions coupled with 35 

calcium supply dissolution from K-zeolitic products and subsequent formation of brushite (CaHPO4 36 

2H2O(s)) . The phosphate loaded sorbent containing a relatively soluble phosphate mineral is 37 

appropriate for its use as a synthetic slow release fertilizer. The simultaneous valorisation of fly ash 38 

waste and the P recovery from treated wastewaters effluents, (a nutrient with scarce natural 39 

resources and low supply) by obtaining a product with high potential for land restoration and 40 

agriculture will contribute to develop one example of circularity. 41 

Keywords: potassium zeolite; fly ash; phosphate recovery; treated wastewater; sorption; brushite  42 

 43 

1. INTRODUCTION 44 

Demand for industrial products has grown considerably in recent years, along with energy 45 

consumption. While growth in energy consumption has been driven largely by an ongoing long-46 

term trend, despite raising the residues generated by intensive industry subsectors (i.e. chemicals, 47 

iron and steel, cement, pulp and paper and aluminium) (International Energy Agency, IEA. 2019). 48 

To reduce the generation of industrial residues and the unproductive and high cost of landfilling, 49 

since 2016 the European Commission (EC) has adopted the EU Circular Economy Action Plan  50 

(European Commission, 2018) to promote the transition to a more efficient economy, with the aim 51 

to contribute to "closing the loop" of product lifecycles through better and larger recycling and re-52 

use, bringing environmental, economic, and social benefits. In this sense, it is worth noting the coal 53 

power plants for the generation of electricity and the fertilizer industry, two important sectors 54 

contributing to the consumption of resources and the generation of waste.  55 

Despite coal’s share in primary energy fell in advanced economies, coal is still being the main 56 

source of electricity in the world (38%) (Wang et al., 2020). The coal production and demand 57 
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worldwide grew by 3.3% and 2% in 2018, respectively and primarily driven by China, India and 58 

Indonesia, while fell in Europe and North America (Wang et al., 2020). The generation of coal fly ash 59 

worldwide reached 750 million tons in 2015 (Anjani et al., 2019). The global utilization of fly ash is 60 

only 25% of the total production (47 % in Europe and 38% in USA) mostly in the construction sector 61 

(Anjani et al., 2019). 62 

Moreover, the indiscriminate and long-term use of P fertilizers has become a relevant source of soil 63 

and water pollution. Besides the environmental concern of the eutrophication events caused by 64 

high P concentration in natural water bodies there is a need to promote its recovery as 65 

phosphorous secondary resource. The future supply to the high commercial demand for this 66 

element is being compromised due to the scarcity of natural reserves (Álvarez et al., 2018). 67 

 68 

The conversion potential of coal fly ash in high quality zeolite-based products have been widely 69 

proved and demonstrated in the last decades by applying different synthesis methods such alkaline 70 

direct conversion (Holler H and Wirsching U, 1985), up-scale at pilot plant (Moreno et al., 2001), 71 

alkaline fusion (Rayalu et al., 2000, 2001), using Si-extracts and Al-rich liquid wastes (Moreno et 72 

al., 2002) and also using gasification fly ash as starting material (Font et al., 2009). The porous 73 

structure and high cationic exchange capacity (CEC) of some zeolites (certain Na-zeolites attain up 74 

to 5 m-eq/kg), including that of the zeolitic products synthesized from fly ash, give them a high 75 

potential to be applied in different fields.   76 

Numerous studies and field applications of these minerals have been reported, providing 77 

environmental and technological solutions to the aforementioned industrial activities, including: i) the 78 

uptake of pollutants from wastewaters (Itskos et al., 2010;  Moreno et al., 2001; Querol X et al., 79 

2006; Balsamo et al., 2012, 2010); ii) agriculture (Guaya et al., 2018; Gholamhoseini et al., 2013); 80 

iii)- ecological restoration and soil amendments (Buondonno et al., 2013; Burger et al., 2011; 81 

Larney and Angers, 2012; Vallejo et al., 2012); and iv) organics waste composting (Bautista et al., 82 
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2011; Nissen et al., 2000; Villaseñor et al., 2011; Zorpas et al., 2000). Attention has also been paid 83 

to  the synthesis of K-zeolites from fly ash and its potential applications have also been of interest 84 

and lead to a series of studies focused mainly on the synthesis of philipsite and chabazite for 85 

potential agriculture purposes (Amrhein et al., 1996; Murayama et al., 2008; Querol et al., 1997; 86 

Zeng et al., 2002) The interest on K-zeolites has been grown in the last years in view of its potential 87 

application in agriculture as slow release fertilizers. The published CEC of K-zeolites synthesized 88 

from Fly Ash (FA) ranged from 1.9 to 3.8 m-eq/kg are summarized in Table 1 (Pramatha and 89 

Prabir, 2003);(Li et al., 2014). The slow release of K from the zeolite compared with that of other 90 

fertilizers, allows reducing leaching losses. In addition, the porous structure of zeolites permits the 91 

retention of other nutrients (mainly Nitrogen (N)) increasing the uptake by plants. The- 92 

aforementioned factors increase the absorption of essential nutrients in plants with a consequent 93 

increase in crop yields, overall plant growth and are therefore a suitable material for the 94 

regeneration and recovery of degraded land, mines, quarries, etc. The application of these zeolites 95 

may be beneficial to reduce application rates of chemical fertilizers, thereby improving the 96 

sustainability of restoration activities and agricultural systems. The use of loaded K-zeolites with 97 

other essential nutrients such Phosphorous (P), is of a key interest for the aforesaid purposes.  98 

Table 1. 99 

The recovery and recycling of P from wastewater effluents and waste materials provides a key 100 

opportunity to reduce the P import dependency from third markets. Recovery and re-use of P within 101 

hitherto unexploited solid and aqueous waste streams may further serve to reduce pressure on 102 

limited phosphate rock reserves and may also reduce energy and/or material requirements for P 103 

acquisition (Wendling et al., 2013). It is well known that the reduction of P discharges into water 104 

receiving bodies is needed to prevent eutrophication, and consequently, legislation on P rejects for 105 

municipal wastewater treatment plants (WWTPs) is becoming more stringent in Europe (2000/ 106 
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60/EC, Barca et al., 2013). Therefore, research on low-cost techniques to upgrade P removal has 107 

become a priority for scientists in the last two decades. 108 

The high specific surface areas and nanoporous structure and CEC of zeolites make them 109 

attractive for phosphate sorption and because of the slow-release of cations from the zeolite cages 110 

they can be used as slow-release fertilizers for plants (Watanabe et al., 2014). The use of 111 

ammonium charged zeolites as a slow-release fertilizer has been reported  (Zwingmann et al., 112 

2011) and also that of K-zeolites synthesized from FA with the addition of Ca and ammonium (Li et 113 

al., 2014). However, the incorporation of phosphate in addition to ammonium and potassium ions 114 

for a NPK fertilizer is a challenge to be achieved taking into account that anions (e.g., HPO4
2-) are 115 

rejected from zeolite structures by the Donnan exclusion principle. Previous works demonstrated 116 

that modified zeolites synthesized from fly ash (Ca_NaP1) can be an effective sorbent for P from 117 

wastewaters (Hermassi et al., 2016b, 2016a).  118 

 119 

The aim of this study is to evaluate the feasibility of using coal fly ash (FA-TE and FA-LB) for the 120 

synthesis of K-zeolites and subsequent use as a sorbent material for the recovery of phosphate 121 

from treated wastewater effluents. Different synthesis conditions (temperature, KOH concentration, 122 

KOH-solution/FA ratio and activation time) were applied to optimise the synthesis from both FA and 123 

establish differences according to the mineralogy and chemistry of FA to obtain suitable zeolitic 124 

products for P uptake from water. Special attention was paid on the synthesis of Ca-bearing K-125 

zeolites such merlinoite and chabazite due to the key role of Ca in the subsequent uptake of P from 126 

waters as stated in previous studies (Hermassi et al., 2016b, 2016a). Two different zeolitic products 127 

from FA-TE and FA-LB were selected for subsequent study of their phosphate sorption capacity. 128 

The P sorption was tested under several experimental conditions on the optimal zeolitic products 129 

selected from each FA. The results of the P sorption are presented in terms of equilibrium isotherm 130 
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and sorption kinetics. The homogeneous particle diffusion (HPDM) and shell progressive (SPM) 131 

models were used to describe the kinetic data for the K-zeolitic products. 132 

 133 

2. EXPERIMENTAL 134 

2.1. Fly ash samples 135 

Around 20 kg of fly ash samples were supplied from two Spanish coal power plants: Andorra-Teruel 136 

1050 MW (FA-TE) and Los Barrios 550 MW (FA-LB). These coal fly ashes were first characterized 137 

and subsequently used as starting material for the synthesis of K-zeolites.  138 

Mineralogical composition of FA-TE and FA-LB samples was determined by X-Ray Powder 139 

Diffraction (XRD) using a Bruker D8 Advance diffractometer with monochromatic Cu Kα1,2 140 

radiation (=1,5405) operated at 40 kV and 40 mA. The primary parallel X-ray beam was 141 

generated by a Göbbel mirror and the scattered beam was analysed by a Sol-X detector with the 142 

following scanning parameters: from 4 at 120° of 2, a step size of 0.018°, and time per step of 9 s. 143 

The crystalline phase identification was carried out by means the EVA software (from Bruker), 144 

which use the ICDD database (http://www.icdd.com/pdf-2/). Subsequently, Rietveld method was 145 

undertaken for FA-TE and FA-FB diffraction pattern using TOPAS Academic Software (Bruker AXS 146 

TOPAS, 2000, which uses a linear least squares method to predict the measured X-ray diffraction 147 

pattern. The parameters used in the fitting calculation include the lattice parameters for each 148 

phase, the occupancy of each atom in the unit cell, background coefficients, zero-shift error, the 149 

scale factor (relative intensity of each phase), and the effects of crystallite size. The goodness of 150 

the fit was evaluated using the lower weighted profile R-factor, Rwp (Young 1995). The 151 

determination of amorphous content in fly ash samples was carried out by use of pure CaF2 as 152 

internal standard (XRD patterns for both FA are reported is supplementary material).  153 

For chemical analysis samples were acid-digested by using a two-step digestion method devised 154 

by for coal and coal ashes by Querol et al., (1995). The resulting solution was then analysed by 155 

http://www.icdd.com/pdf-2/
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Inductively-Coupled Plasma Atomic-Emission Spectrometry (ICP-AES, IRIS Advantage TJA 156 

Solutions, THERMO) and by Inductively-Coupled Plasma Mass Spectrometry (ICP-MS, X Series II, 157 

THERMO) for 57 major and trace elements, respectively as summarized in Table 2. The 158 

international reference material NBS1633b was also used to determine the accuracy of the 159 

analytical and digestion methods. 160 

Table 2. 161 

The European Standard leaching test EN-12457 (according to Council decision 2003/33/EC) was 162 

applied to the fly ash samples to determine the leaching potential of major and trace elements. The 163 

pH and ionic conductivity of the leachate samples were determined by conventional methods. The 164 

content of major, minor and trace elements of the leachates were determined by ICP-AES and 165 

ICPMS. 166 

 167 

2.2. Synthesis of K-zeolites 168 

The synthesis of K-zeolites was performed on FA-TE and FA-LB by applying the conventional 169 

hydrothermal conversion method in a 125 mL PARR 4744 reactor using KOH solutions of 1, 3, and 170 

5 M, KOH-solution / FA ratio of 2 and 4 L/kg, synthesis temperatures of 150 and 200 ˚C, and 8, 16, 171 

and 24 h of conversion time. The K-zeolitic products obtained were first washed to remove the 172 

excess of KOH and air dried prior to analysis. The mineralogy of the K-zeolitic products was 173 

analysed by the same method previously reported for FA. The cation exchange capacity (CEC) of 174 

the K-zeolitic products was measured by applying the ISRIC method. This method applies a NH4Cl 175 

/ zeolite closed batch using a ratio of 1 g of zeolite and 100 mL of NH4Cl to ensure the maximum 176 

CEC, at 25 oC and 1 h of stirring. The ammonium of the resulting batch solution was measured by a 177 

selective ammonium electrode (Orion 9512HPBNWP) and the CEC was calculated taking into 178 

account the initial concentration of ammonium and that remaining in solution after the batch. 179 
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XRD analysis for K-zeolitic products was determined as the same method as the FA described in 180 

section 2.1. The Reference Intensity Ratio (RIR) method was used for crystalline phase 181 

quantification of the zeolitic products (de Woolf and Visser, 1988). The RIR method uses always 182 

the corundum as the internal standard (RIRcor, Hubbard and Snyder, 1988; Hillier, 2000). RIR 183 

values of the more intense peak of each phase respect to the corundum (50:50) are obtained from 184 

the PDF-2 database of International Centre for Diffraction Data (ICDD). 185 

 186 

2.3. Phosphate-removal equilibrium experiments 187 

Phosphate test solutions were prepared by dissolving a weighed amount of Na2HPO4.H2O in water 188 

obtained from a Milli-Q-Academic-A10 apparatus (Millipore Co. France). Batch experiments were 189 

performed at room temperature (22 ± 1ºC). Weighted amounts of dry KP1 zeolites samples (0.2 g) 190 

were shaken overnight with 12 mL of aqueous solutions containing different initial concentrations of 191 

phosphate (100–10000 mgP-PO4/L). The pH was fixed using 0.1 mol/L HCl or NaOH solution. After 192 

phase separation with a 0.2-µm syringe filter, the equilibrium pH was measured using a pH 193 

electrode (Crison GLP22), and the total phosphate concentration was measured using 194 

spectrophotometric colourimetry (Kitson and Mellon, 1944). The phosphate equilibrium sorption 195 

capacity was determined using Eq. 1. 196 

          
 

  
  (1) 197 

where C0 (mgP-PO4/L) and Ce (mgP-PO4/L) represent the initial and equilibrium total phosphate 198 

concentrations, respectively; v (L) is the aqueous solution volume; and ms (g) is the mass of zeolite. 199 

 200 

2.4. Batch kinetic experiments of phosphate removal 201 

Batch kinetic experiments were performed by addition of 0.2 g of KP1-FA in solutions containing 10 202 

and 100 mgP-PO4 /L of initial phosphate concentration. Tubes were mechanically shaken at 200 203 
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rpm at room temperature (21 ± 1 °C) and samples were withdrawn sequentially at given contact 204 

times. All tests were performed in duplicate and the average data are reported. Samples were 205 

centrifuged for 10 min and filtered using cellulose nitrate membrane filters of 0.45 µm for Ion 206 

chromatography and 0.22 µm for ICP. Two stages of filtration were used for high content of 207 

suspended solids. 208 

 209 

2.5.  Physicochemical characterisation of zeolitic products after sorption 210 

At the end of the sorption experiments, the KP1 zeolite samples were washed with water to remove 211 

interstitial water and then oven-dried at 60°C for structural and textural analysis. The mineralogical 212 

composition was analyzed using the same method than the zeolitic products synthesized in this 213 

study and describes in sections 2.1 and 2.2. 214 

 215 

The point of zero charge (PZC) values of KP1-TE and KP1-LB were determined, and the common 216 

intersection point (CIP) method was applied to the titration curves obtained at different ionic 217 

strengths. First, an amount of KP1 zeolite (0.1 g) was equilibrated in of deionized water (25 mL) 218 

and 0.01 and 0.05M NaCl solutions (pH from 3 - 11) for 24 h at 200 rpm and 21 ± 1 ˚C. The final 219 

pH was measured in a Crison GLP21 potentiometer, and the PZC was determined as the pH at 220 

which the addition of the sample did not induce a shift in the pH (∆pH = pHf - pHi = 0). All 221 

measurements were performed in triplicate, and the average values are reported. 222 

 223 

2.6. Phosphate sorption equilibrium modelling 224 

The Langmuir (Eq. 2) and Freundlich isotherms (Eq. 3) were used to describe the phosphate 225 

sorption: 226 

eL

emL

CK

CqK
q




1
 (2) 227 
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      (3) 228 

where Ce (mgP-PO4/L) and qe (mgP-PO4/g) are the equilibrium total phosphate concentrations in 229 

the aqueous and solid phases, respectively; qm (mgP-PO4/g) is the maximum sorption capacity; KL 230 

(L/ mgP-PO4) is the Langmuir sorption equilibrium constant; n is a constant indicating the 231 

Freundlich isotherm curvature; and Kf ((mgP-PO4/g)/(mg/L)n) is the Freundlich equilibrium constant. 232 

 233 

2.7. Phosphate sorption kinetic modelling 234 

The homogeneous particle diffusion (HPDM) and shell progressive (SPM) models (Liberti et al., 235 

1977; Valderrama et al., 2010) were used to describe the kinetic data. Both models assume that 236 

the extraction mechanism involves the diffusion of phosphate ions (H2PO4
- and HPO4

2-) from 237 

solution into the zeolite (KP1-FA) phase through a number of possible pathways: diffusion across 238 

the liquid film surrounding the KP1-FA particle; transfer across the solution/particle interface; 239 

diffusion into the bulk of the KP1-FA particle; and possible interactions with reactive groups on the 240 

FA surface 241 

Homogeneous Particle Diffusion Model (HPDM):  242 

Describes the diffusion of phosphate ions on the KZ particle as a quasi-homogeneous media  243 

i) for particle diffusion rate control:               
    

    (4) 244 

ii) for liquid film diffusion control:             
      

   
   (5) 245 

Shell progressive model (SPM):  246 

Describes the sorption process in terms of a concentration profile of the solution containing 247 

phosphate ions advancing into a partially sorbed saturated spherical KP1-FA particle (“Shell 248 

Progressive”): 249 

a) for fluid film:       
      

     
   (6) 250 
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b) for particle diffusion:             
 

          
      

  
    

   (7) 251 

c) for chemical reaction:                  
     

 
   (8) 252 

where X (t) is the fractional attainment of equilibrium at time t, C is the total concentration of sorbing 253 

species; Cr is the total concentration of sorbing in the KP1-FA phase; De the effective diffusion 254 

coefficient of ammonium ions in the zeolite phase (m2·s-1), r the radius of the zeolite particle 255 

assumed to be spherical (m). X (t) values could be calculated by using Eq. 9:  256 

       
  

  
 (9) 257 

where qt and qe are phosphate loading on the particle phase at time t and when equilibrium is 258 

attained (mg·g-1) respectively. All experimental data were treated graphically and compared to all 259 

fractional attainment of equilibrium functions (F(X) = f (t)) (Eqs 4-9).  260 

 261 

3. RESULTS AND DISCUSSION 262 

3.1. Characterisation of fly ash samples 263 

FA-TE and FA-LB are primarily composed of Al-Si glass (77 and 74 %, respectively) with different 264 

proportions of crystalline phases. FA-TE shows relatively high proportions (14 %) of mullite 265 

(Al6Si2O13), low proportion (6 %) of quartz (SiO2), and of Fe-oxides (1.5 % maghemite, Fe2O3, and 266 

1.2 % hematite, Fe2O3), and traces of anhydrite (CaSO4) and calcite (CaCO3). Quartz (18 %) is the 267 

main crystalline phase present in FA-LB and also contains minor amounts of mullite (7 %) and 268 

traces of hematite and calcite (<0.5 %). The Rwp obtained in FA-TE and FA-LB measurements were 269 

4.68 and 7.55, respectively, which indicate an accurate Rietveld refinement. The chemical 270 

composition of FA-TE is dominated by relatively high concentrations of Al2O3 (26 %), Fe2O3 (17 %), 271 

CaO (3.8 %), and SO3 (0.6 %) when compared with LB-FA (Table 2). The relatively high Fe, S, and 272 

Ca content in the TE-FA, and related crystalline phases (Fe-oxides, anhydrite and calcite) is due to 273 
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the predominant use of a local subbituminous coal rich in pyrite in the feed coal blend. Fe-oxides, 274 

anhydrite and calcite are non-reactive phases in alkaline hydroxides solutions. Consequently, the 275 

Ca present (calcite and anhydrite) is not available for the synthesis of Ca-bearing K-zeolites. 276 

Hematite and magnetite crystalize on the fly ash surface then limiting the dissolution of glass 277 

components (Al, Si, Ca) reducing the available amount of these elements for synthesis of zeolites.  278 

 279 

The occurrence of calcite in both FA-TE and FA-TE give rise to the slightly alkaline pH of the 280 

leachates from FA-TE (8.2) and FA-LB (8.1) (Table 2). Two relatively high concentrations of S and 281 

Ca in the FA-TE leachates and Ca in FA-LB leachates are in agreement with the occurrence of 282 

anhydrite and calcite in FA (Table 2). Regarding the leaching potential of trace elements only the 283 

leachable concentrations of Se (4.7 mg/kg) and Mo (41.6 mg/kg) from FA-LB are of special concern 284 

as exceed the limit values for non-hazardous materials established by the EC 33/2003 decision for 285 

the disposal of solid residues in landfilling (Table 2). 286 

 287 

3.2.  Synthesis of K-zeolites from fly ash 288 

The synthesis of K-zeolites from FA-TE and FA-LB by KOH hydrothermal direct conversion give 289 

rise to zeolitic products composed by variable proportions of a single zeolite, such W, merlinoite, 290 

perlialite (or L), K-H, and megakalsilite or by mixtures of the aforementioned zeolites and/or with 291 

natrolite, erionite, chabazite, tobermorite, and ZSM5 and chabazite / natrolite mixtures (Tables 2-3 292 

and Figures 1-2). The conversion of FA to zeolitic products is consistent with the strength of 293 

synthesis conditions applied, generally increasing as the synthesis temperature, KOH-solution/FA 294 

ratio, KOH concentration and activation time increases. The proportion of zeolites synthesised from 295 

FA is then also consistent with the dissolution of Si and Al from glass, quartz, and mullite according 296 

to Querol et al. (1998) the dissolution of the mentioned phases from FA are glass>quartz>mullite) 297 

and its subsequent precipitation in the zeolite structure (Tables 2-3 and Figures 1-2).  298 
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 299 

W Zeolite (20-57 % of the crystalline phases in the zeolitic products), merlinoite (24-96 %), K-H 300 

zeolite (18-58 %), and low CEC megakalsilite (19-100 %) are the primarily zeolites produced in 301 

most of the zeolitic products from FA-TE (Table 3 and Figure 1). Natrolite (8-30 %), Perlialite (1-50 302 

%), F zeolite (33-37%), chabazite (16-23 %), erionite (10 %), and tobermorite (5 %) are also 303 

synthesized in specific synthesis conditions (Table 3 and Figure 1). 304 

Table 3. 305 

Figure 1. 306 

The conversion to zeolites from FA-TE-is relatively poor (0-39 %) at low temperature (150 oC) and 307 

low KOH-solution/FA ratio (2 L/kg) for most of the KOH concentrations and activation time applied. 308 

At the synthesis temperature (150 oC) and KOH-solution/FA ratio (2 L/kg) low amounts of W zeolite 309 

(20-39 %) are synthesized for low (1 M) and intermediate (3 M) KOH concentrations and after long 310 

activation time (24 h for KOH 1 M and 16-24 for KOH 3 M). The extremely low proportion of quartz 311 

dissolved (with respect to the its initial content in FA), even lower than that of mullite (Table 3 and 312 

Figure 1) accounts for the low conversion efficiency and for the synthesis of low proportions of 313 

zeolite W, a zeolite with low Si/Al ratio (<2). Mixtures of chabazite and natrolite (16-13 % and 23-314 

11%), are produced when increasing KOH concentration to 5 M for activation times of 8-16 h, 315 

keeping the temperature at 150 OC and KOH-solution/FA ratio at 2 L/kg. The synthesis of chabazite, 316 

with a slightly higher Si/Al ratio (2) than W, matches with a slightly higher dissolution of quartz vs 317 

mullite (Table 3 and Figure 1). The results from this study and those from other authors (Amrhein et 318 

al., 1996; Murayama et al., 2002a, 2002b; Querol et al., 1997)  indicates that low synthesis 319 

temperatures (100-150 oC) are required to obtain chabazite. Even the low proportions obtained, the 320 

synthesis of Ca-bearing chabazite using relatively low temperature (150 oC), low KOH–solution/FA 321 

ratio (2 L/kg), and low activation times (8-16 h) reported in this study is of interest for its potential 322 

use as phosphate sorbent material.  323 
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 324 

Increasing the KOH-solution/FA ratio to 4 L/Kg and keeping temperature at 150 oC the conversion 325 

of FA-TE to zeolite, is even lower than at 2 L/kg when applying KOH concentration of 1-3 M (Table 326 

3 and Figure 1). At the mentioned synthesis conditions, the only zeolitic product is a 50 % W zeolitic 327 

material, which is obtained for KOH concentration of 3 M and 24 h activation time (Table 3 and 328 

Figure 1). Increasing the KOH concentration to 5 M the dissolution of quartz and mullite reached 329 

high proportions (73-100 % and 67-87 %, respectively) (Table 2 and Figure 2) giving rise to 330 

mixtures of low Si/Al ratio zeolites such F (Al/Si ratio = 1.5) and megakalsilite (1:1) for activation 331 

times of 8-16 h and to a rich zeolitic product (84 % zeolite) containing a mixture of W (57 %) and 332 

perlialite (27 %) (Table 2 and Figure 2).  333 

Figure 2. 334 

 335 

The increase of the synthesis temperature to 200 oC results in higher conversion of FA-TE (40-100 336 

%) (Table 2 and Figure 2), particularly at low KOH-solution/FA ratio (2 L/kg), low KOH concentration 337 

(1-3 M) and short activation time (8-16 h), than obtained at low temperature (150oC) and KOH-338 

solution/FA ratio of 2-4 L/kg, KOH concentrations of 1-3 M and from 8 to 24 h activation time. At this 339 

high temperature (200 oC) the following zeolitic products are synthesized: i) single K-H (18-58 %, 340 

mainly at KOH concentration 1-3 M and after 8 h activation time either at KOH solution/FA ratio of 2 341 

and 4 L/kg); ii) single W zeolitic products (29-53 %, mainly at low KOH solution / FA ratio (2 L/kg), 342 

KOH concentration of 1-3 M and activation times from 16 to 24 h; iii) Merlinoite-rich products (54-96 343 

%, primarily at high KOH-solution/FA ratio (4 L /kg), from 1-3M of KOH concentration and activation 344 

times from 16 to 24 h); and iv) A 50:50 mixture of K-H and perlialite is synthesized at KOH-solution/ 345 

FA ratio of 4 L/kg, KOH concentration of 3·M and 24 h activation time. The increase of the KOH 346 

concentration to 5 M give rise to the complete dissolution of quartz and mullite and the synthesis of 347 

100 % megakalsilite products at high KOH-solution/FA ratios (4 L/kg) and megakalsilite rich 348 
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products (41-72 %) when reducing the KOH-solution/FA ratio to 2 L/kg. The megakalsilite rich 349 

products also contains 8-30 % of natrolite (at activation times of 16 and 8 h, respectively) and low 350 

proportions of high Si/Al zeolite (>10) such erionite (10 %, at 16 h activation time) and tobermorite 351 

(5 %, at 24 h activation time).  352 

 353 

Regarding the synthesis of K-zeolite from FA-LB, the conversion to zeolite is reached easily and 354 

yield higher values than for FA-TE (Tables 2-3 and Figures 1-2). This conversion is due to the low 355 

Fe-bearing phases present on the LB-FA surface that favors the dissolution of the reactive phases 356 

from FA. At the weakest synthesis conditions (temperature of 150 oC, KOH-solution/FA ratio of 2 357 

L/kg, KOH concentration of 1 M and 8 h activation time) a zeolitic product containing 14 % of single 358 

W zeolite is already synthesized. Increasing the KOH concentration from 1 to 5 M and the 359 

activation time from 8 to 24 h, both the higher occurrence and easy dissolution of quartz with 360 

respect mullite results first in the synthesis of relatively high Si/Al ratio zeolites such merlinoite 361 

(Si/Al = 2.4) and perlialite (Si/Al = 3) (Table 4 and Figure 2). The almost complete dissolution of 362 

quartz and mullite when applying high KOH concentration (5 M) and long activation times (16-24 h) 363 

results in the synthesis of relatively high proportions of W zeolite (75-95 %) indicating that a higher 364 

proportion of Al is available to reduce the Si/Al ratio in the dissolved solution from FA and form 365 

zeolites with a slightly lower Si/Al ratio than merlinoite. The use of high KOH-solution/FA ratios (4 366 

L/kg) favors the simultaneous dissolution of high proportions of quartz and mullite enhancing the 367 

synthesis of W (53-83 %) instead merlinoite. At high KOH-solution/FA ratios (4 L/kg) and high KOH 368 

concentrations (5 M) besides high proportions of W zeolite (53-74 %) significant proportions of 369 

megakalsilite (16-20 %) are also synthesized  370 

Table 4. 371 

The increase of the synthesis temperature up to 200 oC results in a higher FA conversion to zeolite 372 

than at 150 oC for FA-LB (Table 4 and Figure 2). With the exception of the zeolitic products 373 
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synthesized at low KOH-solution/FA ratio (2 L/kg) and low KOH concentration (1M), attaining only 374 

18-39 % of the crystalline phases, the zeolites obtained at the remaining synthesis conditions attain 375 

high proportions of the zeolitic product (54-97 % of the crystalline phases). As stated for FA-TE at 376 

this synthesis temperature (200 oC), K-H (17-87 %) is generally synthesized when applying low 377 

activation times (8 h) either at KOH-solution/FA ratios of 2 and 4 L/kg and KOH concentration from 378 

1 to 5 M. Mixtures of merlinoite (20-74 %) and perlialite (11-50%) are synthesized at low KOH-379 

solution/FA ratios (2 L/ kg) and long activation time (8-24 h), whereas single and rich merlinoite 380 

zeolitic products (78-90 %) are synthesized at high KOH-solution/FA ratios (4 L /kg), long activation 381 

times (16-24 h) but low-intermediate KOH concentrations (1-3 M) or combining high KOH 382 

concentration (5 M) and short activation time (8 h). Rich megakalsilite products (50-54 %) 383 

containing perlialite (12-42 %) and K-H zeolite (33 %) are synthesized when applying high KOH-384 

solution/FA ratio (4 L/kg), high KOH concentration (5 M) and long activation time (16- 24 h).  385 

 386 

3.3.  K-Zeolites: physico-chemical properties  387 

From the comparison of results of the synthesis stage of zeolitic products it can be highlight that: 388 

a) Despite for both FA-TE and FA-LB, some zeolitic products are produced at the lowest 389 

temperature (150 oC), KOH-solution/FA ratio (2 L/kg), and KOH concentration (1 M), a longer 390 

activation time (24 h) is required to achieve the conversion of FA to zeolite for FA-TE than for FA-391 

LB (8 h). Accordingly, the obtained zeolitic products are more easily achieved, in time basis, for FA-392 

LB than for FA-TE due to the low content of non-reactive Fe-bearing phases on the surface of FA. 393 

b) Merlinoite and W-zeolite are by far the dominating zeolites in most of the zeolitic products 394 

synthesized from FA-LB whereas the zeolitic products synthesized from FA-TE display a higher 395 

variety of zeolites for a given synthesis conditions.  396 
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c) Furthermore Ca-bearing zeolite merlinoite is synthesized at weaker synthesis conditions for FA-397 

LB than for FA-TE, requiring high synthesis temperature (200 oC) for the later. This is due to the 398 

high proportion of quartz respect mullite and the high Ca from glass available in FA-LB.  399 

d) The synthesis of other Ca-bearing zeolites such chabazite is obtained only for FA-TE, applying 400 

low temperatures (150 oC), high KOH-concentrations (5 M), low KO-solution/FA ratios (2 L/kg). The 401 

high proportion of mullite respect to quartz is most probably the primarily cause for the synthesis of 402 

this zeolite (KP1-TE) only in this FA at the synthesis conditions applied. 403 

e) On the opposite low CEC megakalsilite is readily synthesized and in remarkable proportions 404 

from FA-TE than from FA-LB, due to the high content of mullite with respect to quartz that favours 405 

the formation of this low Si/Al ratio (1:1) specially when high K supply (KOH-solution/FA ratio (4 L/ 406 

kg), high temperature (200 oC) and high KOH concentration (5 M) are applied.  407 

  408 

Low cation exchange capacity value for untreated fly ash was <100 mmolC/kg (Amrhein et al., 409 

1996), and for most common types of zeolitic tuffs; clinoptilolite values ranging between 1.2 and 2 410 

meq/g; mordenite values ≥ 1 meq/g; phillipsite and chabazite 1.8-2.5 meq/g (Cejka, 2005). 411 

However, treating fly ash giving higher CEC values; The CEC for zeolitic product formed from FA-412 

TE giving an average ranges from 1.9 to 3.8 meq/g (Table 3). The highest CEC from FA-TE 413 

reached for a natrolite / chabazite rich zeolitic product synthesized at 150 oC, KOH-solution/FA 414 

solution of 2 L/kg, KOH concentration of 5 M and 8 h activation time. The CEC of the zeolitic 415 

products obtained from FA-LB ranges from 0.8 to 5.3 meq/kg (Table 4). The synthesis of K-H 416 

zeolite give rise to the highest CEC values of the FA-LB zeolitic products increasing from 2.1 to 5.3 417 

meq/kg as increase the K-H proportion from 41 to 87 %. The highest CEC zeolitic product (5.3 418 

meq/g) is achieved for a K-H rich product (87 % of the crystalline phases, Table 4) synthesized 419 

from FA at high temperature (200 oC), high KOH-solution/fly ash ratio (4 L/kg), a KOH 420 

concentration of 3 M, and after 8 h activation time. The CEC of the zeolitic products containing only 421 



18 

 

merlinoite or W zeolite, or containing also perlialite or megakalsilite, range from 1.7 to 4.6 meq/kg. 422 

Although it is out of the scope of this work, the aforesaid CEC values indicate a large potential for 423 

the uptake of NH4
+ of the zeolitic products obtained.  424 

For the subsequent P sorption experiments the following zeolitic products (Figure 3) were selected  425 

a) KP1-TE: a W zeolitic product (30%) synthesized from FA-TE at 150oC, KOH-solution/ FA ratio of 426 

2 L/Kg, KOH concentration of 1M and 24 h. 427 

b) KP1-LB: a high Merlinoite (52%) and perlialite (20 %) synthesized from FA-LB at 150oC, KOH-428 

solution /FA ratio of 2 L/Kg, 5M and 24 h. 429 

Figure 3. 430 

The KP1-TE and KP1-LB zeolitics products were selected according to the following issues: a) W 431 

and Merlinoite are by far the primarily zeolites produced from FA-TE and FA-LB; b) To compare the 432 

P sorption capacity from a K zeolite (W) with a Ca-bearing K zeolite (merlinoite) and c) The 433 

synthesis of the aforementioned zeolitic products using weak synthesis conditions (mainly low 434 

temperature and low KOH-solution / FA ratio)  435 

The presence of potassium modifies the FA and a pHPZC of 9.3 ± 0.3 was determined for KP1-FA 436 

(Figure 4). Indeed Chen et al. (2006) and Zhang et al. (2007) identified that iron and aluminium 437 

surface groups have anions sorption capacity at pH values below the pHPCZ. The acid-base 438 

characterization reveals pHPZC values of 4.9±0.5 for FA-TE and 5.1±0.5 for FA-LB (Hermassi et al., 439 

2017b). The higher pHPZC value of KP1 suggests a decrease in the acidity of the metal-hydroxide 440 

groups (MOH) of the fly ash structure after modification with potassium salts. 441 

Figure 4. 442 

3.4. Phosphate-sorption capacities of KP1-TE and KP1-LB: equilibrium and kinetic 443 

performance 444 

Sorption kinetic  445 
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Kinetic experiments (qt versus t) for both zeolites show a different performance as the times to 446 

reach equilibrium attainment (>90%) where 3000 seconds for KP1-TE and more than 8000 447 

seconds are needed for KP1-LB (Figure 5). 448 

 Both values for equilibrium attainment are an indication that the phosphate extraction process is 449 

based on chemical reactions, as mineral formations, more than a standard anion-exchange 450 

process.  Values are compatible for stirred reactors needed when working with powder materials as 451 

it is the case. Kinetic data were fitted by using the HPDM (Eqs. 4‒5) and SPM (Eqs. 6‒8) models, 452 

results are summarized in Table 5. Both models fit the data satisfactorily for the entire time range of 453 

KP1-phase diffusion. The slope values can be used to calculate effective diffusion coefficients for 454 

phosphate anions depending on the initial phosphate concentration (10 and 100 mgP-PO4/L) an 455 

average diffusion coefficient for the predominant species is obtained. These calculated diffusion 456 

coefficients are in fact a measure of the mean diffusion coefficients of the different species involved in 457 

the ion exchange process. The intraparticle mass transfer coefficient can be determined by the 458 

effective intraparticle diffusion coefficient De.  According to the values reported in Table 5, the De 459 

values are in the range of 10-14-10-13m2/s and show dependence on the initial phosphate 460 

concentration. Such values are common with chemisorption’s systems (Walker and Weatherley, 461 

1999). Kinetic parameters were critical in the integration of the synthesized zeolites in stirred 462 

reactor based applications. According to the kinetic parameters, if lower hydraulic residence times 463 

is the critical factor the use of KP1TE is recommended- If the selected criteria is increasing the 464 

phosphate removal capacity the use of PK1-LB is recommended, however, the hydraulic residence 465 

time should be increased. 466 

Figure 5. 467 

Table 5. 468 

 469 

 470 
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Sorption equilibrium  471 

The evaluation of the effects of the initial concentration on phosphate-sorption capacity for both 472 

synthesized K-zeolites (KP1-LB and KP1-TE) at fixed pH 8.0 ± 0.2 revealed an important increase 473 

as the initial phosphate concentration increased (Figure 6). Additionally, the equilibrium pH exceeds 474 

the initial pH = 8, reaching values as high as 9.4 for KP1-LB and 9.0 for KP1-TE, at lower initial 475 

phosphate concentrations (up to 5 mmol P-PO4/L) and then decreases back to the approximately 476 

the initial value for both zeolites. Moreover, the shape of the phosphate-sorption isotherm indicates 477 

that KP1-LB has higher affinity for phosphate than KP1-TE, as shown by the higher slope of the 478 

(qe-Ce) function (Figure 6).  The maximum sorption capacities of zeolites were 230 ± 10 mgP-479 

PO4/g and 130 ± 5 mgP-PO4/g for KP1-LB and KP1-TE, respectively (Figure 6). 480 

Figure 6. 481 

 482 

It should be mentioned that the initial specific surface area (SBET) were carried out using standard 483 

methodology described elsewhere (Hermassi el al. 2015), the SBET values for KP1-TE and KP1-LB, 484 

were 22.5 and 31.6 m2/g, respectively. Thus, the higher Ca and P contents and larger surface area 485 

enhance the phosphate sorption. According to the content of CaO in the zeolitic products and the 486 

pHz values it is postulated that, the sorption of phosphate ions, mainly H2PO4
- and HPO4

2-, which 487 

occurs in the expected pH range (7 to 9) follow the following mechanisms reactions: 488 

a) Complexation with ≈MOH2
+ surface groups.                                                                                                                                                                 489 

     
        

      
               

                 (10) 490 

b) Complexation with ≈MOH surface groups.                                                                                                                               491 

                               
      

              
                       (11) 

c) Formation of calcium phosphate minerals with the Ca(II) in the zeolite structure (CaO): 492 

                       
      

                                          (12)              

d) Formation of calcium phosphate minerals with Ca (II) occupying zeolite ion exchange sites: 493 
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                             (13) 

From a thermodynamic point of view, the most favored reaction is the formation of Ca-phosphate 494 

(e.g., brushite or Hap) (Eqs. 12 and 13) with the release of H+ ions and the resulting decrease in 495 

the pH, as was shown for both zeolites to values below 8 (Hermassi et al., 2016b). XRD analysis of 496 

the loaded zeolites samples (Figure 7), confirmed that from the two expected calcium phosphates 497 

minerals only brushite (CaHPO42H2O(s)) was identified (e.g., (logKso = -6.6), (Dorozhkin, 2012). 498 

XRD analysis of KP1 samples after sorption experiments detected the presence of brushite for 499 

initial phosphate concentration above 1000 mg P-PO4/L. However, the presence of Ca-phosphate 500 

minerals was not detected for low phosphate concentration levels (Figure 7), it can be related to the 501 

formation of nanocrystals that could not be detected or the formation of amorphous structures. In 502 

general, precipitation associated with fast kinetics is accompanied by the reduction in the solids’ 503 

crystallinity. For all the samples XRD patterns show the occurrence of brushite in addition to the W 504 

zeolite (or philipsite) and relict phases from FA such mullite and quartz.  505 

Figure 7. 506 

The phosphate sorption data are well described by Langmuir isotherm (R2≥0.99), while Freundlich 507 

isotherm (R2≤0.94) (Table 6 and Figure 8) provides a good description only at the lower 508 

concentration ranges. Therefore, monolayer and homogenous sorption or and/ion exchange at 509 

specific and equal affinity sites available on the KP1-TE and KP1-LB surface is likely to occur. In 510 

fact, favourable phosphate sorption is revealed by the values of 0<KL<1,(Foo and Hameed, 2010) 511 

and the maximum phosphate sorption capacities along Langmuir isotherm were 250 ± 5 and 141 ± 512 

3 mgP-PO4/g for KP1-LB and KP1-TE, respectively (Table 6).  513 

Table 6. 514 

Figure 8. 515 

3.4 Scope for the application of K-zeolites as reactive sorbents for P recovery from WWTP 516 
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The P-sorption capacity shown by the synthesized Ca-bearing K-zeolites has been compared with 517 

previously reported capacities with inorganic sorbents.  Blends of N and P containing loaded 518 

reactive sorbents with bio-solids from urban waste water are being proposed for soil enrichment 519 

from a sustainable perspective taking into account economic, agronomic and circularity criteria. 520 

Examples of initiatives to promote valorisation routes of nutrients from wastewater are summarized 521 

in Table 7.  522 

Waste and by-products generated in power generation and in the processing industry (e.g., mining 523 

and metallurgical sludge, mine tailings, coal and biomass combustion fly ash) or inorganic based 524 

sorbents and bio-sorbents have been evaluated. The basis for the selection of the materials 525 

includes minerals with a high content of Mg or Ca (carbonates, silicates, oxides, or zeolites in Ca 526 

and Mg forms) to promote the release of Ca and Mag ions and then the stabilization of P 527 

(phosphate) as Ca-Mg phosphate minerals, or the use of metal oxides and hydroxides (Fe and Al) 528 

to promote P (phosphate) sorption through the Fe and Al surface groups (>MOH) or zeolites. In the 529 

case of ammonium and potassium cations, the main option has been the use of ion-exchange 530 

materials in Na, Ca and Mg. The most widely evaluated solution is the use of natural or synthetic 531 

zeolites produced from fly ash (Hermassi et al., 2016b). Alternative Romero-Gúiza et al, (2014) 532 

proposed the use of MgHPO4(s) as a precursor for the formation of struvite (NH4MgPO46H2O(s)). 533 

The studies describing the applications where nutrients were recovered from both treated urban 534 

WWTP using natural zeolites modified with metal hydroxides for the simultaneous recovery of N 535 

and P are summarized in Table 7.  As can be seen, the incorporation of K as a load-bearing 536 

sorbent is rarely reported and then the use of Ca-bearing K-zeolites as reactive sorbents could be a 537 

solution to improve the fertilizing contribution associated with potassium. Recently, a natural 538 

clinoptilolite was modified to K-form to balance the N-P-K ratio (Guaya et al., , 2017)(Hermassi et 539 

al., 2017a). The release performance of the N,P,K loaded zeolites shown suitable leaching rates in 540 

agronomical applications (Guaya et el. 2018). The recovery of P and N  from anaerobic digestion 541 



23 

 

side-streams was demonstrated by using mixtures of K- zeolites with MgO(s) by Hermassi et al., 542 

(2017a). Stabilization of N,P-K, was achieved by using the exchange position on the zeolitic 543 

materials and by formation of struvite and bobierrite, both recognized as slow-release fertilizers.  544 

Table 7. 545 

.According to the results of this study it has been  demonstrated the capacity of Ca bearing K-546 

zeolites to stabilize P, from waste water effluents, as Ca-phosphates mainly as brushite, taking 547 

advantage of the residual CaO(s) content on the fly-ash used for the synthesis of Merlinoite and/or 548 

W-zeolite.  549 

It is worth to mention that the economic analyses of the use of slow-release fertilizers will determine 550 

the feasibility of being applied to agricultural systems. The specific sorbent-nutrient interactions and 551 

the nutrient release rate are both important properties to consider that were outside the scope of 552 

this study. Work in progress has been directed at improving the materials prepared when designing 553 

nutrient-loaded sorbent fertilizers properties: i) affinity for both cations and anions (NH4
+, K+, NO3

−, 554 

and HPO4
2−), ii) stability under soil environmental conditions, iii) slow-release characteristics, (iv) 555 

water-holding capacity, and (v) ability to function for long periods of time. The addition and use of 556 

nutrient-loaded sorbents improves agricultural yields and nutritional qualities of the soil, and those 557 

indicators will be used to analyse whether the materials can be applied at full-scale. The key issues 558 

that could promote circular approaches to valorise the nutrients from WWTP are the availability of 559 

feedstocks, the technology to recover and apply the sorbents, the economic and financial viability 560 

throughout the supply chain and finally the regulatory framework that allows the circularity of the 561 

nutrients. 562 

 563 

4. CONCLUSIONS 564 

Merlinoite and W rich zeolitic products synthesized from FA-TE and FA-LB by KOH hydrothermal 565 

activation were found to have encouraging properties as a sorbent for phosphate from aqueous 566 
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solution. Both Ca-bearing K-zeolites have been shown as suitable sorbents for phosphate recovery 567 

in the expected pH range (6 to 9) of wastewater effluents. The maximum phosphate sorption 568 

capacities measured were 250 ± 5 mgp-PO4/g for KP1-LB, and 141 ± 3 mgPO4/g for KP1-TE. The 569 

sorption process proceeds via a diffusion-controlled process involving phosphate ions within the K-570 

FA particles coupled with CaO(s) dissolution from zeolitic products, which provides the Ca(II) ions 571 

required for brushite (CaHPO42H2O(s)) formation on the zeolite surface. This process is important 572 

because promotes the formation of more soluble phosphate mineral as brushite ((logKso = -6.6)) 573 

and it avoids the formation of relatively insoluble Ca-phosphate minerals, such as hydroxyapatite 574 

((logKso = -51)), which have more limited fertilising properties. The use of phosphate-containing 575 

mineral-based sorbents as soil amendments may be advantageous when other agronomic benefits 576 

are expected, such as the provision of other plant nutrients or the enhancement of the soil 577 

moisture-holding capacity. Kinetic data revealed that although the removal process involved a 578 

complex mechanism, implying dissolution and formation of mineral phases, the rate limiting step of 579 

the sorption process is the intra-particle zeolite diffusion of phosphate ions. Times to equilibrium 580 

attainment are compatible with the use of the Ca-bearing K-zeolites in stirred reactors. 581 

Furthermore, the results obtained in this study shows K-zeolitic products obtained from KOH 582 

hydrothermal activation from FA as a promising material for the recovery of P ions from treated 583 

urban wastewater resulting in a potential fertilizing material to be used in the restoration of 584 

degraded land. Such type of approach for the valuation of this residue, increasing its economic 585 

value while reducing environmental and economic costs of landfill could be understood as an 586 

example of waste to product example inside the initiatives of the circular economy. 587 
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Table1. CEC of the synthetic K-zeolite products by FA conversion 
 

Zeolite Form CEC (eq/kg) 

K-H (K2Al2Si4O12·H2O) 
W or K-M (equivalent to natural phillipsite (K2(Al2Si3O10 H2O)) 
Erionite ((Na4Ca2K4)(Al4Si14O36)15H2O) 
Chabazite (CaAl2Si4O12 H2O) 
Q-zeolite (7 K2O·7 Al2O3·14 SiO2·21.7 H2O) 
F-zeolite (KAlSiO4 H2O) 
Merlinoite zeolitic products 

3.7-3.8 
1.9 
3.1 
3.8 

1.9 

1.9 

3.2 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Table 2. Bulk and leachable concentrations of major and trace elements in the FA-TE and FA-LB. 

Table
Click here to download Table: List of Tables-review final.docx

http://ees.elsevier.com/stoten/download.aspx?id=3281984&guid=0483db5c-29cf-4db5-8677-975274bc165f&scheme=1


 

 
BULK CONTENT 

 
LEACHATES 

 
FA-TE FA-LB 

 
FA-TE FA-LB 

   
pH 8,2 8,1 

% 
  

mg/kg 
  Al2O3 25,8 20,2 Al <0,1 <0,1 

CaO 3,8 2,1 Ca 2107 2329 

Fe2O3 17,4 7,0 Fe <0,1 <0,1 

K2O 1,3 2,3 K 101,1 <0,1 

MgO 1,1 2,2 Mg 0,6 <0,1 

Na2O 0,2 1,1 Na 41,2 <0,1 
P2O5 

  
P <0,1 <0,1 

SO3 0,6 0,5 SO4
2- 5114 <0,1 

mg/kg 
     Li 273 85 Li 19 2,6 

Be 12 4,6 Be <0,01 <0,01 
B 311 346 B 77,9 134,4 
Sc 25 23 Sc <0,01 <0,01 
Ti 5557 5811 Ti <0,01 <0,01 
V 215 325 V 0,3 5,3 
Cr 129 129 Cr 0,5 3,8 
Mn 377 513 Mn <0,01 <0,01 
Co 31 23 Co <0,01 <0,01 
Ni 45 48 Ni 0,01 0,01 
Cu 60 79 Cu <0,01 <0,01 
Zn 276 246 Zn 0,02 0,02 
Ga 48 33 Ga 0,81 0,30 
Ge 6,9 18 Ge <0,01 0,02 
As 115 32 As <0,01 0,02 
Se 3,3 19 Se 0,4 4,7 
Rb 99 102 Rb 0,3 0,2 
Sr 749 414 Sr 20,0 15,1 
Y 55 38 Y <0,01 <0,01 
Zr 210 149 Zr <0,01 <0,01 
Nb 107 80 Nb <0,01 <0,01 
Mo 12 26 Mo 4,7 14,6 
Cd <0,1 2,6 Cd <0,01 <0,01 
Sn 10 3,6 Sn <0,01 <0,01 
Sb 6 10 Sb 0,08 0,2 
Cs 19 9,3 Cs 0,0 0,0 
Ba 704 1192 Ba 1,9 1,2 
La 77 46 La <0,01 <0,01 
Ce 139 83 Ce <0,01 <0,01 
Pr 18 11 Pr <0,01 <0,01 
Nd 53 35 Nd <0,01 <0,01 
Sm 11 7,5 Sm <0,01 <0,01 
Eu 2,1 1,6 Eu <0,01 <0,01 
Gd 10 7,0 Gd <0,01 <0,01 
Tb 1,6 1,0 Tb <0,01 <0,01 
Dy 9,2 6,4 Dy <0,01 <0,01 
Ho 2,0 1,4 Ho <0,01 <0,01 
Er 5,7 4,1 Er <0,01 <0,01 
Tm 0,8 <0,1 Tm <0,01 <0,01 
Yb 4,8 3,6 Yb <0,01 <0,01 
Lu <0,1 <0,1 Lu <0,01 <0,01 
Hf 5,6 4,1 Hf <0,01 <0,01 
Ta 23 19 Ta <0,01 <0,01 
W 33 14 W 5,2 2,1 
Tl 1,6 2,3 Tl <0,01 <0,01 
Pb 58 29 Pb <0,01 <0,01 
Bi 2,0 <0,1 Bi <0,01 <0,01 
Th 27 14 Th <0,01 <0,01 
U 14 7,8 U <0,01 <0,01 



Table 3. Proportion (%) of relict phases (according to the re-calculated content in FA-TE, (26 % 
Qz and 61 % Mu) and synthetized zeolites in the zeolitic products obtained by KOH hydrothermal 
conversion at different synthesis conditions from TE-FA and CEC values. Qz: quartz, Mull: 
mullite; Mer: merlinoite; Cha: Chabazite; Kal: megakalisilite; Tb: Tobermorite; Eri: Erionite. nd: not 
determined. T: temperature; L/S: KOH-solution / FA ratio; KOH: solution concentration; t: 
activation time. 

Synthesis conditions 
Relict 

phases Zeolite 
Relict 

phases 
Zeolite 

CEC 

T L/S KOH t Qz Mu W Mer Nat Cha K-H L F  Kal Tob Eri total total 
 

15
0o C

 

2 
L/

K
g 

1M 

8h 31 45 0 0 0 0 0 0 0 0 0 0 100 0 nd 

16h 25 44 0 0 0 0 0 0 0 0 0 0 100 0 nd 

24h 23 33 20 0 0 0 0 0 0 0 0 0 79 20 3,8 

3M 

8h 20 50 0 0 0 0 0 0 0 0 0 0 100 0 nd 

16h 14 25 39 0 0 0 0 0 0 0 0 0 61 39 3,3 

24h 19 27 27 0 0 11 0 0 0 0 0 0 62 38 nd 

5M 

8h 12 34 0 0 13 16 0 0 0 0 0 0 71 
29 

3,8 

16h 4 19  0 0 11 23 0 0 0 0 0 0 36 
64 

nd 

24h 0 9 23 0 30 0 20 0 0 0 0 0 27 
73 

nd 

4 
L/

kg
 

1M 

8h 28 39 0 0 0 0 0 0 0 0 0 0 100 0 nd 

16h 21 48 0 0 0 0 0 0 0 0 0 0 100 0 nd 

24h 18 43 0 0 0 0 0 0 0 0 0 0 100 0 nd 

3M 

8h 21 48 0 0 0 0 0 0 0 0 0 0 100 0 nd 

16h 18 46 0 0 0 0 0 0 0 0 0 0 100 0 nd 

24h 8 20 50 0 0 0 0 0 0 0 0 0 50 50 2,3 

5M 

8h 7 20 0 0 0 0 0 0 33 19 0 0 47 52 2,8 

16h 0 20 0 0 0 0 0 0 37 27 0 0 36 64 2,8 

24h 0 8 57 0 0 0 0 27 0 0 0 0 16 84 3,2 

20
0o C

 

2 
L/

kg
 

1M 

8h 16 38 0 0 0 0 18 0 0 0 0 0 82 18 nd 

16h 17 31 30 0 0 0 0 0 0 0 0 0 70 30 nd 

24h 14 31 29 0 0 0 0 0 0 0 0 0 71 29 nd 

3M 

8h 6 37 0 0 0 0 32 0 0 0 0 0 68 32 nd 

16h 6 21 53 0 0 0 0 0 0 0 0 0 47 53 2,6 

24h 5 18 33 24 0 0 0 0 0 0 0 0 42 57 3,4 

5M 

8h 0 5 0 0 30 0 0 1 0 41 0 0 25 72 nd 

16h 0 0 0 0 8 0 0 1 0 65 0 10 15 84 1,9 

24h 0 0 0 0 0 0 0 12 0 72 5 0 10 89 nd 

4 
L/

kg
 

1M 

8h 15 36 0 0 0 0 40 0 0 0 0 0 60 40 2,2 

16h 10 36 0 54 0 0 0 0 0 0 0 0 46 54 nd 

24h 12 23 0 65 0 0 0 0 0 0 0 0 35 65 4,5 

3M 

8h 0 32 0 0 0 0 58 0 0 0 0 0 42 58 3,1 

16h 0 4 0 0 0 0 0 0 0 0 0 0 4 96 2,9 

24h 0 0 0 0 0 0 50 50 0 0 0 0 0 100 nd 

5M 

8h 0 0 0 0 0 0 0 0 0 100 0 0 0 100 nd 

16h 0 0 0 0 0 0 0 0 0 100 0 0 0 100 nd 

24h 0 0 0 0 0 0 0 0 0 100 0 0 0 100 2,5 



Table 4. Proportion (%) of reactive relict phases (according to the re-calculated content in FA-TE, 
(69 % Qz and 27 % Mu) and zeolites in the zeoliic products obtained by KOH hydrothermal 
conversion at different synthesis conditions from LB-FA and CEC values. Qz: quartz, Mull: 
mullite; Mer: merlinoite; Cha: Chabazite; Kal: megakalisilite; Tb: Tobermorite; Eri: Erionite. nd: not 
determined. T: temperature; L/S: KOH-solution / FA ratio; KOH: solution concentration; t: 
activation time. 

Synthesis conditions 
Recative 

Relict phases Zeolite 
Relict 

phases 
Zeolite 

CEC 

T L/S KOH t Qz Mull W Mer Nat Cha K-H L F  Kal Tob Eri total total 
 

15
0o C

 

2L
/K

g 

1M 

8h 64 13 14 0 0 0 0 0 0 0 0 0 86 14 nd 

16h 62 14 0 0 0 0 0 16 0 0 0 0 83 16 1.5 

24h 25 11 0 42 0 0 0 14 0 0 0 0 44 56 nd 

3M 

8h 54 14 24 0 0 0 0 0 0 0 0 0 76 24 2.8 

16h 48 11 0 22 0 0 0 11 0 0 0 0 66 33 nd 

24h 32 12 0 35 0 0 0 13 0 0 0 0 51 48 nd 

5M 

8h 3 14 0 52 0 0 0 20 0 0 0 0 27 72 nd 

16h 8 10 75 0 0 0 0 0 0 0 0 0 25 75 nd 

24h 0 0 95 0 0 0 0 0 0 0 0 0 5 95 nd 

4 
L/

kg
 

1M 

8h 44 29 0 0 0 0 0 0 0 0 0 0 100 0 nd 

16h 17 14 56 0 0 0 0 0 0 0 0 0 44 56 3.1 

24h 1 13 0 83 0 0 0 0 0 0 0 0 26 74 2.6 

3M 

8h 47 25 0 0 0 0 0 0 0 0 0 0 100 0 nd 

16h 7 12 76 0 0 0 0 0 0 0 0 0 24 76 2.5 

24h 3 11 83 0 0 0 0 0 0 0 0 0 17 83 2.0 

5M 

8h 5 13 53 0 0 0 0 3 0 18 0 0 26 0 2.3 

16h 3 10 59 0 0 0 0 3 0 16 0 0 21 76 2.0 

24h 0 0 74 0 0 0 0 3 0 20 0 0 3 83 1.7 

20
0o C

 

2 
L/

kg
 

1M 

8h 57 16 0 0 0 0 17 1 0 0 0 0 82 18 nd 

16h 45 14 0 20 0 0 0 11 0 0 0 0 69 31 2.6 

24h 25 22 0 24 0 0 0 15 0 0 0 0 61 39 nd 

3M 

8h 17 17 0 0 0 0 41 6 0 0 0 0 53 47 2.1 

16h 9 9 0 38 0 0 0 36 0 0 0 0 26 74 3.3 

24h 9 6 0 44 0 0 0 33 0 0 0 0 24 77 2.1 

5M 

8h 0 11 0 0 0 0 58 9 0 0 0 0 33 67 2.7 

16h 1 0 0 70 8 0 0 27 0 0 0 0 3 97 nd 

24h 2 0 0 36 0 0 0 50 0 0 0 0 8 92 3.8 

4 
L/

kg
 

1M 

8h 9 20 0 0 0 0 54 0 0 0 0 0 46 54 4.2 

16h 6 12 0 78 0 0 0 0 0 0 0 0 22 78 4.7 

24h 1 13 0 83 0 0 0 0 0 0 0 0 17 83 3.1 

3M 

8h 0 0 0 0 0 0 87 0 0 0 0 0 13 87 nd 

16h 1 12 0 87 0 0 0 0 0 0 0 0 13 87 4.6 

24h 1 9 0 90 0 0 0 0 0 0 0 0 10 90 3.4 

5M 

8h 1 17 0 82 0 0 0 0 0 0 0 0 18 82 2.8 

16h 0 0 0 0 0 0 33 12 0 50 0 0 0 95 0.8 

24h 1 3 0 0 0 0 0 42 0 54 0 0 4 96 3.7 



Table 5. Linear regression of HPDM and SPM models for phosphate sorption onto KP1 samples 

for two different initial phosphate concentration of at initial pH 8±0.2. 

 HPDM SPM 

-ln (1-X2) -ln (1-X) X [3-3(1-X)2/3-2X] [1-(1-X)1/3] 

      P(V)0 

       (mg/L) 

R2                 De R2      D R2   KF R2    De R2    ks 

    KP1- 

    TE 

10 

100 

0.98     7.6*10-14 

0.99    1.3*10-13 

0.95      5.9*10-9 

0.95      7.8*10-9 

0.80     1.2*10-9 

0.81     9.6*10-10 

0.99      1.0*10-13 

0.99      1.7*10-13 

0.96     3.8*10-10 

0.96     4.1*10-11 

   KP1- 

  LB 

10 

100 

0.99     1.1*10-13 

0.99     6.6*10-14 

0.95       7.2*10-9 

0.96       5.2*10-9 

0.79     1.2*10-9 

0.88     1.1*10-9 

0.99      1.1*10-13 

0.99      7.2*10-14 

0.95     4.5*10-10 

0.95     3.5*10-11 

 

 

 

 

Table 6. Langmuir and Freundlich isotherm parameters for KP1-LB and KP1-TE at pH 8 

Isotherms models 

/Adsorbent 

Langmuir Freundlich 

qm KL R2 KF n R2 

KP1-LB 248.2±5 0.0015 0.99 4.7 2.2 0.94 

KP1-TE 140.8±3 0.0048 0.99 6.1 2.6 0.84 

 

 

 

 

 

 

 

 

 

 

 



Table 7. Comparison of reported studies on the recovery of nutrients N and P from urban, 

industrial and farming wastewaters by using reactive materials. 

Type of waste Reactive materials used Potential application Recovered nutrient forms Reference 

Treated Urban 
Wastes water 

Powdered Natural Zeolite 
modified with Fe, Al and Mn 

oxides  (clinoptilollite)  

The N-P  loaded sorbents showed 
good nutrient bio-availability ratios 

as co-substrate for soil quality 
improvement 

Ammonium exchanged 
onto ionogenic zeolite sites 
and phosphate sorbed on 

Fe/Al/Mn Oxides sites  

(Guaya et al., 2017, 

2016, 2015) 

Treated Urban 
Wastes water 

Powdered Natural Zeolite 
converted to K-form and 

modified with Fe, Al and Mn 
oxides  (clinoptilollite)  

The N-P-K  loaded sorbents 
showed good nutrient bio-

availability ratios as co-substrate 
for soil quality improvement 

Ammonium/Potassium 
exchanged onto ionogenic 

zeolite sites and 
phosphate sorbed on 
Fe/Al/Mn Oxides sites  

(Guaya et al., 2018) 

Potassium-rich 
sludge anaerobic 

digestion side-
streams 

Powdered- 
1-Na+-zeolite NaP1 

2- Ca2+-zeolite CaP1 
3- Caustic magnesia  (Magna L) 

The N-P-K-loaded sorbents 
showed good nutrient release and 

bioavailability ratios as co-
substrates for soil quality 

improvement 

 
Brushite 
Struvite 

k-Struvite 

(Hermassi et al., 

2017a)  

Pig Slurry Commercial and industrial 
magnesium oxide by-products 

from magnesite calcination 
wiere blended with K2HPO4 

Study covered the reactivity of 
different magnesium by-products 

to promote ammonium recovery by 
struvite precipitation. 

 
Bobierrite 

Newberyite 
Struvite 

(Romero-güiza et al., 
2015) 

 

Treated wastewater 
effluents 

A sodium zeolite synthesized 
from coal fly ash (NaP1-NA) 

was 
modified to calcium and 

magnesium forms (Ze-Ca, Ze-
Mg) 

Loaded zeolites, which contain 
ammonium and phosphate as well 
as calcium or magnesium, could 

be potentially used as slow-
release inorganic fertilizer 

 
Brushite 
Struvite. 

(You et al., 2017) 

Treated waste water Two different types of Fly ashes 
from two coal power stations 

with different CaO(s) contents 
(Los Barrios (FA-LB (2.8% w)) 
and Teruel (FA-TE (4.8% w))) 

Potential fertilizer, even in 
calcareous soils. 

 
Brushite 

(Hermassi et al., 
2017b)  

 

 

 



FIGURES 

 

Figure 1. Proportion of relict quartz and mullite and that of the synthetized zeolites from FA-TE according to the 

synthesis temperature, KOH-solution / FA ratio, KOH concentration and activation time. 
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Figure 2. Proportion of relict quartz and mullite and that of the synthetized zeolites from FA-LB according to the 

synthesis temperature, KOH-solution / FA ratio, KOH concentration and activation time. 
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Figure 3. XRD patterns (merlinoite/W zeolite, perlialite, mullite and quartz) of the zeolitic products KP1-TE   and KP1-

LB selected for the subsequent P sorption experiments. 

 

0 10 20 30 40 50 60

2 Theta (Deg.)

 1/ KP1-TE

 2/ KP1-LB

 Merlinoite

 Perlialite

 Mulite

 Quartz

2

1



 

Figure 4. The variation of pH as a function of the equilibrium pH for the zeolitic products KP1-LB and KP1-TE 
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Figure 5. Kinetic data and predicted curves obtained by linear regression analysis of both models (HPDM and 

SPM) for KP1-TE and KP1-LB with initial phosphate concentration 10 and 100 mg/L and pH = 8. 
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Figure. 6. The equilibrium pH variation as a function of initial phosphate concentration (initial pH 8) and the 

phosphate uptake as a function of equilibrium adsorbed concentration for KP1-LB and KP1-TE. 
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Figure 7. XRD patterns (brushite, phillisite-K /W zeolite, mullite and quartz) of the K-zeolitic product KP1-TE 

after phosphate sorption with an initial phosphate concentration of 4 gP-PO4/L at pH = 8.  

 

 

 

 

 

 

 

 

 

 

 

0 10 20 30 40 50 60

2 Theta (Deg.)

 KP1-TE+ 4g P(V)/L

 Brushite

 Phillipsite-K

 Mullite

 Quartz



 

Figure. 8. Phosphate sorption isotherms at fixed pH 8 and predicted by the Langmuir model for KP1-TE and 

KP1-LB. 
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