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Abstract 17 

Nitrogen recovery and valorisation is gaining interest due to the current need for nitrogen 18 

removal, so it is of the great interest that ammonium selective sorbents be evaluated. In this 19 

study, a zeolitic material synthesized from coal fly ash (Ze-Na) in sodium form as well as its 20 

modification to potassium form (Ze-K) were evaluated as sorbent materials for the recovery of 21 

ammonium from wastewater effluents. The sorption performance was assessed through three 22 

consecutive sorption-desorption cycles reporting opposite behaviour in terms of ammonium 23 

sorption capacity. Decreasing in the case of Ze-Na and to slightly increase for Ze-K due to 24 

alkaline activation of zeolite surface. The maximum sorption capacities obtained were 109±4 mg 25 
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NH4/g and 33±1 mg NH4/g for Ze-Na and Ze-K, respectively. It is important to point out that in the 26 

case of Ze-Na, the maximum sorbent capacity was obtained during the first sorption cycle 27 

whereas in the case of Ze-K was obtained during the last working cycle due to the alkaline 28 

regeneration. 29 

Kinetic studies showed that after every regeneration step, the sorption kinetics turns faster as 30 

alkaline desorption increased the zeolite specific surface, thus increasing the size of porous and 31 

enhancing the diffusion through the particle. Results obtained indicate that sorption capacity 32 

decreased significantly after every working cycle using Ze-Na whereas Ze-K followed the 33 

opposite behaviour despite its initial lower sorption capacity. 34 

Keywords: zeolite; ammonium; phosphate; sorption; regeneration; nutrients recovery 35 

 36 

1. Introduction 37 

Conventional urban wastewater treatment trains are based on the conventional activated sludge 38 

(CAS) process, which convert and transform a potential energy (and other) resources (e.g., 39 

organic and inorganic pollution loads) into biosolids while consuming large amounts of energy for 40 

the aeration stage. The new paradigm on urban sanitation systems is focused on the resource 41 

recovery (nutrients and energy) and inspires a search for technologies devoted to source 42 

separation and to make them available for reuse. The novel treatment schemes proposed to 43 

achieve this objective includes processes such as mainstream partial nitritation/anammox, 44 

nanofiltration/reverse osmosis and nitrogen recovery by stripping or sorption (Scherson and 45 

Criddle 2014; Verstraete and Vlaeminck 2011).  46 

New ammonium recovery technologies are needed in order to face new problems as i) the 47 

implementation of High Rate Activated Sludges (HRAS) which improves the energy recovery from 48 
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anaerobic digestion by producing high ammonium treated effluents (Jimenez et al. 2015) or ii) the 49 

need to recover nitrogen accounting for its nutrient value.  50 

Alternative ammonium recovery treatments as striping and sorption processes using synthetic 51 

polymeric sorbents or polymeric membrane based technologies have been studied reporting 52 

difficulties in the integration of membrane processes (X. Zhang et al. 2013) and fouling events 53 

related to the presence of total suspended solids and dissolved organic matter (Diamantis et al. 54 

2014; Mezohegyi et al. 2012). Then, inorganic materials as sorbent or as support for biological 55 

filters could represent a suitable option to promote ammonium removal and recovery due to their 56 

physico-chemical properties (Y. Yang et al. 2017). 57 

Zeolites are a promising materials to be used as low-cost sorbent for wastewater treatment 58 

applications (Tashauoei et al. 2010). They have been widely studied for nutrients removal and 59 

recovery from wastewater as they report high internal porosity which allows water retention, a 60 

uniform particle size distribution, high cation-exchange capacity for nutrients retaining, specially 61 

ammonium ions (Kulasekaran Ramesh et al. 2011; Sherry 2003a). By applying several methods, 62 

different families of zeolites have been synthesised from fly ash, however, few have been 63 

successfully converted into pure-phase zeolites.  64 

Many applications of zeolites in agriculture are being investigated, especially as a carrier for slow 65 

release fertilizers (K. Ramesh et al. 2010) as they reported the availability for improving soil 66 

physicochemical and microbial capacity (Abdi et al. 2006) and enhance the use of nitrogen and 67 

phosphorus (Gruener et al. 2003; Hua et al. 2006; McGilloway et al. 2003). For this purpose, 68 

recovery of ammonium by zeolites can represent many advantages as loaded zeolites could be 69 

used as slow release fertilizer.  70 

Despite many studies have been reported for ammonium removal by biological treatment (Bassin 71 

et al. 2012; Marcelino et al. 2011), using polymeric sorbents and biochar (Kim et al. 2012; Takaya 72 
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et al. 2016) or natural granular zeolites (Guaya et al. 2015; Wu et al. 2006; B.-H. Zhang et al. 73 

2007), most of the implementation work has been addressed to determine the sorption capacity 74 

of zeolites (Gupta et al. 2015) and limited effort has been developed on the engineering aspects 75 

of the validation of the integration of synthetic zeolites in continuous sorption-regeneration 76 

processes to evaluate their regenerability and reusability capacity from the loaded sorbent. 77 

Regenerated zeolites could be reused effectively and concentrated ammonium solutions can be 78 

used for fertilizer production resulting in a significant economic improvement towards traditional 79 

treatments. 80 

This study describes the sorption-desorption performance of two modified zeolites (in sodium and 81 

potassium form) synthetized from coal fly ash, for removal and recovery of ammonium from water 82 

samples. Ammonium is commonly accompanied by phosphate in anaerobic side streams; thus, 83 

the synthetic zeolite was converted to the potassium form to promote the simultaneous recovery 84 

of ammonium (by ion exchange) and phosphate (by formation of mixed potassium phosphates). 85 

The ammonium concentration levels evaluated covered the two types of ammonium streams 86 

expected in new configurations of wastewater treatment plants incorporating high rate activated 87 

sludge: i) effluents from the biosorption reaction with ammonium levels up to 100 mgNH4/L and ii) 88 

side streams from the sludge anaerobic digestion with ammonium levels up to 1000 mgNH4/L. 89 

The equilibrium isotherm studies were carried out in ammonium single and binary (ammonium 90 

chloride/sodium phosphate) solutions. Ammonium uptake rate limiting step was evaluated by 91 

modelling kinetic experimental data by Homogeneous Particle Diffusion Model (HPDM) and Shell 92 

Progressive Model (SPD). Finally, the evolution of equilibrium and kinetic performance through 93 

several sorption desorption working cycles were studied through alkaline regeneration of loaded 94 

zeolites. Potential regeneration of both zeolites forms were evaluated by using NaOH or KOH 95 

solutions. 96 

 97 
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2. Material and methods 98 

2.1. Raw materials 99 

Sodium zeolite (Ze-Na) was synthesized from Narcea coal fly ash by an optimized conventional 100 

zeolite synthesis method using a 3M NaOH solution at 125 ºC and 8h of reaction as reported 101 

elsewhere (Moreno et al. 2001; Querol et al. 1996). 102 

 103 

2.2. Preparation of Potassium modified zeolite 104 

The Ze-Na modification procedure was adapted from the method reported by Wu et al. (2006). A 105 

pre-treatment step was carried out as follows: 30 g of Ze-Na was placed in a flask and mixed with 106 

250 mL of 1 mol/L NaOH solution. The slurry continuous was stirred at room temperature for 24 107 

h. The solid phase was separated by filtration and was mixed with 250 mL of 1 mol/L KCl solution 108 

and the slurry stirred continuously at room temperature for 2 h. The salt treatment step was 109 

repeated four times. The solid phase was separated by filtration and washed with deionized water 110 

for several times in order to wash out residual salts. Finally, the modified zeolite (Ze-K) was dried 111 

in an oven at 50 ºC for 72 h and stored in airtight containers for subsequent experiments. 112 

 113 

2.3. Equilibrium sorption experiments: single and binary systems 114 

Equilibrium sorption experiments were carried out by using standard methodology described in 115 

previous works (You et al. 2015, 2016). For ammonium single experiments, 25 mL of ammonium 116 

solution (5–5000 mg/L) were mixed mechanically with 0.1 g of zeolites until equilibrium was 117 

achieved (24 h).  118 

For the study of binary systems, the procedure was repeated with solutions containing 119 

ammonium in the concentration range of 2-3000 mg/L and phosphate in the concentration range 120 
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of 6-900 mg/L. After phase separation, total ammonium and phosphate concentration was 121 

determined by ionic chromatography (Dionex ICS1000 CS-16 (Vertex, Molins de Rei, Spain)). 122 

2.4. Kinetic studies 123 

For kinetic studies, 1 g of zeolite was added into a precipitate glass flask containing 250 mL of 124 

ammonium solution with concentration of 10 mg/L. The system was agitated with magnetic 125 

stirrers in order to maintain the sorbent suspended in the solution. Samples of 6 mL were taken 126 

every minute the first 10 minutes, every 5 minutes until 30 minutes and finally, every 30 minutes 127 

until 3 hours and one more sample until equilibrium at 24 hours. 128 

The kinetic models used to describe kinetic data are two approaches widely employed for fitting 129 

ion exchange data (Guaya et al. 2015), the Homogeneous Particle Diffusion Model (HPDM) and 130 

the Shell Progressive Model (SPM) or Shrinking Core Model (Ferrier et al. 2016; Valderrama et 131 

al. 2010) (Supplementary Material). 132 

2.5. Alkaline regeneration of loaded zeolites 133 

For the regeneration of zeolites, 10 mL of NaOH or KOH 1 mol/L were putted in contact with Na-134 

Ze and K-Ze, respectively, to each polyethylene tube containing loaded zeolites as described in 135 

section 2.3. The samples were mixed with a mechanical shaker (Heidolph Reax 2) at room 136 

temperature during 4 hours at constant agitation. After the zeolite was settled in the bottom of the 137 

polyethylene tube, the supernatant solutions were extracted with a Pasteur pipette stored in 138 

plastic bottles to squirrel away in the refrigerator. In order to clean up the samples, ultrapure 139 

water was added in each tube and a mechanical shaker was used to mix the zeolite sample 140 

during 4 hours at room temperature. Finally, the regenerated zeolites were dried in an oven at 141 

50ºC for 72 h before being reused. 142 

 143 
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2.6. Characterization of zeolites 144 

Raw and loaded samples of Ze-Na and Ze-K zeolites were washed with ultrapure water and then 145 

dried in the oven at 60 ºC during 24h for physicochemical characterization. 146 

Morphology of the samples as well as their chemical composition were analysed by using a JEOL 147 

3400 Field Emission Scanning Electron Microscope coupled to an Energy Dispersive 148 

Spectroscopy system (FSEM-EDS). Reported samples composition is the average of three 149 

analyses in different points of the sample.  150 

The mineralogical composition was also analysed by using a Bruker D8 A25 Advance X-Ray 151 

Diffractometter. The specific surface of samples was determined by the nitrogen gas sorption 152 

method with an automatic sorption analyser (Micrometrics). 153 

3. Results and discussion 154 

3.1. Characterization of virgin zeolites 155 

The FSEM-EDS analyses reported C, O, Na, Mg, Al, Si, Ca, Fe and Ti as the main elements on 156 

the Ze-Na composition (Table 1). In Ze-K sample, the potassium content increased from 2.2% to 157 

11.9% reporting a total substitution of sodium and part of calcium and magnesium ions present in 158 

Ze-Na.  159 

Table 1. Chemical composition (wt %) of raw Ze-Na and salt modified zeolite Ze-K 160 

 C O Na Mg Al Si K Ca Fe Ti 

Ze-Na 5.6 51.3 8.4 0.7 9.6 17.9 2.2 1.5 2.7 0.8 

Ze-K 15.7 45.4 - 0.5 7.6 13.7 11.9 1.1 3.7 0.4 

 161 

As can be observed in the previous table, Ze-Na is a high Silica Aluminium Ratio (SAR) zeolite. 162 

Thus, shows more affinity towards monovalent ions than divalent ions, which results in a partial 163 

substitution of calcium and magnesium ions by potassium ions during the modification process. 164 
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The substitution of sodium by potassium ions was performed without heating as zeolites with 165 

SAR between 1.5 and 1.8 (1.7±0.1 in the case of Ze-Na and Ze-K) show more affinity for 166 

potassium than sodium ions (Pauling 1960; Sherry 2003b). 167 

SEM images (Figure 1) shown a surface with homogeneous crystal size distribution for both Ze-168 

Na and Ze-K samples indicating that salt modification not reported significant morphology 169 

modifications. This fact could be explained as the ion exchange was carried out at room 170 

temperature by same valence cations which not represents any significant modification on the 171 

zeolite structure. (Li et al. 2000).  172 

Figure 1.  173 

In the X-Ray Diffraction patterns of Ze-Na and Ze-K (Figure 2) were identified mullite (Al6Si2O13), 174 

quartz (SiO2) and potassium and sodium aluminium silicates as predominant phases. 175 

Figure 2.  176 

Moreover, BET isotherms reported a specific surface of 6.30 m2/g for Ze-Na and 16.95 m2/g for 177 

Ze-K. This increase on specific surface is mainly due to the treatment with chlorides during the 178 

modification step, as was also observed by Lin et al. (2013). 179 

3.2. Ammonium sorption capacity: single and binary solutions  180 

Ammonium experimental sorption equilibrium and predicted data based on Langmuir and 181 

Freundlich isotherms are shown in Figure 3 for single and binary experiments. The isotherms 182 

parameters (qm, KL and K, n) were determined from the linearized forms of Eqs. 1 and 2, and are 183 

summarised in Table 2. 184 

 (1) 
eL

emL

CK

CqK
q




1
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 (2) 

where, qm is the maximum loading of the sorbent (mg sorbate/g zeolite), KL is the Langmuir 185 

sorption constant (L/mg), K is the Freundlich sorption constant (mg/g)(mg/L)-1/n and n is the 186 

Freundlich exponent. 187 

Figure 3. 188 

 189 

Table 2. Langmuir and Freundlich isotherm parameters for ammonium removal onto Ze-Na and 190 

Ze-K. 191 

Model Langmuir Freundlich 

System R2 KL qm R2 K n 

Z
e-

N
a 

Single 0.99 2.15x10-3 109±4 0.92 1.65 1.85 

Binary 0.99 2.17x10-2 17±1 0.69 1.20 2.57 

Z
e-

K
 

Single 0.99 1.14x10-2 21±2 0.88 0.63 1.86 

Binary 0.99 1.10x10-2 29±1 0.91 0.96 2.02 

 192 

The experimental equilibrium data were properly described by Langmuir isotherm with a 193 

maximum loading capacity of 109±4 mg NH4/g for ammonium single sorption by Ze-Na. Sorption 194 

capacity decreased significantly in binary system (Ze-Na) mainly due to high amount of sodium 195 

ions present in aqueous solution provided by sodium phosphate salt.  196 

On the other hand, Ze-K reported markedly lower sorption capacity than Ze-Na in ammonium 197 

single system as K ions have higher affinity towards zeolites than sodium ions (Huang et al. 2015; 198 

Sherry 2003b). Thus, the ion exchange by ammonium ions present in aqueous solution is less 199 

favored. Moreover, the difference reported between ammonium single and binary system is not 200 

significant as in the t-test performed, the p-value obtained in a significant test was higher than 201 

n
eKCq

1


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0.05 (0.179), which indicates that sodium ions present in aqueous solution as well as phosphate 202 

do not have effect on ammonium sorption onto Ze-K. 203 

In addition, none of the both zeolites reported a significant phosphate sorption capacity as 204 

monovalent counter ions are not able to react with phosphate ions by the formation of insoluble 205 

phosphate minerals. Thus, in order to achieve the simultaneous uptake of ammonium and 206 

phosphate ions from aqueous solution, it would require the mixture of zeolites in sodium or 207 

potassium form with modified zeolites containing divalent or trivalent cations (Guaya et al. 2015; 208 

He et al. 2016). 209 

Analysis of the loaded zeolites reported a decrease of sodium and potassium content in Ze-Na 210 

and Ze-K, respectively. Furthermore, although neither Ze-Na nor Ze-K were efficient for 211 

phosphate uptake, EDS results showed phosphorus content on zeolites, mainly due to the 212 

phosphate present in aqueous solution which was not totally washed from analyzed loaded 213 

samples. 214 

Moreover, the SEM images of loaded Ze-Na and Ze-K are shown in Figure 4. It can be noticed 215 

that the inner structure of Ze-K reports nor significant variations as hydrated NH4
+ and K+ ions 216 

have the same ion radii (331 pm) whereas Na+ is considerably larger (358 pm) (Mazloomi and 217 

Jalali 2016). 218 

Figure 4 219 

A comparison of ammonium removal efficiency with other natural and synthetic zeolites is listed in 220 

the Table 3. In can be observed that despite the maximum ammonium sorption capacity of tested 221 

zeolites (Ze-Na and Ze-K) in binary test solutions, the obtained values are higher than the most of 222 

studies reported in the literature.  223 
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Table 3. Comparison of ammonium removal efficiency in different zeolites 224 

 Type Test solution qm [mg/g] Reference 

Ze-Na Synthetic zeolite NH4+ 109 This study 

 Synthetic zeolite NH4+ + PO43- 17 This study 

Ze-K Synthetic zeolite NH4+ 21 This study 

 Synthetic zeolite NH4+ + PO43- 29 This study 

CV-Z Synthetic zeolite NH4+ 13.7 (Otal et al. 2013) 

LC-Z Synthetic zeolite NH4+ 28.7 (M. Zhang, Zhang, Xu, 

Han, Niu, Zhang, et al. 

2011) 

HC-Z Synthetic zeolite NH4+ 6.1 (M. Zhang, Zhang, Xu, 

Han, Niu, Zhang, et al. 

2011) 

Zeolite-FM Synthetic zeolite NH4+ 50.2 (M. Zhang, Zhang, Xu, 

Han, Niu, Tian, et al. 

2011) 

NaA zeolite/chitosan Synthetic zeolite + polymer NH4+ 48.5 (K. Yang et al. 2014) 

NaOH-activated zeolite Activated natural zeolite NH4+ + PO43- 23.9 (He et al. 2016) 

NLZ Modified natural zeolite NH4+ + PO43- 21.2 (He et al. 2016) 

CMZ zeolite Natural zeolite NH4+ 13.0 (Millar et al. 2016) 

ZA zeolite Natural zeolite NH4+ 8.6 (Millar et al. 2016) 

NaCl activated zeolite Natural zeolite NH4+ 5.9 (Alshameri et al. 2014) 

NaOH activated zeolite Natural zeolite NH4+ 4.6 (Alshameri et al. 2014) 

 225 

3.3 Kinetic studies 226 

In kinetic studies using Ze-Na less than 10 minutes were necessary to achieve up to 70% and 227 

almost 90% of total uptake for single and binary systems, respectively. In the case of Ze-K, the 228 

kinetics was very fast, with more than 80% of total uptake during the first minute of 229 
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experimentation, making that kinetic models were not able to fit and describe the experimental 230 

data. 231 

Thus, only data obtained from kinetic experiments using Ze-Na was fitted to the Eqs. S2-S6 and 232 

the results of the linear regression analysis are summarized in Table S1. It can be observed that 233 

diffusion coefficients obtained for single system were 1.07 x 10-11 and 1.25 x 10-11 m2/s by HPDM 234 

and SPM models, respectively, while in the binary system the reported values were 3.58 x 10-11 235 

and 2.29 x 10-11 m2/s. These values are in the same order of magnitude than those reported for 236 

Ag+, Na+ or Li+ ions (M. Auerbach et al. 2003). 237 

Figure S1 shows the experimental and predicted data obtained by the HPDM and SPM models 238 

for ammonium sorption by Ze-Na in single and binary system. It is showed that both HPDM and 239 

SPM models reproduced properly the experimental data by the particle control, indicating this 240 

mechanism as the rate-limiting step for ammonium uptake onto the zeolite. 241 

 242 

3.4 Reusability of Ze-Na and Ze-K 243 

Desorption with sodium hydroxide was carried out in order to regenerate the loaded zeolites and 244 

to recover ammonium as well as to obtain a concentrated ammonium effluent. After desorption 245 

step, pre-concentration factors (calculated as the ratio of the volumes of the solutions, before and 246 

after elution) between 5 and 35 were achieved, with a highest concentration of 0.5 g/L, which 247 

makes the concentrated effluent as a promising precursor for fertilizer production after 248 

concentration stage, i.e. using liquid-liquid membrane contactors (Sancho et al. 2017). Moreover, 249 

after the last sorption-desorption working cycle, loaded zeolites can be used as fertilizer after a 250 

separation process by filtration (Hermassi et al. 2017). 251 

Treatments with hydroxides (e.g., NaOH, KOH) have been widely studied (M. Auerbach et al. 252 

2003; Querol et al. 1996) as they activate the zeolite’s surface by increasing the size of internal 253 
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porous and in consequence the specific surface. Regeneration can be described accordingly to 254 

Eqs. 3 and 4 for Ze-Na and Ze-K, respectively. The experimental data obtained after three 255 

consecutive sorption-regeneration cycles is summarized in Table Table 14. The data was also 256 

fitted to Langmuir and Freundlich isotherm models. The sorption capacity of both zeolites in 257 

single and binary system is shown in Figure 5. 258 

ZO-NH4
+ + NaOH ↔   ZO-Na+ + NH3 + H2O (1) 

ZO-NH4
+ + KOH ↔   ZO-K+ + NH3 + H2O (2) 

Table 4. Equilibrium experiments results for three consecutive sorption regeneration cycles of 259 

ammonium onto Ze-Na (using NaOH 1 M) and Ze-K (using KOH 1 M). 260 

 Ammonium single Binary system 

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

Ze-Na 

La
ng

m
ui

r 

R2 0.99 0.99 0.99 0.99 0.99 0.98 

KL 2.15x10-3 4.57x10-3 1.11x10-2 2.17x10-2 2.84x10-2 1.36x10-2 

qm 109±4 72±2 45±2 17±1 33±1 31±2 

F
re

un
dl

ic
h 

R2 0.92 0.95 0.96 0.69 0.88 0.97 

K 1.65 1.43 2.12 1.20 1.85 3.14 

n 1.85 2.01 2.42 2.57 2.30 2.79 

Ze-K 

La
ng

m
ui

r 

R2 0.99 0.99 0.99 0.99 0.98 0.99 

KL 1.14x10-2 1.73x10-2 1.33x10-2 1.10x10-2 1.34x10-2 2.15x10-2 

qm 21±2 40±2 41±2 29±1 43±2 37±1 

F
re

un

dl
ic

h R2 0.88 0.90 0.95 0.91 0.93 0.94 
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K 0.63 1.96 2.58 0.96 3.81 2.36 

n 1.86 2.29 2.66 2.02 2.94 2.57 

 261 

In single system, ammonium loading capacity decreased after each sorption-desorption cycle, 262 

probably due to an incomplete desorption of ammonium which results in less available sites on 263 

the zeolite surface after each cycle (81% and 86% of desorption efficiency for first and second 264 

cycle, respectively). Moreover, adsorption constant (K) is increased cycle-by-cycle leading to 265 

more favored sorption conditions due to the alkaline activation of functional sites of zeolite (Otal 266 

et al. 2013; Wu et al. 2007; B.-H. Zhang et al. 2007).  267 

Figure 5. 268 

 269 

Ammonium sorption on Ze-Na in binary systems increased the loading capacity in the second 270 

working cycle as the loaded ammonium was fully extracted (99% of desorption efficiency) and the 271 

process of desorption activated functional sites on zeolite surface. A slightly decrease in the third 272 

working cycle was observed as the alkaline desorption not extracted all the sorbed ammonium 273 

after the second sorption-desorption working cycle (78% of desorption efficiency).  274 

This behavior was also observed by Alshameri et al. (2014) who tested salt activated Chinese 275 

natural zeolites reporting a decrease of 45% in sorption capacity after 5 sorption-desorption 276 

working cycles. As discussed by W. Zhang et al. (2017), this could be explained as NH4
+ 277 

adsorption into Ze-Na is carried out in two stages, surface adsorption and intra-particle diffusion. 278 

As alkaline regeneration desorbed almost all loaded ammonium by modifying porous and textural 279 

structure of zeolite, after regeneration, the ammonium uptake can be only performed by surface 280 

adsorption. 281 
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In the case of Ze-K, in both single and binary system, it was observed a loading capacity increase 282 

after the first sorption-desorption working cycle followed by a capacity stabilization. This fact 283 

could be explained by the zeolite surface alkaline activation by the elution solution and the 284 

achievement of high desorption efficiency (up to 90% in all cases).  285 

Thus, despite Ze-K reported lower sorption capacity than Ze-Na in the first working cycle, it 286 

showed better performance after three sorption-desorption working cycles as sorbed ammonium 287 

can be recovered more efficiently and regenerated zeolite can be reused for subsequent sorption 288 

cycles. Then, although the cost of KOH is higher than NaOH, the excess of strong base used to 289 

regenerate the zeolite (NaOH/KOH) could be recovered and recycled to the zeolite regeneration 290 

stage under the scenario of post-treatment step. 291 

Ammonium sorption mechanism onto both Ze-Na and Ze-K is mainly due to the ion exchange 292 

between ammonium ions present in aqueous solution and sodium and potassium ions present on 293 

the surface of zeolite as counter ion. As both EDS and XRD analysis shown the presence of 294 

calcium in the zeolite structure, calcium ions could contribute also to the ammonium uptake.  295 

 296 

4. Conclusions 297 

Modification of Ze-Na zeolite to its potassium form improved the sorbent regenerability and its 298 

capability to be desorbed and reused despite the lower initial ammonium sorption capacity. In 299 

single system the sorption capacity after the first cycle of Ze-Na and Ze-K were 109±4 mgNH4/g 300 

and 21±3 mgNH4/g, respectively; while in the third sorption cycle, the sorption capacity of both 301 

zeolites was around 45±6 mg NH4/g. Then, Ze-K can be reused for several sorption-desorption 302 

cycles with no reduction but increase of maximum ammonium sorption capacity. 303 

During the zeolite modification, sodium ions were fully exchanged by potassium ions at room 304 

temperature, as zeolites are more selective to potassium ions than sodium ions, thus the ion 305 
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exchange process is favoured. This selectivity also explains the reduction of ammonium sorption 306 

capacity by Ze-K compared to the Ze-Na. 307 

Neither Ze-Na nor Ze-K reported significant phosphate sorption capacity during the binary test, 308 

indicating that a mixture of Ze-Na/Ze-K with sorbents capable to uptake phosphate from aqueous 309 

solution such as zeolites in calcium, magnesium, aluminium or ferrous forms is necessary. 310 

The reusability of Ze-Na and Ze-K as well as their low sorption capacity for phosphate ions 311 

indicate that both sorbents can be reused and useful to obtain concentrated ammonium streams 312 

but not for the use of the loaded zeolites as slow-release fertilizer since they do not contain 313 

phosphate.  314 
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Figure 1. Scanning Electronic Microscopy of a) Ze-Na and b) Ze-K 1 
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Figure 2. XRD pattern for Ze-Na and Ze-K. 15 
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 24 

Figure 3. Experimental and theoretical equilibrium isotherm for ammonium removal by Ze-Na in a) 25 

single and b) binary system and by Ze-K in c) single and d) binary system. 26 
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Figure 4. Scanning Electronic Microscopy of loaded a) Ze-Na and b) Ze-K 33 
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Figure 5. Sorption capacity evolution through three consecutive sorption-desorption cycles for Ze-40 

Na and Ze-K in single and binary system. 41 
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S1. Homogeneous Particle Diffusion Model 

In this kinetic model, the adsorption mechanism involves diffusion of pollutants from the aqueous 

solution into the adsorbent phase through different stages. The rate-limiting step of adsorption 

can be described by either film diffusion where ions are diffused through the liquid film 

surrounding the particle or particle diffusion mechanism where ions are diffused into the 

adsorbent beads (El-Naggar et al. 2012). 

Nernst-Plank equation (Helfferich 1962), which included both concentration and electrical gradients 

of exchanging ions into the flux equation, was used for establishing the HPDM equations. With 

diffusion rate controlling in the adsorption taking into account a spherical adsorbent, can be set 

equations depending on if particle diffusion (Eq. S2) or liquid film diffusion (Eq. S3) controls the 

rate of adsorption in function of the fractional attainment of equilibrium at time t (Eq. S1). 

X(t) =
qt

qe
 Eq. S1 

− ln(1 − X2(t)) =
2π2De

r2
t Eq. S2 

− ln(1 − X(t)) =
3DC

rCr
t Eq. S3 

Where qt and qe are the sorbent capacity at time t and in equilibrium [mg·g-1], De the effective 

diffusion coefficient of sorbates in the adsorbent [m2·s-1], r the radius of the adsorbent particle [m], 

D diffusion coefficient in solution phase [m2·s-1], C total concentration of adsorbing species 

[mol·dm-3] and Cr total concentration of adsorbing species in the adsorbent [mol·dm-3]. 

S2 Shell Progressive Model 

When the porosity of the polymer is small and thus practically impervious to the fluid reactant, the 

adsorption process may be explained by the “shell progressive” approach. The kinetic concept of 

a “Shell Progressive” mechanism can be described in terms of the concentration profile of a liquid 

reactant containing a solute advancing into a spherical bead of a partially saturated adsorbent 



(Valderrama et al. 2010) In this model can be defined three cases and the relationship between 

adsorption time and degree of adsorption is given by the following equations (Schmuckler and 

Golstein 1977).  When the fluid film controls: 

X =
3CA0KF

asrCS0
t                                                                                                    Eq. S4 

When the diffusion through the adsorption layer controls: 

3 − 3(1 − X)2 3⁄ − 2X =
6DeCA0

asr2CS0
t                                                                   Eq. S5 

When the chemical reaction controls: 

1 − (1 − X)1 3⁄ =
ksCA0

r
t                                                                                     Eq. S6 

Where X is the fractional attainment of equilibrium at time t (Eq. S1), CA0 and CS0 are the 

concentration of adsorbing species A in bulk solution and at bead’s unreacted core [mol·dm-3], KF 

the mass transfer coefficient of species A through the liquid film [m·s-1], as the stoichiometric 

coefficient, r the radius of the adsorbent particle [m], De the effective diffusion coefficient of 

sorbates in the adsorbent [m2·s-1] and ks the reaction constant based on surface [m2·s-1]. 

 

Table S1. Linear regression analysis of HPDM and SPM models for ammonium uptake on Na-Ze 
in single and multicomponent system 

   Single Binary 

H
P

D
M

 

-ln (1 - X2) 

De 2.57 x 10-11 3.58 x 10-11 

R2 0.91 0.99 

-ln (1 - X) 

D 3.79 x 10-7 5.13 x 10-7 

R2 0.90 0.98 



S
P

M
 

X 

KF 1.09 x 10-7 3.26 x 10-8 

R2 0.85 0.53 

[3 - 3(1 - X)2/3 - 

2X] 

De 2.15 x 10-11 2.29 x 10-11 

R2 0.88 0.92 

[1 - (1 - X)1/3] 

Ks 7.10 x 10-9 7.99 x 10-9 

R2 0.87 0.92 

 

 

 

Figure S1. Ammonium sorption kinetics on Ze-Na and the theoretical curves obtained by the analysis of the HPDM 
and SPM models. 
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