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Abstract 6 

Raw and modified fibrous clay minerals palygorskite (Pal) and sepiolite (Sep) were tested for their ability to remove 7 

ammonium from ammonium polluted water. Palygorskite and sepiolite underwent thermal treatment at 400oC (T-Pal and 8 

T-Sep respectively). Raw and thermally treated samples were characterized using XRD, SEM, BET, FT-IR, TGA, zeta 9 

potential and XRF. The techniques verified the effect of thermal treatment on samples structures and the enhancement of 10 

negative charge. Both raw and thermally-activated materials applied in batch kinetic experiments, and found to be 11 

efficient adsorbents in their raw forms, since Pal and Sep achieved 60 and 80% NH4
+-N removal respectively within 20 12 

min of contact for initial NH4
+-N concentration of 4 mg/L. Similar removal rates were gained for other concentrations 13 

representative of contaminated aquifers that were examined, ranging from 1 mg/L to 8 mg/L. Results for the modified T-14 

Pal and T-Sep minerals showed up to 20% higher removal rate. Saturation tests indicated the positive effect of thermal 15 

treatment on the minerals since T-Pal and T-Sep removal efficiency reached 85% and remained stable for 24 h. However, 16 

competitive ions in real water samples can influence the NH4
+-N removal efficiency of the examined samples. In all 17 

cases, the Freundlich isotherm and pseudo-second kinetic models showed better fitted all examined samples thus 18 

indicating heterogeneous chemisorption.  19 

Keywords: palygorskite, sepiolite, thermal treatment, NH4
+-N, water treatment, adsorption, ion exchange 20 

1. Introduction 21 

Ammonium (NH4
+) is an inorganic pollutant mostly found in wastewater discharges, landfill leachates, industrial sewage 22 

and agricultural areas (Böhlke et al. 2006). It is commonly found in aquifers contaminated from one of the above-23 

mentioned pollution sources because it is a highly mobile contaminant (Böhlke et al. 2006). Ammonium can be 24 

extremely toxic since it can be transformed into NO2
- or NO3

- via the nitrification process under oxidant conditions and 25 
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lead to eutrophication in aquatic ecosystems (Rožić 2000). Moreover, when ingested in quantities exceeding 100 mg/kg 26 

of body weight per day, it can cause the formation of ammonium salts, such as ammonium chloride, that are toxic to 27 

human health (WHO 2003). The European Union has set the permitted limit of NH4
+ in groundwater as 0.5 mg/L (WHO 28 

2017). In general, the NH4
+-N concentration in aquifers is < 0.2 mg/L, however when anaerobic conditions dominate, 29 

concentrations of 1-5 mg/L can be reached (Voudouris et al. 2013; Rusydi et al. 2020) .       30 

A variety of methods has been applied for NH4
+ removal from water, such as biological treatment (Yang et al. 2019; 31 

Zeng et al. 2020), air stripping (Gui and Li 2019) and physicochemical techniques, like sorption mechanism (Hou et al. 32 

2016; Vu et al. 2017). Zeolite has been widely used for NH4
+ retention since it is a low-cost, widely available and 33 

environmental-friendly material (Fu et al. 2020). Nevertheless, limited research has investigated the efficiency of clay 34 

minerals for NH4
+ removal (Alshameri et al. 2018) despite them being as abundant and low-cost as other industrial 35 

minerals. 36 

Clay minerals consist of silicon-oxygen tetrahedral and aluminum- oxygen octahedral sheets which are responsible for 37 

their permanent negative charge. The charge is balanced with cationic interlayer counterions which are exchangeable 38 

with other organic or inorganic cations. These counterions are responsible for the minerals high cation exchange capacity 39 

(CEC) (Brigatti et al. 2013). The high CEC and the permanent negative charge that clay minerals present, render them 40 

promising adsorbents for various cationic pollutants (Lazaratou et al. 2020a). 41 

Palygorskite (Pal) and sepiolite (Sep) are the only clay minerals classified as belonging to the fibrous group with a 42 

ribbon-like structure (Galán 1996). Both Pal and Sep are 2:1 clay minerals and their special structural characteristics 43 

include high porosity, high specific surface area (SSA) and numerous inner nano-tunnels. Despite the fact that the fibrous 44 

clay minerals present relatively low CEC (Galán 1996), the aforementioned properties ensure both these clay minerals 45 

have high adsorption capacities. Moreover, Pal and Sep deposits exist worldwide, most of which are exploited for a 46 

variety of industrial applications (Murray et al. 2011). Considering that the fibrous clay minerals are used in industry 47 

quite commonly as other clays such as bentonite, their study in environmental applications as adsorbents is crucial, since 48 

could be an alternative and cost-effective choice, especially for the areas that the relative deposits exist (Kastritis et al. 49 

2003; Yeniyol 2012).    50 

Thermal treatment, or calcination, has been applied to Pal and Sep to improve their adsorption capacities since at 51 

temperatures above 100oC the water in their intercrystalline tunnels is removed causing modifications in their pore 52 

structure and SSA (Chen et al. 2011b). At temperatures of 350-1000oC dehydroxylation takes place, which may reveal 53 

negatively charged sites and result in additional protonated surfaces (Zuo et al. 2017; Lazaratou et al. 2020b). This 54 
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physical modification outweighs other modification techniques in terms of operational simplicity and cost, as only the 55 

cost entailed is that of energy demand which depends on calcination temperature and time. 56 

This study evaluates the effectiveness of raw and thermally-treated palygorskite and sepiolite minerals as cost-effective 57 

NH4
+-N adsorbents. Experiments focused on the removal of low concentrations of NH4

+-N that are commonly found in 58 

contaminated aquifers as few studies have concentrated on NH4
+-N removal from groundwater. Moreover, thermal 59 

treatment has not been previously applied to fibrous clay minerals intended for ammonium removal. To determine the 60 

optimum operational conditions, all samples were mineralogically characterized with XRD, SEM, BET, N2 sorption - 61 

desorption isotherms, FT-IR, TGA, zeta potential and XRF methods, while batch kinetic experiments were conducted 62 

with varying adsorbent dosages, initial NH4
+-N concentrations, contact time and pH values. Saturation tests were carried 63 

out to examine the potential reusability of the adsorbents. Isotherms and kinetic models were applied to determine the 64 

nature of the adsorption process. 65 

2. Materials and Methods 66 

2.1 Samples preparation and thermal treatment 67 

The Pal sample was supplied from Geohellas S.A. (Ventzia basin Grevena, Greece) while Sep was collected from 68 

Solomos village (Korinthos, Greece). The raw samples were washed with distilled water and dried at 40oC for 48 h then 69 

sieved until powder diffraction was obtained (< 50 μm). For the thermal treatment, 20 g of each powdered sample was 70 

treated at 400oC in a controlled muffled oven for 2 h and then cooled at room temperature in a desiccator. The 71 

temperature of 400oC was selected since it is the minimum where both coordinated water loss and dehydroxylation take 72 

place within the samples, thus, ensuring effective structural changes and cost effectiveness (Perraki and Orfanoudaki 73 

2008; Chen et al. 2011b). 74 

2.2 Characterization methods 75 

Before any characterization method, the raw and thermally treated Pal and Sep samples were dried at 50oC for 24 h to 76 

maintain the representative conditions applied to the samples before adsorption batch tests. X-ray diffraction (XRD) 77 

patterns were obtained for the samples in a 2θ range of 2° to 60° and at a scanning rate of 2°/min, using XRD Bruker D8 78 

advance diffractometer, with Ni-filtered CuKα radiation (λ = 1.5418 Ǻ). For the semi-quantitative analysis of the clay 79 

minerals composition, the Area method was used according to Bridley and Brown (1980). Their typical morphological 80 

characteristics were verified with scanning electron microscopy (SEM), using a SEM LEO SUPRA 35VP. The N2 81 

adsorption-desorption isothermal tests were carried out at 77K on the samples that were previously degassed at 100oC for 82 
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3 h, using Micromeritics Tristar 3000 analyzer which is equipped with a SmartPrep degasser. From these isotherms, the 83 

Brunauner-Emmet-Teller (BET) surface area, pore size and pore distribution were determined for all the samples. 84 

Fourier-transform infrared spectroscopy (FTIR) spectra were obtained using FT-IR spectrophotometer Spectrum RXI 85 

(Perkin Elmer) at room temperature. The samples were prepared by mixing 0.1 mg of Pal, Sep, T-Pal and T-Sep with 86 

KBr, and then were pressed till pellets were formed. The spectra were collected over 12 scans in the wavenumbers range 87 

from 400 cm-1 to 4000 cm-1, and were analyzed using Spectrum v5.3.1 software. Thermogravimetric analysis (TGA) was 88 

conducted on a Perkin Elmer Simultaneous Thermal Analyzer STA6000 controlled by Pyris Manager Software, using 89 

nitrogen as a purging gas. For each run, a weighted amount of sample powder (≅10 mg) was loaded on a ceramic pan 90 

and heated from 40oC to 600oC, at a heating rate of 10oC/min. Before each measurement, all samples were subjected to 91 

isothermal heating at 40oC for 30 min to eliminate the adsorbed water on their surface from their exposure to ambient 92 

atmosphere, simulating the drying process carried out before each case of their characterization. The X-Ray florescence 93 

(XRF) measurements of the major (SiO2, Al2O3, CaO, MgO, MnO, Fe2O3, K2O, Na2O, P2O5, TiO2) elements were 94 

performed. An amount of 1.8 g of dried ground sample was mixed with 0.2 g of wax (acting as a binder) and was pressed 95 

on a base of boric acid to a circular powder pellet of 3.2 cm in diameter. Analyses were performed with a RIGAKU ZSX 96 

PRIMUS II spectrometer, which was equipped with a Rh-anode running at 4kW, for major and trace elements analysis. 97 

The spectrometer was equipped with the diffracting crystals: LIF (200), LIF (220), PET, Ge, RX-25, RX-61, RX-40 and 98 

RX-75. The samples zeta potential was determined by a Zetasizer, Nano ZS (Malvern, UK).  For the measurements, 99 

dilute suspensions of various pH values (4-11) and standard ionic strength (0.01M KNO3) were used. The zeta potential 100 

was reported as the mean of two measurements, and each measurement was the sum of 14 correlograms and fitting 101 

procedures.  102 

2.3 Batch kinetic experiments 103 

A series of batch kinetic experiments was conducted for raw Pal, raw Sep, T-Pal, and T-Sep under various adsorbent 104 

dosages (0.4, 0.8, 1.6 and 4.0 g in 200 ml solution), initial NH4
+-N concentrations (1, 2, 4, 6, and 8 mg/L) and pH values 105 

(2, 3, 5, 7, 9 and 11). Solution pH was adjusted using either H2SO4 or NaOH for acidic and basic values, respectively. 106 

The standard NH4
+-N solutions were prepared by dilution of NH4Cl in deionized water, at standard ionic strength I= 0.1 107 

M using KClO4. The adsorption process was carried out using the jar tester VELP Scientifica JLT6 at 210 rpm. Samples 108 

were collected at different time intervals (2.5, 5, 10, 15, 20, 30 and 40 min) and were centrifuged at 5500 rpm for 3 min. 109 

The supernatant was filtrated through Whatman filters (0.45 μm) to remove the finest suspended particles. The final 110 

removal efficiency was determined according to Equation 1: 111 
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𝑅% = (𝐶𝑜−𝐶𝑒)𝐶0 ∙ 100                                                                                                         (1) 112 

where C0 is the initial NH4
+-N concentration, and Ce is the NH4

+-N concentration after adsorption in equilibrium.  113 

2.4 Saturation test 114 

For the saturation test, the adsorbents were left in contact with 4 mg/L NH4
+-N for 24 h under constant stirring. Samples 115 

were then treated as described above and NH4
+-N was measured according to the analytical methods described in Section 116 

2.6. The procedure was repeated until each adsorbent was saturated and no further NH4
+-N could be adsorbed.  117 

2.5 Batch study on a real water system 118 

In these batch series the optimal adsorbents’ dosage was applied in 200 ml of University of Patras tap water. ΝΗ4
+-Ν 119 

concentration was artificially added to the real water sample in accordance with the other batch tests. Samples were then 120 

treated as described above and NH4
+-N was measured according to the analytical methods described in Section 2.6. The 121 

physicochemical characteristics of the water sample are described in Table 1. 122 

Table 1. Physicochemical characteristics of University of Patras tap water. 123 

 124 

 125 

 126 

 127 

 128 

 129 

2.6  Analytical methods 130 

NH4
+-N concentrations were measured using a UV-VIS spectrophotometer Hach Lange DR 5000 at 625 nm according to 131 

the modified salicylate method (Verdouw et al. 1978). Each sample was reacted with 6% sodium hypochlorite solution 132 

and salicylate/catalyst solution (sodium salicylate 10%, sodium nitroferricyanide 0.04% and sodium hydroxide 0.5%). 133 

ΝΗ4
+-Ν concentrations were measured after 10 min color development. All experiments were conducted in duplicate. 134 

Physicochemical Characteristics Tap Water Sample 

pH 7.3 

Electrical Conductivity (μS/cm) 880 

Total Hardness 

(mg/L, CaCO3) 

487 

Ca+2 (mg/L) 159 

Mg+2 (mg/L) 22 

Na+ (mg/L) 26 



6 

 

2.7 Isotherm models 135 

Data from the adsorption experiments were fitted in Langmuir and Freundlich isotherms to determine adsorbent surface 136 

sites – adsorbate ions relationship (Aydın Temel and Kuleyin 2016) according to the following equations: 137 

𝑞𝑒 = (𝐶0 −𝐶𝑒)𝑉𝑚                                                                                                                    (2) 138 

where qe is the amount of exchanged ions (mg /g), C0 and Ce are the initial and equilibrium NH4
+-N concentrations in 139 

solution (mg /L), respectively, V is the solution volume (L), m is the adsorbent weight (g), 140 

𝑐𝑒𝑞𝑒 = 1𝑞𝑚𝑎𝑥𝐾𝐿 + ( 1𝑞𝑚𝑎𝑥 )𝑐𝑒                                                                                                 (3) 141 

where constant KL is the Ce/qe ratio vs. Ce variation, where qmax is used, expressing the NH4
+-N maximum uptake. The fit 142 

to the Langmuir isotherm (Equation 3) indicates the nature of the monolayer adsorption (Aydın Temel and Kuleyin 143 

2016). 144 

The Freundlich isotherm expresses heterogeneous adsorption surfaces with unequal active sites and energies of 145 

adsorption (Yagub et al. 2014) and can be expressed as: 146 

𝑙𝑛𝑞𝑒 = 𝑙𝑛𝐾𝐹 + 1𝑛 𝑙𝑛𝑐𝑒                                                                                                      (4) 147 

where qe is the amount of exchanged ions (mg/g), Ce is the equilibrium NH4
+-N concentrations in solution (mg /L), KF is 148 

the adsorbent capacity, and n is the Freundlich constant. When 1/n is 0 < 1/n < 1 adsorption is considered favorable, 149 

when 1/n = 1 adsorption is linear and irreversible, and when 1/n > 1 adsorption is a chemical process and unfavorable. 150 

The value of 1/n < 1 indicates the adsorption process is physical (Aydın Temel and Kuleyin 2016). 151 

2.8. Adsorption kinetic models 152 

The adsorption rate of NH4
+-N on Pal, Sep, T-Pal and T-Sep can be estimated via kinetic models application, as well as 153 

the optimal adsorption mechanism and adsorbent surficial characteristics can be approached (Karri et al. 2017). 154 

Specifically, the pseudo-first order kinetic model focused on pollutant adsorption mechanisms and the pseudo-second 155 

order kinetic model was applied to predict the chemisorption of NH4
+-N onto the tested adsorbents. The linearized forms 156 

of the kinetic models are expressed by Equations 5 and 6, respectively. 157 

ln(𝑞𝑒 − 𝑞𝑡 ) = 𝑙𝑛𝑞𝑒 − 𝑘1𝑡                                                                                             (5) 158 
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𝑡𝑞𝑡 =  1𝑘2𝑞𝑒2 +  1𝑞𝑒 𝑡                                                                                                                         (6) 159 

where qt is the amount of adsorbed pollutant at time t (mg/g), and k1 (1/min) and k2 (g/mg min) are the rate constants of 160 

NH4
+-N adsorption for the pseudo- first and second order kinetic models, respectively (Karri et al. 2017). The k1 value 161 

can be determined from the slope of the linear plot of ln(qe-qt) vs t, and k2 from the intercept of the linear plot of t/qt vs t. 162 

Although both models indicate the adsorption mechanism through time, neither takes into account the diffusion 163 

mechanism that can be expressed according to the Weber-Morris model, otherwise known as the intraparticle diffusion 164 

model, in Equation 7. 165 

𝑞 = 𝑘𝑖𝑑√𝑡 + 𝐼                                                                                                                (7) 166 

where q is the adsorbate amount at time t and kid is the intraparticle diffusion constant (mg/g min−1/2). The kid parameter 167 

can be calculated from the slope of the qt vs t0.5 linear plot, while I is the intercept of the vertical axis. If the Weber-168 

Morris plot is linear, I=0 and intraparticle diffusion is the rate limiting step, but when I >0 two steps take place, firstly 169 

the film, followed by the intraparticle diffusion as the rate limiting steps (Svilović et al. 2010). 170 

3. Results and Discussion 171 

3.1. Adsorbent characteristics and proposed NH4
+-N removal mechanism  172 

3.1.1. XRD 173 

The XRD pattern of palygorskite sample (Pal) was characterized by Pal reflections at 2θο values 8.3o, 20o, 27o and 34o, 174 

rendering palygorskite the dominant mineralogical phase (96%) at Pal sample. The 2θο reflection at 6o indicated the 175 

predicted occurrence of saponite as impurity (4%), since this mineral coexists with Pal in the Ventzia basin deposit (Fig. 176 

1a). Differences were shown at Pal reflections after thermal treatment (T-Pal) (Fig. 1b), where the first characteristic Pal 177 

reflection intensity at 8.3o was sharply decreased, in contrast to the extended reflection of saponite. Similar results were 178 

observed by Yan et al. (2012), who recorded a decreased Pal reflection at 8.3o, while a new reflection at 30o was formed 179 

by dehydration and structural rearrangement. After NH4
+-N adsorption, both Pal (Pal NH4

+-N) and T-Pal (T-Pal NH4
+-N) 180 

samples preserved the same mineral phases that were described above, since the existed main palygorskite reflections 181 

and saponite impurity were observed (Fig. 1a,b). However, at Pal NH4
+-N and T-Pal NH4

+-N samples. The reflections 182 

attributed to palygorskite are decreased, as well as a slight peak shifting was observed at the basal reflections of 20o and 183 

35o (Fig. 1a,b). The intensity change of the reflections highlights the surficial interaction between adsorbent- adsorbate 184 

(Papoulis et al. 2019), whereas the peak shifting can be attributed either to the ion exchange that took place or to the 185 
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surficial bonding that may affect the crystallinity. Moreover, even the small presence of saponite may influence the 186 

surficial interactions with NH4
+, since saponite consists of multiple OH- groups on its surface (Zhou et al. 2019). 187 

At the XRD pattern of the sepiolite sample (Sep) the reflections of all other minerals were absent apart from an impurity 188 

of calcite at the reflection at 30o in content of 2% (Fig. 1c). The dominant sepiolite’s presence was verified by the typical 189 

Sep reflections at 7.2o, 20o and 35o, rendering sepiolite the main mineralogical phase (98%). The impact of thermal 190 

treatment (T-Sep) on Sep structure is revealed, since two new reflections appear at 7.3o and 11.04o (Fig. 1d) due to the 191 

formation of sepiolite anhydrite that occurs at temperatures above 350oC (Perraki and Orfanoudaki 2008). After NH4
+-N 192 

adsorption, Sep (Sep NH4
+-N) and T-Sep (T-Sep NH4

+-N) samples presented opposed behavior from Pal NH4
+-N and T-193 

Pal NH4
+-N samples, since there was no shifting occurred, while the main reflection at 7.2o in both samples was steeply 194 

increased (Fig. 1c, d). Potentially the Sep and T-Sep purity led to enhanced interactions of the samples pores with NH4
+, 195 

contributing to the sharply increased reflections (Marler et al. 1996). This verifies the ammonium interaction with the 196 

inside of Sep or T-Sep structure without altering the crystal structure of the samples. Similar behavior was reported in the 197 

study of Alshameri et al. (2018) for vermiculite as ammonium adsorbent. 198 

 199 

3.1.2 SEM 200 

SEM images revealed the morphology of the Pal and Sep samples before and after thermal treatment. The fibrous 201 

morphology of Pal and Sep were verified (Figs. 2a, 2c respectively), with fiber lengths ranging from 250 nm to 1 μm. 202 

The effect of thermal treatment at 400oC was significant in both samples (Figs. 2b, d). Specifically, T-Pal fibers (Fig. 2b) 203 

were strongly agglomerated and their length decreased after thermal treatment as a result of the total loss of coordinated 204 

water molecules (Bu et al. 2011; Xavier et al. 2016). T-Sep also presented similar characteristics (Fig. 2d) with shorter 205 

fibers and agglomeration due to the loss of water molecules (Perraki and Orfanoudaki 2008; Miura et al. 2012). 206 

3.1.3 BET surface area and pore size distribution 207 

The N2 adsorption-desorption isotherms for raw and thermally-treated clay minerals are presented in Fig. 3. Based on the 208 

IUPAC classification, the isotherms were classified as Type IV with H3-type hysteresis loop, indicating the dominance of 209 

mesoporosity but also the presence of micropores (Sing et al. 1984). The overlap at P/P0 < 0.4 verified the microporosity, 210 

while the limited loop at 0.7 < P/P0 < 0.9 is typical of low degree mesoporosity (Cases 1991; Wang et al. 2016), which 211 

may be attributed to aggregates or capillary condensation of typical H3-type loop and isotherm Type IV, respectively 212 

(Sing et al. 1984). After thermal treatment at 400oC the loop at 0.6 < P/P0 < 0.9 steepened. This was especially noticeable 213 
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in T-Sep, since Sep is more fragile than palygorskite due to its Mg-rich composition and the size of its structural 214 

microchannels (Myriam 1998). Up to 350oC the loss of Sep first coordinated water causes reversible inner channels 215 

folding, but from 400oC the folding is irreversible, with Sep preserving its structure (Myriam 1998).  216 

The SSA values, average pore diameters or widths, and the total pore volumes of the Pal, Sep, T-Sep and T-Pal minerals 217 

were determined as well (Table 2). The thermally - treated samples showed a > 50% reduction in SSA as the zeolitic 218 

water and part of the coordinated water or magnesium-coordinated water respectively are removed during treatment 219 

(Perraki and Orfanoudaki 2008; Chen et al. 2011a). This removal of Mg+2 within the T-Sep structure may caused the 220 

reduction in SSA, whereas the increased pore volume could be attributed to this structural rearrangement, as well as the 221 

secondary occurrence of microporosity resulted from the dehydration of silanol groups which may also explain the more 222 

intense loop observed after calcination (Balci 1999). In contrast, after calcination at temperatures exceeding 400oC, the 223 

pore size of T-Pal reduced due to the collapse of Pal nano tunnels and the condensation of silanol groups (Chen et al. 224 

2011a).  225 

Table 2. Specific Surface Area (SSA), average pore diameter and total pore volume of Pal, Sep, T-Pal and T-Sep. 226 

 227 

 228 

3.1.4 FT-IR 229 

The FT-IR spectra of raw and thermally modified Pal and Sep before, and after NH4
+-N adsorption can be observed in 230 

Figs. 4 a-d. Pal sample (Fig. 4a) presented typical bands of Si - O stretching, slightly shifted, at 469 cm-1, 1024 cm-1, 231 

1170 cm-1 and 1655 cm-1 (Madejová et al. 2017), whereas the band at 1170 cm-1 can be Si-O bond that connects two 232 

inverse SiO4 of palygorskite structure, and the 1200cm-1 band is typical of the ribbon structure (Blanco et al. 1989; Yan 233 

et al. 2012). Saponite impurity can be verified based on the band at 650 cm-1 (Lainé et al. 2017). At the range of 3610 cm-234 

1 to ~ 3200 cm-1 characteristic bands of OH- from zeolitic water groups coordinated with structural Mg are shown (Xavier 235 

et al. 2016). The FT-IR data verified XRD results that thermal treatment did not influence the mineralogical phase of 236 

palygorskite, since the same bands with the raw sample are maintained (Fig. 4b). Moreover, the vibration of the band at 237 

1170 cm-1 in Fig. 4b is steeply decreased after thermal treatment and a new band at 882 cm-1 appeared; similarly to the 238 

observation of Yan et al. (2012) for the analogous band at 1196 cm-1 and at 885 cm-1 respectively. Vibration decrease and 239 

Samples SSA (m2/g) Average pore diameter (nm) Total pore volume (cm3/g) 

Pal 221.0 7.2 0.40 

Sep 230.0 6.2 0.24 

T-Pal 101.9 7.4 0.196 

T-Sep 116.7 10.4 0.32 
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shifting at ~3400 cm-1to ~3600 cm-1 that was followed, can be attributed to a partial loss of bound water after the thermal 240 

treatment (Fig. 4b). The total loss of water could be achieved at temperature higher than 700oC (Xavier et al. 2016). After 241 

NH4
+-N adsorption on Pal (Fig 4a) an intense band at 1380 cm-1 can be attributed to the newly formed N-H bond, 242 

rendering the ammonium removal on Pal by chemisorption (He et al. 2016). 243 

The FT-IR spectra of Sep sample (Fig. 4c) presented bands at 463 cm-1, 683cm-1, 830 cm-1, 889cm-1 and 1020 cm-1 that 244 

are referred to Si-O-Si bonds, whereas the bands at 1659 cm-1 and 3419 cm-1 can be attributed to zeolitic water 245 

molecules. In addition, the bands at 441cm-1 and 3568 cm-1 are representative of Si-O-Mg and surficial Mg-OH bonds of 246 

sepiolite respectively (Perraki and Orfanoudaki 2008) . After thermal treatment at 400oC the Mg- bonds bands are steeply 247 

decreased (Fig. 4d), inducing significant shifting at Si-O-Si band from 463 cm-1 to 474 cm-1. These results come in 248 

agreement with the BET analysis where Sep structural rearrangement and Mg- removal were referred. After NH4
+-N 249 

adsorption, a slight shifting was observed at the band areas 1260- 1390 cm-1 and 616 – 730 cm-1, whereas band 250 

differences occurred at the area of 1380-1390 cm-1. However, there is not an intense new band; typical of N-H bonding, 251 

because the bands of the sepiolite mineral may overlap these bands. The slight occurred band shifting could be attributed 252 

to interactions taking place on the surface, however, are not as intense as it was observed at Pal and T-Pal samples.  253 

3.1.5 TGA 254 

TGA curves of the raw and thermally treated clay mineral samples are shown in Figure 5. Regarding the raw clay 255 

minerals and, at first, the Pal sample, three distinct weight loss steps can be observed in the TGA curve for the studied 256 

range of temperatures (12% total weight loss). The first step is determined at about 60oC and has to do with the 257 

elimination of the interparticle adsorbed water, the second step is found at about 170oC and is assigned to the thermal 258 

dehydration of the sample, while an extra weight loss step appears at a higher temperature region (340-420oC) (Frost and 259 

Ding 2003). Two considerations can be used for this step according to the literature. The first one is attributed to the 260 

dehydroxylation of the OH units from the octahedral Fe and Al, and the second one (more likely) to irreversible 261 

dehydration of residual bound water. On the other hand, regarding the Sep sample, three weight loss steps may also be 262 

detected for the studied range of temperatures (8% total weight loss). The first step takes place at about 50°C and is 263 

attributed to the loss of remaining adsorbed water on the sample surface, the second step is determined just above 240°C 264 

and corresponds to the loss of hydration water, while a third step could also be considered at the temperature region 450-265 

500°C and has to do with the loss of coordination water (Frost and Ding 2003). Regarding the thermally treated clay 266 

minerals samples, in these cases, the weight loss was found quite reduced compared to the corresponding raw samples 267 

(total weight loss was about 8% for the T-Pal sample and 4% for the T-Sep sample). This was an expected observation 268 
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since these samples had already undergone a thermal treatment at 400oC. TGA analysis was performed until 600oC and in 269 

both of the samples the adsorbed water molecules were degraded until 400oC, while a small amount of the structural 270 

water remained in the samples. The partial loss of adsorbed water at 400oC was also verified at FT-IR spectra.  271 

3.1.6 Zeta potential 272 

The zeta potential distribution (Fig. 6) comes in agreement with previous experimental studies (Alshameri et al. 2018; 273 

Abrougui et al. 2019). Specifically, the zeta-potential of raw and thermally modified samples was negative at the whole 274 

pH range examined (4-11).This can be attributed to the isomorphous substitutions of Al3+ or Mg2+ with Si4+ on octahedral 275 

sheets of minerals, as well as to the potential exchange of monovalent ions with divalent ones, which affect minerals’ 276 

electrochemistry of solid/liquid interface (Alshameri et al. 2018; Abrougui et al. 2019) . That resulted in more negatively 277 

charged interface with pH increase, rendering all of the examined materials be promising adsorbents for cations, 278 

especially at pH values > 5. Moreover, the thermal treatment had impact on the negative charge of the materials as well, 279 

since T-Pal and T-Sep samples presented more negative values than the raw samples.  280 

3.1.7  XRF analysis 281 

XRF analysis (Table 3) revealed that the chemical composition of the samples comprises mainly SiO2 (62-65%) and 282 

MgO (17-25%), while Pal and T-Pal samples were also rich in Fe (< 9%) due to their deposit lithologies (Kastritis et al. 283 

2003). The main oxides (Si, Al, Mg and Fe) were observed to remain more-or-less constant following thermal treatment 284 

although a slight increase was seen in T-Sep and SiO2 and MgO decreased slightly in T-Pal. This may be attributed either 285 

the sample heterogeneity or structural rearrangements that took place after thermal treatment. Oxide percentages 286 

remained stable after NH4
+-N adsorption thus indicating that all the ions present are exchangeable with NH4

+ without 287 

strong preferences to one particular ion, verifying that ion exchange is essential mechanism at ammonium removal. 288 

Moreover, due to the low concentration of NH4
+, the potential %mass that could be ion-exchanged may be below the 289 

detection limits of the XRF equipment. 290 

Table 3. Composition of main oxides and loss of ignition (LOI) of Pal, Sep, T-Pal, T-Sep before and after adsorption 291 

(sample/NH4
+) with XRF analysis. 292 

 Main Oxides (%mass) 

Samples SiO2 Al2O3 MgO CaO Na2O K2O MnO Fe2O3 LOI 

Pal 63.69 1.10 19.78 0.33 0.06 0.04 0.41 9.36 10.00 

Sep 63.55 0.11 20.37 0.92 0.06 0.01 0.15 1.09 15.31 

T-Pal 62.94 1.10 18.79 0.45 0.07 0.06 0.61 13.35 8.28 

T-Sep 64.60 0.23 25.16 2.11 0.07 0.01 0.19 1.55 8.61 

Pal/NH4
+ 62.58 1.01 17.86 0.28 0.06 0.04 0.42 9.57 12.35 

Sep/NH4
+ 65.18 0.13 24.41 1.61 0.04 0.01 0.15 1.25 11.17 
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 293 

3.1.7 Thermal treatment effect and proposed NH4
+-N removal mechanism on raw and thermally modified Pal and 294 

Sep  295 

In order to better understand the insight of NH4
+-N removal mechanism onto Pal, Sep, T-Pal and T-Sep, the observations 296 

from characterization methods were evaluated. So far, it was reported that ion exchange between Na+, Ca2+ or K+ with 297 

NH4
+ is the primary mechanism for ammonium removal (He et al. 2016; Alshameri et al. 2018). However, the XRF 298 

results did not indicate significant reduction at %mass of the exchangeable cations of the adsorbents after NH4
+-N 299 

adsorption (Table 3). This implied either that all the cations are exchangeable with ammonium as expressed in Equation 300 

8, or that ion exchange partially contributes to ammonium removal on raw and thermally modified fibrous clay minerals. 301 

Na+, K+, Ca2+ (Pal, Sep, T-Pal, T-Sep) +  NH4
+-N (aq.) ↔  Na+, K+, Ca2+

(aq.) +  NH4
+-N(Pal, Sep, T-Pal, T-Sep)  (8) 302 

On the other hand, the XRD patterns and FT-IR spectra of Pal and T-Pal verified the surficial interactions of NH4
+ with 303 

negatively charged active sites of Pal and T-Pal (Fig. 1,4), because of the decreased intensity of the XRD reflections of 304 

Pal and T-Pal after NH4
+-N adsorption, highlighting the ammonium bonding on the surface. The FT-IR spectra verified 305 

the results obtained from XRD, since a new band was created at 1380 cm-1 for the Pal and T-Pal samples after NH4
+-N 306 

adsorption, which is referred to surficial N-H bonding. Moreover, the BET analysis indicated that the SSA of the Pal 307 

sample was decreased after thermal treatment (T-Pal), nevertheless, according to the zeta potential distribution, T-Pal 308 

was more negatively charged than Pal at pH range 4-11. Potentially the rearrangement that thermal treatment emerged 309 

and was observed (Fig. 3), gradually increased the number of exchangeable cations (Chen et al. 2011b), making T-Pal a 310 

promising adsorbent for cations, such as ammonium, by enhancing its ion exchange capacity in combination with its 311 

surficial interactions. 312 

On the contrary, Sep and T-Sep samples characteristics were differentiated from Pal and T-Pal. Precisely, the XRD 313 

reflections of Sep and T-Sep samples were increased after NH4
+-N adsorption, revealing that potentially the interactions 314 

between sepiolite samples and ammonium are not mainly surficial. The FT-IR spectra also verified this case, since no 315 

notable shiftings or new bands occurred after NH4
+-N adsorption. Moreover, T-Sep presented an increase in total pore 316 

volume (0.32 cm3/g) and pore diameter (10.4 cm3/g) compared to Sep (0.24 and 6.2 cm3/g respectively), which can be 317 

attributed to the inner channels breaking due to the removal of structural Mg. The Mg-O-Si and Mg-OH bonding proved 318 

to be broken at the FT-IR spectra, as was mentioned in section 3.1.4. All these structural changes in combination with the 319 

T-Pal /NH4
+ 62.16 1.03 17.79 0.50 0.06 0.06 0.60 13.34 7.94 

T-Sep /NH4
+ 63.34 0.23 24.85 2.07 0.06 0.01 0.19 1.54 9.36 
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negative charge at a wide range of pH, render the inner space and surface of Sep playing a key role at NH4
+-N adsorption, 320 

while T-Sep adsorption capacity seems to be enhanced, due to the more negatively charged surface than Sep and the 321 

increase of the pores characteristics as well.   322 

3.2. Batch experiments 323 

3.2.1. Effect of adsorbent dosage and initial concentration 324 

 The effect of Pal and Sep dosage on NH4
+-N removal was examined for various initial concentrations of the pollutant. It 325 

was obtained that higher adsorbent dosages lead to higher NH4
+-N removal for all the initial NH4

+-N concentrations 326 

examined for both examined dosages of Pal and Sep (Fig. 7a, b). These results were attributed to the high specific surface 327 

area of both clay minerals which provides numerous, readily-available active sites for NH4
+-N to be adsorbed (Alshameri 328 

et al. 2018). Specifically, the dosage of 4 g Pal or Sep adsorbent in 200 ml solution was found to be the most effective, 329 

especially for the removal of 1 or 2 mg NH4
+-N /L below the permitted limit for drinking water (< 0.5 mg/L). The kinetic 330 

behavior of the highest examined adsorbent dosage (4 g) for all the initial NH4
+-N concentrations examined is shown in 331 

Figure 8.   332 

Both Pal and Sep presented maximum NH4
+-N removal efficiencies of 60-80% within the first 20 min for all NH4

+-N 333 

concentrations tested. Specifically, the highest removal efficiency (76%) of Pal was observed for lower initial NH4
+-N 334 

concentrations (1 and 2 mg/L), in contrast with Sep that presented 75-80% removal when NH4
+-N ranged from 4 to 6 335 

mg/L, although its removal capacity decreased for 8 mg NH4
+-N/L. Potentially, NH4

+ at low concentrations can contact 336 

with the most of Pal active sites, whereas Pal smaller basal space inhibits the excessed ammonium ions to entry in the 337 

interlayer space, leading to decreased NH4
+ -N removal at higher concentrations (Rytwo et al. 2000; Aydın Temel and 338 

Kuleyin 2016). On the other hand, Sep removal efficiency is higher for increased ammonium concentrations for constant 339 

4 g of dosage. This may be attributed to the increased ratio of ammonium ions per L, available to interact with Sep active 340 

sites into the solution, leading to enhanced adsorption capacity. However, since the NH4
+ -N removal efficiency of Sep 341 

for 4-6 mg NH4
+ -N/L had no significant variation, probably the adsorption capacity of the specific dosage is achieved, 342 

and there were not available active sites to interact with 8 mg NH4
+ -N/L.  343 

To determine the effect of T-Pal and T-Sep dosage on the removal of NH4
+-N of various concentrations, the batch 344 

experiments were performed by applying the optimum dose of each raw mineral (determined as 4.0 g) for 1, 2, 4, 6 and 8 345 

mg/L NH4
+-N removal. The removal efficiencies of both Pal and Sep increased by 10-20% after thermal treatment, but 346 

also retained the tendency presented as raw materials, concerning the NH4
+ -N concentration increase (Fig. 9a, b). The 347 
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efficiency increase can be attributed to the enhancement of negative charge that thermal treatment emerged according to 348 

the zeta potential results that can be attributed to water loss that alters and possibly slightly increases the interlayer space 349 

of both adsorbents (Zadaka-Amir et al. 2013). Specifically, T-Pal produced 85% removal of 2 mg/L NH4
+-N compared to 350 

70-75% removal by Pal due to potential ion exchange capacity increase after thermal treatment. The highest removal 351 

efficiencies of T- Sep was observed for 4 and 6 mg/L NH4
+-N concentrations, since the inner space was increased as the 352 

BET analysis reinsured, whereas thermal treatment did not notably enhance the mineral’s removal efficiency for 1 or 2 353 

mg NH4
+-N/L. It is noteworthy that following thermal treatment, T-Sep was able to successfully lower a 4 mg initial 354 

NH4
+-N/L concentration to below the permitted EU limit. The enhanced removal ability of T-Pal was apparent; however, 355 

final concentrations of ammonium were 0.1 mg/L above the permitted EU limits.  356 

Compared to the most frequently used natural adsorbent for NH4
+ -N; zeolite, the fibrous clay minerals presented close 357 

removal capacity with the study of Fu et al. (2020) or Kotoulas et al. (2019), despite the fact that zeolites decreased the 358 

NH4
+ -N below the E.U. limit. Nevertheless, the double adsorbent dosage from current study was used in the study of 359 

Kotoulas et al. (2019), whereas Fu et al. (2020) underwent zeolite two different modification methods for the removal of 360 

5 mg/L NH4
+ -N. Under these conditions, the cost and operational difficulties were higher than the examined conditions 361 

of present study, indicating that the raw and thermally modified fibrous clay minerals can be comparable and competitive 362 

to examined zeolites for water treatment. 363 

3.2.2. Effect of pH 364 

To examine the impact of pH on NH4
+-N removal, the following conditions were applied: 4 g of adsorbent and 4 mg/L 365 

initial NH4
+-N concentration were examined with pH values ranging from 2 to 11. These conditions were deemed 366 

suitable as lower ammonium concentrations (1-2 mg/L) are effectively removed to levels below the legislated limit (< 0.5 367 

mg/L), and higher concentrations (6-8 mg/L) remained above this value after adsorption. The experimental results 368 

showed that the removal efficiency of all the adsorbents correlates positively to pH increase (Fig.10), since the 369 

adsorption procedure is enhanced up to the case of pH 9, where it exceeds 85% for the thermally-treated mineral 370 

samples. This efficiency can be explained by the state of NH4
+ ions in water as at low pH values they are present in the 371 

NH4
+ form and at pH values above 8.5 they are present as ammonia (NH3aq). At very low pH values, the H+ ions compete 372 

strongly with NH4
+ for available surface adsorption sites and interactions between adsorbent – adsorbate are inhibited. 373 

Similar results were also recorded by Vu et al. (2017) who used biochar. It is likely that at pH values above 9, most of the 374 

NH4
+ is transformed to NH3(aq) and the electrostatic attraction to clay minerals decreases (Vu et al. 2017; Pan et al. 2019). 375 

The experimental results come in agreement with the zeta potential distribution (Fig. 6). The negatively charged interface 376 
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at higher pH values, interpreted the low removal efficiency of all the samples at pH range 2-5. Moreover, at pH 6 the zeta 377 

potential decreases more steeply than the lower pH values while at pH 7 and pH 8 the zeta potential remained almost 378 

stable. This may explain the reason why at pH 7 the NH4
+-N removal efficiency is not the highest, like was noted in the 379 

study of Alhameri et al. (2018), highlighting the samples’ origin dependence on interfacial properties. Moreover, despite 380 

the fact at pH > 9 the zeta potential becomes more negative, is not equalized with enhanced ammonium removal, 381 

potentially due to ammonium alteration to NH3(aq) as it was abovementioned. 382 

3.2.3. Saturation test 383 

The potential reusability of Pal, Sep, T-Pal and T-Sep as NH4
+-N adsorbents was examined using 4 g of each adsorbent, 4 384 

mg/L ammonium solution, and natural pH solution (5.5). The saturation test verified the effects of the thermal treatment 385 

on the fibrous clay minerals (Fig. 11). T-Pal and T-Sep achieved 81% and 85% removal, respectively, within the first 24 386 

h and these rates remained almost constant until the third adsorption cycle (day 3). At 24 h the ammonium removal 387 

efficiency of Pal and Sep samples was already declined. This could be attributed to the fine particle size of the samples in 388 

combination with the limited adsorbent dosage and relatively low ammonium initial concentration. The finest the particle 389 

size is, the sooner desorption rates can be achieved, especially under intense agitation (Keyes and Silcox 1994). Both 390 

untreated minerals achieved 55% removal (0.48 ±0.05 mg/g) in 24 h, but only the removal pace of Sep remained almost 391 

stable for two more cycles, whereas Pal adsorption capacity decreased by up to 17% from the second day. According to 392 

this saturation test, T-Pal or T-Sep can be characterized as sufficient adsorbents for groundwater treatment that adsorbed 393 

0.64 - 0.68 ± 0.02 mg/g NH4
+-N respectively, degrading the NH4

+-N concentration to the acceptable drinking limits 394 

during 24 h. Nevertheless, none of the raw or thermally-treated clay minerals tested presented sufficient reusability for 395 

treatment of water for NH4
+-N, but all could be effectively reused for pre-treatment. Pal and Sep both removed 4.28 396 

±0.02 mg NH4
+-N/g by the end of the saturation test (day 22), while T-Pal and T-Sep removed 5.95 ±0.04 mg/g NH4

+-N 397 

in the same period. The multiple adsorption cycles were attributed to the primary saturation of the external surfaces of the 398 

adsorbents. When this point was reached the adsorbate enters into the adsorbent’s interlayer space and pores (Alshameri 399 

et al. 2018). No research is available on NH4
+-N saturation in Pal and Sep to compare the results. 400 

3.3 Adsorption Isotherms 401 

The linear forms of the Langmuir and Freundlich isotherms were applied to Pal, Sep, T-Sep and T-Pal to determine the 402 

variation of their removal capacities with increased NH4
+-N initial concentrations. Both Langmuir and Freundlich 403 

isotherms presented a good fit to all the adsorbents examined since the R2 value in all cases is > 0.95 (Table 4). 404 

Nevertheless, the linear form of the Freundlich isotherm expressed better the adsorption of NH4
+-N on Pal and T-Pal with 405 
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R2 values of 0.974 and 0.991, respectively, which renders the adsorption a heterogeneous procedure. On the other hand, 406 

the adsorption behavior of Sep differentiated slightly after thermal treatment as the Langmuir isotherm for Sep presented 407 

a better fit for NH4
+-N adsorption, but for T-Sep adsorption is expressed better by the Freundlich isotherm with R2 0.998 408 

(compared to R2 0.991 for the Langmuir isotherm). This result revealed the preference of almost monolayer NH4
+-N 409 

adsorption on the Sep mineral, which potentially became heterogeneous for T-Sep. This change was probably attributed 410 

to the increased number micropores occurring after calcination as verified by the BET analysis. 411 

Table 4. Comparison of adsorption isotherms constants for Pal, Sep, T-Pal, T-Sep.  412 

Langmuir isotherm Freundlich isotherm 

 Pal Sep T-Pal T-Sep  Pal Sep T-Pal T-Sep 

qmax (mg/g) 0.38 0.31 0.44 0.93 1/n 0.839 0.642 0.6697 0.8750 

KL 0.353 0.901 0.657 0.144 KF 0.099 0.125 0.1592 0.1132 

R2 0.952 0.993 0.954 0.991 R2 0.974 0.954 0.991 0.998 

 413 

3.4 Adsorption kinetic models 414 

The relative parameters of all applied kinetic models (pseudo-first order, pseudo-second order and intra particle 415 

diffusion) are presented in Table 5. The correlation coefficients (R2 > 0.99) showed that the pseudo-second order fit the 416 

data better than the other two models. These results were in agreement with FT-IR spectra and other studies that 417 

examined NH4
+-N removal from aqueous solutions using aluminosilicate adsorbents and concluded chemisorption as 418 

adequately expressing NH4
+-N removal on clay minerals (Sun et al. 2017; Alshameri et al. 2018). Adsorption capacity at 419 

equilibrium (qe) is a significant parameter of each model’s evaluation. From each kinetic model result a qecal value, is 420 

determined from the intercept and the slope of the pseudo-first and pseudo-second order plots, respectively, is further 421 

compared to the maximum removal rate at equilibrium (qeexp). In all cases, the qeexp variables were in full agreement with 422 

the qecal from the pseudo-second order model, compare to pseudo - first order qecal (Table 5), rendering the pseudo - 423 

second order the appropriate kinetic mechanism for NH4
+-N adsorption on the studied adsorbents. 424 

The Weber-Morris model is parted from two linear segments (Table 5). In the first stage NH4
+-N diffuses from the 425 

aqueous solution to liquid:solid interface, while in the second stage the adsorbate diffuses from the interface into the 426 

adsorbent pores Weber and Morris (1963). In all cases, Stage 1 kid > Stage 2 kid, thus indicating the rapid diffusion of 427 

NH4
+-N at the solids interface, compared to a very slow rate diffusion in their inner pores (Genethliou et al. 2021). 428 
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Table 5. Kinetic parameters of pseudo-first order, pseudo- second order and intraparticle diffusion kinetic models for 429 

NH4
+-N adsorption from Pal, Sep, T-Pal and T-Sep. 430 

                       Pseudo-first order Pseudo-second order  Weber Morris model 

 qexp (mg/g) qecal (mg/g) k1 R2 qecal (mg/g) h k2 R2  kid R2 I 

Pal 0.138 0.043 0.128 0.832 0.138 0.055 2.80 0.992 
Stage 1 

Stage 2 

0.033 

0.0075 

0.589 

0.992 
0.089 

Sep 0.147 0.05 0.121 0.672 0.147 0.379 18.27 0.993 
Stage 1 

Stage 2 

0.0048 

0.0003 

0.896 

0.6075 
0.027 

T-Pal 0.145 0.052 0.078 0.603 0.145 0.327 47.25 0.999 
Stage 1 

Stage 2 

0.0197 

0.0058 

0.991 

0.982 
0.162 

T-Sep 0.146 0.061 0.086 0.986 0.146 0.489 21.42 0.999 
Stage 1 

Stage 2 

0.0103

0.0042 

0.865 

0.905 
0.02 

 431 

3.5 Real-water application of the adsorbents 432 

The raw and thermally treated samples were applied in the optimal dosage determined at the previous batch experiments 433 

(4 g adsorbent), for 4 mg/L NH4
+-N degradation from ammonium rich tap water. According to Table 1, the water 434 

consistency is enriched in potentially competitive cations for NH4
+, such as Na+, Ca2+ and Mg2+, as well as is extremely 435 

hard water (WHO, 2011). Under these conditions, Pal and T-Pal removal efficiency for NH4
+-N was strongly influenced, 436 

since it was decreased up to 50% for both of the samples (Fig. 12). Palygorskite clay mineral has reported in other studies 437 

strong ion exchange affinity for Ca2+ spontaneously (Lazaratou et al. 2020a), which can be inhibiting factor for 438 

ammonium removal (Yin and Kong 2014). Sep and T-Sep samples’ removal efficiency for NH4
+-N was impacted as 439 

well; however, 25% and 20% decrease was noted (Fig.10), rendering Sep and T-Sep with stronger affinity for ammonium 440 

than Pal and T-Pal samples. Despite the decline at  NH4
+-N removal capacity of the examined samples, further 441 

investigation must be conducted, since there is limited literature about natural water systems and how their composition, 442 

or the concentration of the existed ionic species influence interactions between ammonium and clay minerals’ interface.  443 

4. Conclusions 444 

Raw and thermally-treated palygorskite (Pal / T-Pal) and sepiolite (Sep / T-Sep) were applied as low concentration NH4
+-445 

N adsorbents from aqueous solutions. The extensive characterization of the samples verified the thermal treatment effect 446 

and the expected structural rearrangements. Pal, Sep, T-Pal and T-Sep presented different adsorptive properties, 447 

especially after thermal treatment, since Pal and T-Pal mostly interact with NH4
+-N on its surface, conversely to Sep and 448 

T-Sep where the inner interactions are dominant. According to a series of batch kinetic experiments, NH4
+-N removal 449 

process was quite rapid and preferable at pH 4-9.  Removal rates were adequate to reduce NH4
+-N concentrations to 450 
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below the permitted EU limit for drinking water for initial NH4
+-N concentrations of 1 and 2 mg/L, thus rendering Pal, 451 

Sep, T-Pal and T-Sep suitable materials for the treatment of most contaminated aquifers. T-Sep can also be used to treat 452 

groundwaters with initial NH4
+-N concentration of 4 mg/L. Nevertheless, the presence of competitive ions such as Ca2+ 453 

strongly deteriorate ammonium interaction with Pal and T-Pal, indicating that it’s application in very hard waters may 454 

prohibit NH4
+-N degradation. On the contrary, Sep and T-Sep may not be strongly influenced from competitive ions 455 

presentation, but achieved  decreased NH4
+-N removal up to 25%. 456 

 The saturation test indicated that T-Pal and T-Sep are effective at NH4
+-N removal for 24 h but cannot be reused for 457 

water treatment when solutions are highly contaminated (4 mg NH4
+-N/L). Nevertheless, Pal, Sep, T-Pal and T-Sep can 458 

be applied as suitable pre-treatment materials for multiple times. Mechanical and kinetic properties of the procedure were 459 

determined using the linear forms of Langmuir and Freundlich isotherm models, as well as the linear form of pseudo-460 

first, pseudo-second order and Weber-Morris kinetic models. All the above-mentioned models fit to the data of each 461 

tested mineral sample, however, the Freundlich isotherm and pseudo-second kinetic models presented better fits for all 462 

samples, thus indicating the heterogeneous nature of adsorption via strong chemical bonds (chemisorption). 463 
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Figure captions 625 

Figure 1. XRD patterns of a) Pal b) T –Pal c) Sep and d) T-Sep before and after NH4
+-N adsorption where P: 626 

palygorskite, S: saponite, Sep: sepiolite, AnSep: sepiolite anhydrite and C: calcite. 627 

Figure 2. Scanning Electron Microscopy (SEM) images of a) Pal b) Sep c) T-Pal and d) T-Sep at 200 nm. 628 

Figure 3. N2 sorption – desorption isotherms plot from BET analysis for Pal, Sep, T-Pal and T-Sep. 629 

Figure 4. FT-IR spectra before and after NH4
+-N adsorption of a) Pal b) T-Pal c) Sep and d) T-Sep. 630 

Figure 5. TGA curves of Pal, Sep, T-Pal and T-Sep. 631 

Figure 6. The zeta potential of Pal, Sep, T-Pal and T-Sep at pH range 4-11. 632 

Figure 7. Maximum NH4
+-N Removal Efficiency (%) with 0.4, 0.8, 1.6 and 4 g a)Pal and b)Sep for NH4

+-N 633 

initial concentration 1, 2, 4, 6 and 8 mg/L. The removal efficiency (%) is the mean value from duplicate 634 

experiments. 635 

Figure 8. The effect of initial concentration on NH4
+-N removal by 4 g a) Pal and b) Sep. 636 

Figure 9. The effect of initial concentration on NH4
+-N removal by  4 g a) T- Pal and b) T-Sep. 637 

Figure 10. The effect of pH on NH4
+-N removal by 4 g Pal, Sep, T- Pal and T-Sep. (4 mg NH4

+-N /L, V= 200 638 

ml, 20 min) 639 

Figure 11. Saturation test of 4 g Pal, Sep, T-Pal and T-Sep in NH4
+-N solution. (4 mg NH4

+-N /L, V= 200 ml, 640 

pH= 5.5) 641 

Figure 12. Removal efficiency (%) of 4 g Pal, Sep, T-Pal and T-Sep in real water sample contaminated with 4 642 

mg/L NH4
+-N. 643 
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Figure 1

XRD patterns of a) Pal b) T –Pal c) Sep and d) T-Sep before and after NH4+-N adsorption where P:
palygorskite, S: saponite, Sep: sepiolite, AnSep: sepiolite anhydrite and C: calcite.



Figure 2

Scanning Electron Microscopy (SEM) images of a) Pal b) Sep c) T-Pal and d) T-Sep at 200 nm.



Figure 3

N2 sorption – desorption isotherms plot from BET analysis for Pal, Sep, T-Pal and T-Sep.



Figure 4

FT-IR spectra before and after NH4+-N adsorption of a) Pal b) T-Pal c) Sep and d) T-Sep.



Figure 5

TGA curves of Pal, Sep, T-Pal and T-Sep.



Figure 6

The zeta potential of Pal, Sep, T-Pal and T-Sep at pH range 4-11.



Figure 7

Maximum NH4+-N Removal E�ciency (%) with 0.4, 0.8, 1.6 and 4 g a)Pal and b)Sep for NH4+-N initial
concentration 1, 2, 4, 6 and 8 mg/L. The removal e�ciency (%) is the mean value from duplicate
experiments.

Figure 8

The effect of initial concentration on NH4+-N removal by 4 g a) Pal and b) Sep.



Figure 9

The effect of initial concentration on NH4+-N removal by 4 g a) T- Pal and b) T-Sep.



Figure 10

The effect of pH on NH4+-N removal by 4 g Pal, Sep, T- Pal and T-Sep. (4 mg NH4+-N /L, V= 200 ml, 20
min)



Figure 11

Saturation test of 4 g Pal, Sep, T-Pal and T-Sep in NH4+-N solution. (4 mg NH4+-N /L, V= 200 ml, pH= 5.5)



Figure 12

Removal e�ciency (%) of 4 g Pal, Sep, T-Pal and T-Sep in real water sample contaminated with 4 mg/L
NH4+-N.
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