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ab s t r ac t
Clinoptilolite-rich tuff (Z) enriched with Fe(III) was studied in the removal of phosphate ions present in 
aqueous medium at pH = 6.5. Fe(III) modification was performed by a simple wet impregnation giving the 
product (FeZ) with about 18 wt% Fe. Transmission electron microscopy showed the presence of a flaky 
Fe(III) amorphous precipitate on the clinoptilolite sheets and a preserved clinoptilolite crystallinity. The 
modification increased the specific surface area from 28.6 to 140.3 m2 g–1. FeZ effectively adsorbed phos-
phate, the removal rate at 298 K varying from 86% to 42.5% (for C0 = 50 mg dm–3 and C0 = 400 mg dm–3). 
The sorption isotherms were in accord with the Langmuir model, giving for the Langmuir constant (RL) 
values in the range 0–1 that are characteristic of a favourable adsorption. The data for adsorption kinetics 
were best described by the pseudo-second-order model suggesting chemisorption as the phosphate sorp-
tion mechanism. Intra-particle diffusion was present in the adsorption, but it was not the rate-limiting 
step. A 31P static spin-echo mapping nuclear magnetic resonance (NMR) measurement was performed 
for studying the phosphate–FeZ interaction. The results showed that the phosphate adsorption on FeZ 
proceeds through electrostatic interactions and covalent bonding, the latter being more pronounced. 
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1. Introduction

Natural clinoptilolite has been the most commonly used
adsorbent in environmental remediation and restoration due 
to its abundance and availability [1,2]. This zeolite  exhibits 
an open reticular structure characterized by (eight- and ten-
membered ring) channels of up to 0.7 nm in diameter [3]. The 
channels are occupied by exchangeable alkali and alkaline 
earth cations and water molecules. Due to its  cation- exchange 
behaviour, clinoptilolite has been particularly useful in the 
removal of different cations such as ammonium and heavy 
metal cations from aqueous media [4–9]. A very recent study 

suggested that clinoptilolite is a promising agent for the 
reduction of seawater salinity [10]. The  sorption ability of 
clinoptilolite can also be improved by different modification 
methods [11]. Recently, a coating of  clinoptilolite onto a 
carbonaceous support was reported to increase the uptake of 
Cs ions from 55 to 120.9 mg g–1 [12]. 

The negatively charged aluminosilicate framework 
causes clinoptilolite to be inappropriate for binding anionic 
species that are contaminants from industry or originate from 
natural releases. Modification of the clinoptilolite surface 
by metal oxides, hydroxides or cationic organic surfactants 
makes the clinoptilolite effective for adsorption of different 
anions, oxyanions or non-polar organics [13–16].
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As an important element phosphorous is used in vari-
ous fields from different industries to agriculture. Phosphate 
ions (PO4

3–, H2PO4
– and HPO4

2–) are also pollutants which are 
responsible for eutrophication in lakes, reservoirs and rivers 
[17], so that elevated phosphate concentrations have become 
a serious concern worldwide over the past decade. Various 
techniques for the phosphate removal based on physical, 
chemical or biological methods have been employed but most 
of them suffer from high operational costs or low efficiency. In 
order to preserve water resources a great attention has been 
focused onto adsorption since it is a cost-effective method in 
which a variety of materials can be applied. Natural and mod-
ified minerals such as illite [18], palygorskite [19], diatomite 
[20], goethite, akaganeite and lepidocrocite [21] have recently 
been studied in the adsorption of phosphate from aqueous 
media. 

In this study, we modified a clinoptilolite-rich tuff with 
iron(III) and tested the obtained adsorbent in the phosphate 
removal at pH = 6.5. At this pH phosphorous is mainly pre-
sented as H2PO4

– and HPO4
2– ions and is at the maximum 

of its availability to plants. The specific objectives of this 
research were: (1) to coat the clinoptilolite surface with oxo/
hydroxo iron(III) species, (2) to characterize the obtained 
adsorbent, (3) to determine the equilibrium and kinetic 
parameters of adsorption and (4) to investigate the adsorp-
tion mechanism, that is, the interactions between phosphate 
ions and iron(III). Experimental facts regarding the interac-
tion of Fe(III) present on the surface of mineral adsorbents 
with phosphate ions from aqueous media have been scarce 
in literature.

2. Experimental setup

2.1. Reagents and chemicals

Clinoptilolite-rich tuff (Z) was obtained from Zeodigest 
(Semnan deposit, Iran) and used as a starting material. 
According to the manufacturer, Z contains clinoptilo-
lite as the major mineral phase (>80 mass%), and quartz  
(<7.5 mass%) and feldspars (<13 mass%) as mineral impu-
rities. Particles between 63 and 100 mm mesh were used 
in experiments, the choice being based on the results of 
 previous studies [6–8,14–16] that found for this fraction the 
highest sorption ability. All chemicals used were analytical 
grade reagents. Deionized water was used throughout the 
experiments. The initial pH of the solutions was fixed at 
6.5 ± 0.02 by dropwise addition of 0.1/0.01 mol dm–3 HCl or 
0.1/0.01 mol dm–3 NaOH.

2.2. Modification of zeolite

Prior to its use Z was washed several times with deion-
ized water to remove water soluble impurities and dried to a 
constant mass in an oven at 80°C. Z was modified to a Fe(III)-
containing form by using procedure given by Pavlovic et al. 
[14]. Z was mixed with a solution of Fe(NO3)3·9H2O (pro anal-
ysis (p.a.) Sigma-Aldrich, Germany) in an acetate buffer 
(pH = 3.6) and then pH of the suspension was adjusted to 7 
by 0.1 M NaOH solution. After stirring at 70°C for 24 h, the 
solid (FeZ) was separated from suspension by centrifugation, 
washed several times with deionized water, centrifuged and 
dried at 80°C to a constant mass.

2.3. Phosphate adsorption experiments

Adsorption isotherms were determined at 298, 308 and 318 K 
using the batch method. 1.0 g of the FeZ was placed in 100.0 cm3 
of KH2PO4 (p.a. Aldrich) of a chosen concentration. A phosphate 
concentration range of 50–400 mg dm–3 was selected by estimat-
ing that the elevated phosphate concentrations in contaminated 
aqueous media can be expected in this range. The suspensions 
were shaken at about 100 rpm for 24 h in a thermostated water 
bath (Memmert WPE 45). The phosphate-loaded solid (P–FeZ) 
was then recovered by filtration using 0.45-µm membrane filter.

The rate of adsorption was studied at temperatures of 298, 
308 and 318 K in solutions with an initial concentration of 50, 
100, 200, 300 and 400 mg dm–3. The suspensions were shaken 
at a rate of about 100 rpm for a time period from 20 min to  
24 h. The solid (P–FeZ) was then separated by filtration and 
the phosphate concentration was determined in filtrate.

All the experiments were carried out under controlled 
conditions: the temperature of the thermostated bath was 
maintained constant to within ±0.1°C, the solid samples were 
weighted to four-digit accuracy, and the solution concentra-
tions were determined with four-digit accuracy. 

2.4. Post-treatment of P–FeZ

The P–FeZ samples (0.5 g) were suspended in  
0.05 mol dm–3 NaOH solution (50.0 cm3) and left under shak-
ing for either 24 h or 2 months at room temperature. After 
the treatment, the solid was recovered by filtration, and pH 
of the filtrates was measured. The percentage of phosphate 
desorption was determined as the ratio of the phosphate 
amount in the solution and in the adsorbent.

2.5. Characterization

The size and morphology of the grains as well as the 
elemental analyses of the grains were studied by a scanning 
electron microscope JEOL JSM 6610LV. The samples were 
prepared by embedding grains in an epoxy film by a proce-
dure previously described in detail [6]. An average elemental 
composition of the samples was obtained by data collection 
at 10 different mm2-sized windows on the pellet surface. The 
accuracy of the method was ±3%.

The initial and equilibrium phosphate concentrations in 
the supernatant were determined by a standard procedure 
using PhosVer 3 reagent and an UV–VIS spectrophotometer 
(Hach DR/2800). The amount of phosphate adsorbed by FeZ 
was calculated from the difference between the initial and 
final equilibrium phosphate concentration. 

X-ray powder diffraction (XRD) patterns were recorded 
at room temperature on an APD2000 Ital Structure using Cu 
Ka radiation (Cu Kα1 radiation, λ = 1.5406 Å). Thermal analysis 
was performed using a SDT Q-600 simultaneous differential 
scanning calorimetry (DSC) and thermogravimetric analysis 
(TGA) instrument (TA Instruments). The samples (~10 mg) 
were heated in a standard alumina sample pan (90 mL) from 
the room temperature to 800°C at a heating rate of 5°C min–1 
under nitrogen with a flow rate of 0.1 dm3 min−1.

The specific surface area of Z and FeZ was determined 
by the nitrogen sorption method using an automatic sorption 
analyzer (Micrometrics ASAP 2020).
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Transmission electron microscopy (TEM) studies were per-
formed using a 200-kV TEM (JEM-2100 UHR, Jeol Inc., Tokyo, 
Japan) equipped with an ultra-high-resolution,  objective-lens 
pole-piece having a point-to-point resolution of 0.19 nm. Electron 
diffraction patterns (EDPs) and TEM images of the sample were 
recorded by 2k charge-coupled device camera using Digital 
Micrograph™ (Gatan Inc., USA) as a user interface.

The 31P static spin-echo mapping NMR measurement was 
carried out on a 300 MHz Varian Unity Inova spectrometer 
equipped with a standard 5 mm Varian MAS NMR probe. 
Larmor frequency for the 31P nuclei was 122.64 MHz. The 31P 
spin-echo mapping NMR spectrum was obtained as a sum 
of a series of spin-echo spectra recorded at different irradia-
tion frequencies [21–23]. The irradiation-frequency step was  
40 kHz. Durations of the 90° and 180° pulses in the spin-echo 
experiment were 5.4 and 10.8 µs, respectively, and the delay 
between the pulses was 25 µs. Repetition delay between 
 consecutive scans was 0.02 s, and was more than an order of 
magnitude longer than the spin-lattice relaxation time mea-
sured at 0 ppm. Number of scans for each individual spec-
trum was 106. The frequency axis of the 31P spin-echo mapping 
NMR spectrum was reported relative to 1 M H3PO4 (0 ppm). 

3. Results and discussion

3.1. Characterization of the adsorbent

XRD analysis of Z, FeZ and P–FeZ (patterns are given in 
supplementary material) confirmed that clinoptilolite is the 
major component in all three zeolite samples and that trans-
formation of Z into FeZ as well as the phosphate adsorption 
onto FeZ did not affect the clinoptilolite crystallinity.

Chemical composition of the clinoptilolite phase of Z and 
FeZ obtained by energy dispersive spectroscopy (EDS) analysis 
as well as the water content of the samples obtained by ther-
mograimetric (TG) analysis are given in Table 1. 

The Si/Al molar ratio is similar (about 4.5) for both 
 samples confirming that the clinoptilolite lattice was not 
influenced by the modification process. It is evident that 
modification increased the iron content in zeolite from 0.21 
to 18.1 wt%. The content of exchangeable cations changed 
but the decrease in their concentration is significantly lower 
than the increase of the iron content. This indicates that the 
 modification process proceeded not only through an ion 
exchange but also through precipitation of iron(III) species. 

The accumulated Fe(III) precipitate at the clinoptilolite 
surface caused an increase of the specific surface area from 
28.6 m2 g–1 (Z) to 140.3 m2 g–1 (FeZ). According to the results of 

our previous work [16], the increase of the specific surface area 
could be explained by the formation of a second porous sys-
tem (i.e., iron(III) oxide particles) at the surface of clinoptilolite. 

Thermal analysis (Fig. 1) showed that the Fe(III)  loading 
led to an increase of water content in FeZ (15.8 wt%) 
in  comparison with Z (13.0 wt%) and that it affects the 
 dehydration process. Dehydration of Z proceeded rather con-
tinuously in contrast to FeZ for which the differential ther-
mogravimetric (DTG) curve  displayed several maxima at 
about 250°C, 335°C and 511°C. The maxima can be attributed 
to dehydration of amorphous iron oxide [24] suggesting that 
Fe(III) precipitate corresponds to amorphous iron(III) oxide.

The Fe(III) precipitate was studied in detail by TEM 
 analysis (Fig. 2). Well crystalline clinoptilolite pseudo- 
hexagonal sheets covered with flaky amorphous Fe(III) 
 precipitate on the surface are evident at a typical TEM image 
of FeZ (Fig. 1(a)). The EDP shows two diffraction rings  
(D1 = 0.27 nm and D2 = 0.15 nm) that appear in the sample 
areas with higher density of the Fe-rich precipitate (Fig. 1(b)). 
There are no distinct spots within the rings that would indi-
cate its crystallinity.

A representative TEM image of the phosphate-contain-
ing sample (P–FeZ) is given in Fig. 3. The precipitate at the 
clinoptilolite surface is amorphous (see the inset in Fig. 3) 

Table 1
Chemical composition (wt%) of the zeolite samples.

Z FeZ

Al 7.13 5.12
Si 33.2 23.8
Na 2.09 0.19
K 1.33 0.31
Ca 0.76 0.45
Fe 0.20 18.1
H2Oa 13.0 15.8

aLoss of ignition at 600°C.

Fig. 1. TG/DTG curves of Z (inset) and FeZ.

Fig. 2. (a) TEM study of FeZ sample: bright-field TEM image of 
clinoptilolite sheets covered with flaky Fe-rich precipitate. EDP 
(upper right corner) confirms that the precipitate is amorphous. 
(b) EDS analysis from areas indicated in the TEM image are 
shown on the right.
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as in FeZ. In the sample areas that contain less Fe(III)-rich 
precipitate phosphorus is absent, appearing only where the 
amount of Fe(III) precipitate is higher (see EDS spectra). 
This shows that phosphate is bound to the Fe(III) precipitate 
rather than to clinoptilolite.

3.2. Adsorption experiments

Adsorption isotherms for phosphate on FeZ were studied 
at 298, 308 and 318 K (Fig. 4) showing that the adsorption 
capacity of FeZ increased both with temperature and with 
the initial phosphate solution concentration. FeZ effectively 
removed the phosphate ions from aqueous solutions at ambi-
ent temperature: adsorption capacity at 298 K varied from  
4.3 mg g–1 (for C0 = 50 mg dm–3) to 17.0 mg g–1 (for C0 =  
400 mg dm–3). Adsorption capacity increased with the 
increase of the phosphate concentration. There was a signifi-
cant increase in adsorption capacity at 318 K: from 5.0 mg g–1  
(for C0 = 50 mg dm–3) to 20.2 mg g–1 (for C0 = 400 mg dm–3). 

The equilibrium data from Fig. 4 were analyzed using 
common isotherms – Langmuir, Freundlich, Temkin and 
Dubinin–Radushkevich [25]. 

The Langmuir model gave the most satisfactory fit 
(Table 2). The model assumes that: the adsorption occurs in 
monolayer, all surface sites are equivalent, and adsorption to 
one site does not depend on the adjacent sites occupancy [25]. 
The important characteristics of the Langmuir isotherm can 
be described by a separation factor RL, defined as Eq. (1) [25]:

R
b CL

L

=
+
1

1 0

 (1)

where C0 is the initial phosphate concentration and bL is the 
Langmuir constant. The dimensionless constant, RL, is used 
to express the favourability of the adsorption: 0 < RL < 1 indi-
cates favourable adsorption, RL > 1 assumes unfavourable 
adsorption, RL = 1 is for linear adsorption and RL = 0 suggests 
irreversible adsorption [25]. Values of RL here are in the 0–1 
range (given in supplementary material) indicating favour-
able phosphate adsorption on FeZ. 

The adsorption capacities of FeZ are rather difficult to 
compare with those reported for different materials because 

of differing experimental conditions (initial phosphate con-
centration, temperature, grain size, contact time and pH). 
Generally, monolayer phosphate adsorption obtained 
in this research is in accord with the Langmuir isotherm 
model reported for the phosphate adsorption on different 
iron-oxide-based adsorbents [26] and on a Fe–Al–hydrogel 
derived from bentonite [27] in a similar range of initial 

Fig. 3. (a) TEM image of P–FeZ. EDP (inset) indicates that the 
phosphate-containing precipitate is amorphous. (b) EDS analysis 
recorded from the areas marked in the TEM image shows an 
increase of the P–K peak with Fe–K stemming from the Fe-rich 
precipitate.

Fig. 4. Adsorption kinetics for phosphate on FeZ for different 
initial phosphate concentrations; qt is the amount of the adsorbed 
phosphate (mg per 1 g of FeZ) after time t.
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phosphate concentrations and at nearly neutral pH. Moreover, 
for  initial concentration of 100 mg dm–3 and pH ~7 and at  
298 K the adsorption capacity reported for the acid-treated 
palygorskite (6.6 mg g–1) [28] is lower than that for FeZ  
(8.2 mg g–1). The adsorption capacity of the Fe–Al– hydrogel [27] 
was reported as 14.29 mg g–1 for initial phosphate  concentrations 
from 10 to 1,000 mg dm–3 at pH ~6.5 which is significantly lower 
than the capacity of FeZ is at all studied temperatures for the ini-
tial concentration of 400 mg dm–3 (17.0–20.2 mg g–1). The adsorp-
tion capacity of FeZ at 298 K and for the initial concentration of 
400 mg dm–3 is also higher than that reported for the aluminium 
hydroxide modified palygorskite nano-composites for the initial 
concentration of 500 mg dm–3 at pH ~5 (16.04 mg g–1) [19].

3.3. Kinetic analysis

The time dependence of the phosphate adsorption was 
studied at 298, 308 and 318 K for solutions with C0 = 50, 
100, 200, 300 and 400 mg dm–3. This dependence on time 
was followed until the adsorption equilibrium has prac-
tically been reached, which occurred in around 24 h. Fig. 
4 shows the progress of the phosphate adsorption from 
solution.

Fig. 4 shows that at the early stages of adsorption (i.e., 
approximately in the first 100 min), the phosphate adsorp-
tion increases quite steeply from qt = 0 at t = 0. Subsequently, 
the adsorption occurs more slowly. Similar behaviour was 
reported for the goethite-based adsorbents [26].

The data shown in Fig. 4 were examined using three 
kinetic models, two of them being reaction-based and the 

third one diffusion-based [29–31]. The first reaction-based 
model was Lagergren’s first-order rate Eq. (2) [29]: 

dq
dt

k q qt = ( )1 e t−  (2)

where qe (mg g–1) being the adsorption capacity at equilib-
rium and k1 (min–1) the rate constant of the first-order adsorp-
tion. Lagergren’s first-order rate equation is often referred 
to as the pseudo-first-order rate equation [29,30] in order 
to tell apart kinetic expressions based on concentrations of 
solution and those based on adsorption capacities of solids. 
Integration of the expression (2) between the limits t = 0 to  
t = t and q = 0 to q = qe, gives Eq. (3):

log( logq q q
k

te t e− −)
.

= 1

2 303
 (3)

If the experimental data match the kinetic model (3), the 
plot of log(qe – qt) vs. t results in a straight line.

The second reaction-based model applied to the data 
from Fig. 4 was the pseudo-second-order model which is 
defined by the following rate equation [30]:

dq
dt

k q qt
e t= 2

2( )−  (4)

where k2 (g mg–1 min–1) being the rate constant of the pseu-
do-second-order adsorption. Integrating between the same 
limits as for Eq. (3) gives Eq. (5):

Table 2
Isotherm parameters for the phosphate adsorption on FeZ at 298, 308 and 318 K

Isotherm Equation Temperatures, K
298 308 318

Langmuir q =
q b C
1+ b Ce

L e

L e

max

qe, mg g–1 18.60 20.68 21.27
bL, dm3 mg 0.03 0.04 0.06
R2 0.9904 0.9957 0.9961

Freundlich qe = KF Ce
bF

KFKF, [mg g–1 (dm3 mg–1) bF ] 2.06 2.52 4.20

bF 2.58 2.62 3.3
R2 0.9818 0.9729 0.9974

Temkin q = B   A  + B  C ,   B = RT
be T T T e T

T

ln ln

AT, dm3 g–1 0.37 0.49 1.82
BT 3.6 3.92 3.32
R2 0.9909 0.9947 0.9916

Dubinin–Radushkevich q = q   2K RT 1+ 1
Ce D D

e

ln ln−










KD, mol2 kJ–2 1.76 × 10–5 1.09 × 10–5 9.93 × 10–7

qD, mg g–1 13.21 15.21 15.43
R2 0.9282 0.9478 0.8789
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t
q k q q

t
t e e

= +
1 1

2
2  (5)

If the experimental data correspond to the pseudo- 
second-order model the plot of t/qt vs. t yields a straight line. 
From the slope and intercept of the plot, respectively, the val-
ues of qe and k2 can be evaluated.

Table 3 lists the results obtained by applying the two 
models on the experimental data. It is seen that Lagergren’s 
second-order model gives an excellent agreement as the 
determination coefficient (R2) of the linear regression is very 
close to 1 for all studied initial concentrations and tempera-
tures. This model is in accord with a monolayer adsorption, 
confirming the result obtained by adsorption isotherms.

3.3.1. Diffusion effects

The experimental data were further analyzed by the 
Weber–Morris mass transfer model [32] in order to see to 
which extent diffusion participates in the adsorption process. 
The Weber–Morris model is described by Eq. (6):

q k t It d= +1 2/  (6)

where qt (mg g–1) being the adsorption capacity at time  
t (min), kd (mg g–1 min–1/2) is the diffusion rate constant and  
I (mg g–1) is the intercept at the ordinate.

Fig. 5 shows the plots of qt vs. t1/2 for various temperatures 
and various initial phosphate concentrations. It is seen that 
the plots are straight lines which consist of two segments: the 
first segment, with a steeper slope, lies in the t1/2 region up 
to about 15 min1/2 while the second one is located at higher 

t1/2 values. The second segment is usually assigned to the 
intra-particle diffusion. This segment was analyzed by linear 
regression and in all cases the intercept I (Eq. (6)) was found 
to be greater than zero. The fact that I > 1 shows [32] that 
the intra-particle diffusion is not the rate-limiting step in the 
studied system.

Table 3
Pseudo-second-order kinetic parameters for the phosphate 
 adsorption on the FeZ

C0, mg dm–3 qe, mg g–1 k2, g mg–1 h–1 R2

298 K
50 4.64 0.0018 0.9995
100 8.40 0.0015 0.9996
200 12.85 0.0008 0.9996
300 14.4865 0.0011 0.9997
400 17.62 0.0008 0.9996

308 K
50 4.65 0.0039 0.9997
100 9.04 0.0017 0.9997
200 14.10 0.00087 0.9980
300 17.18 0.00093 0.9994
400 19.49 0.0008 0.9992

318 K
50 5.14 0.0044 0.9997
100 9.94 0.0016 0.9992
200 15.38 0.0009 0.9986
300 19.41 0.00084 0.9994
400 20.94 0.00081 0.9994 Fig. 5. Intra-particle diffusion kinetics for phosphate adsorption 

on FeZ according to the Weber–Morris mass transfer model.
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The present kinetic results were in accordance with the 
pseudo-second order model which has been reported as 
the most acceptable in describing kinetics of the phosphate 
adsorption on other natural materials such as clays [33], 
modified clays [19,34], oxides [26] and synthetic zeolite [33]. 
The calculated adsorbed amounts at equilibrium are very 
close to the experimental values for all studied temperatures 
and initial concentrations. Moreover, for FeZ as well as for 
the aluminium hydroxide modified palygorskite [19] the 
intra-particle diffusion analysis suggested that such diffu-
sion is not the rate-limiting step in the phosphate adsorption. 
This is in contrast to the results reported for a commercial 
goethite-based adsorbent [26].

3.4. Desorption experiment

The phosphate leaching was studied using P–FeZ which 
had the phosphate content of 19 mg g–1. Desorption rate in 
0.05 M NaOH was about 30% after 24 h reaching 40% after  
2 months and being accompanied with a slight increase of pH 
from 7.7 to 7.9 during the treatment. The observed desorp-
tion rate indicates that phosphate ions mainly form strong 
bonds with FeZ. A similar conclusion was reported for the 
role of FeZ in the prevention of phosphate leaching from 
soils [35]. Moreover, the present results are comparable with 
those obtained for phosphate desorption from a commercial 
goethite-based adsorbent (E33) and its Mn- and Ag-coated 
forms [26].

3.5. 31P NMR studies

In order to get a deeper insight into the phosphate–FeZ 
interaction, 31P NMR analysis was performed on P–FeZ. 31P 
NMR has already been employed for studying adsorption 
of phosphate on iron(III)-containing materials. Kim et al. 
[21] thoroughly investigated phosphate adsorption on the 
surfaces of iron-oxyhydroxide polymorphs goethite, aka-
ganeite and lepidocrocite, and concluded that phosphate 
anions predominantly bind to these polymorphs through 
two covalent P-O-Fe bonds. The existence of such bonds was 
reflected in very large 31P hyperfine shifts of the 31P NMR sig-
nals. The shifts of several hundred to several thousand ppm 
were due to the strong through-bond hyperfine interactions 
between the 31P nuclear spins and the spins of the unpaired 
electrons of the paramagnetic Fe3+ centers. Strong electron–
nucleus through-space spin–spin interactions also lead to 
very broad lines, which needed to be recorded by frequency 
sweeping spin-echo mapping technique. The 31P spin-echo 
mapping NMR spectrum of P–FeZ is shown in Fig. 6. The 
spectrum exhibits a broad signal, or, more probably, a set of 
overlapping broad signals, extending between ca. 5,500 and  
–1,000 ppm. Although the signal-to-noise ratio of the 31P 
NMR spectrum of P–FeZ is quite low, four to five peak max-
ima can be identified in the spectrum. The sharpest peak with 
its maximum close to 0 ppm is not shifted by the hyperfine 
interaction and can be ascribed to phosphate units that do 
not form covalent P-O-Fe bonds. They belong to the so-called 
outer-sphere phosphate complexes or physisorbed phos-
phate anions which electrostatically interact with the FeZ 
surface. All other signals are severely shifted and thus indi-
cate that the majority (about 85%) of the phosphate adsorbed 

to FeZ is covalently bound to the surface of the Fe(III) precip-
itate found by TEM analysis. Because the Fe(III) precipitate 
is amorphous the observed peak maxima cannot be directly 
compared with those detected for the phosphate adsorbed 
on crystalline goethite (peak maximum at 2,650 ± 200 ppm), 
akaganeite (1,100 ± 200 ppm), or lepidocrocite (2,800 ±  
200 ppm) [21]. Still, from the approximate peak positions 
it can be suggested that a large fraction of phosphate ions 
form two P-O-Fe bonds with the iron(III) species, because the 
observed hyperfine shifts are as large as or even larger than 
the ones detected in the case of the phosphate adsorbed on 
the crystalline iron-oxyhydroxide polymorphs. It should be 
noted that the magnitude of the hyperfine coupling on the 
31P nucleus is roughly proportional to the number of P-O-Fe 
covalent bonds to this nucleus and that larger hyperfine shifts 
correspond to a larger number of covalent bonds. Vice versa, 
smaller number of covalent bonds lead to smaller 31P hyper-
fine shifts, which means that a part of the 31P NMR spectrum 
of P–FeZ, in particular the part with the peak  maximum at 
about 500 ppm, can be assigned also to monodentately bound 
phosphates complexes. In summary, the 31P NMR spectros-
copy thus undoubtedly confirms that in P–FeZ the majority 
of phosphate species are covalently bound to the surface of 
iron(III) species.

4. Conclusion

Fe(III)-containing clinoptilolite with about 18 wt% Fe is 
an efficient adsorbent for phosphate ions present in water 
medium at pH ~6.5. The adsorption capacity increases 
with temperature and initial concentration. The adsorption 
 isotherm is in accord with the Langmuir model, giving for the 
Langmuir constant (RL) values characteristic of a favourable 
adsorption. The adsorption kinetics is best described by 
the pseudo- second-order model suggesting chemisorption 
for the  phosphate adsorption  mechanism. Intra-particle 
diffusion studies indicated that the phosphate adsorption 
occurs in two stages and that intra-particle diffusion is not 
the rate-limiting step.

TEM and 31P NMR analyses showed that the phosphate 
adsorption occurs at the Fe(III)-coating present on the 

Fig. 6. The spin-echo-mapping 31P NMR spectrum of P–FeZ.
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clinoptilolite sheets. The adsorption mechanism includes 
two types of interactions: electrostatic and covalent bonding. 
The covalent bonds are more prominent and they include the 
phosphate bonding to Fe(III) predominantly as a bidentate 
ligand.
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Symbols

K — Equilibrium constant
qt —  Amount of the adsorbed phosphate after time t, 

mg g−1

qe —  Amount of the adsorbed phosphate at 
 equilibrium, mg g−1

t — Time, min
qmax —  Langmuir constant related to the maximum 

achievable uptake by a system, mg g–1

bL — Langmuir isotherm constant, dm3 mg−1

bF — Freundlich isotherm constant
AT —  Temkin isotherm equilibrium binding constant, 

dm3 g–1

bT — Temkin isotherm constant
BT —  Temkin constant related to heat of sorption, J mol–1

KD —  Dubinin–Radushkevich constant related to free 
energy of sorption, mol2 kJ–2

qD —  Dubinin–Radushkevich model constant, mg g−1

Ce —  Concentration of the phosphate solution at 
 equilibrium, mg dm−3

C0 —  Initial concentration of the phosphate solution, mg 
dm−3

I —  Intercept at the ordinate in the Weber–Morris 
model, mg g–1

k2 —  The rate constant of the pseudo-second-order 
model, g mg–1 h–1

kd — The diffusion rate constant, mg g–1 min–1/2

R — Universal gas constant, 8.314 J mol−1 K−1

R2 — Coefficient of determination
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Supplementary material

Fig. S1. XRD patterns of Z, FeZ and P–FeZ.

Table S1
Values of the separation factor (RL) for different initial 
 concentration of phosphate ions and different temperatures 

C0, mg dm–3 RL

298 K 308 K 318 K
50 0.4000 0.3333 0.2500
100 0.2500 0.2000 0.1429
200 0.1429 0.1111 0.0770
300 0.1000 0.0770 0.0526
400 0.0770 0.0588 0.0400


