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A R T I C L E I N F O  A B S T R A C T

Zeolite  X  derived from  fly  ash was m od ified  w ith  Cu (N O 3) 2 »3  H 2 O solutions o f  various in itial concentrations 

(0.01, 0.05, 0.10, 0.15, and 0.20 M ). The obtained materials w ere  investigated by means o f  XRD, XRF, N 2 

adsorption-desorption, and pHpzc. The concentration o f  Cu (NO 3) 2 »3  H 2O significantly a ffected both the textural 

and chem ical surface properties o f  the obtained zeolites. The materials w ere  subjected to a series o f  adsorption 

experiments to rem ove phosphate ions from  aqueous solutions. The highest adsorption capacity was obtained for 

zeo lite  X  m odified  w ith  0.05 M  Cu (N O 3) 2 »3  H 2 O solution, and the obtained adsorption capacity was 87.7 mg 

(PO 4-)  g _ 1. The adsorption mechanism was investigated by means o f  XPS analysis and correlated w ith  the as

sumptions o f  kinetic adsorption models. The interaction betw een  phosphate ions and Cu species on the zeo lite  

surface was found to be the guiding mechanism o f  adsorption. A dditional mechanisms, including precip itation  as 

calcium  phosphate and electrostatic attraction, should also be taken into account. A  single-point adsorption o f  

phosphate ions was also studied to evaluate the effects o f  adsorbent dose (1, 2, and 3 g *)  and adsorption 

temperature (18, 25 and 40 °C ). Increased adsorbent dose resulted in a sign ificantly greater rem oval o f  phos

phate ions fo r zeo lite  Cu0.05X (up to 65.4% ). The temperature o f  25 °C was found to be the most suitable for 

conducting adsorption o f  phosphate ions. Leaching test was perform ed in w a ter to investigate the risk o f  applying 

the investigated zeolites in aqueous solutions as potential adsorbents.

1. Introduction

Phosphorus is an essential element for plant growth, supplied to the 
soil by fertilizers. Unfortunately, the increased use o f  fertilizers, required 
by agricultural intensification, has greatly accelerated the leakage o f 
phosphorous from soil to water, resulting in an endemic global problem 
called eutrophication [1 ] . Increased concentration o f phosphorus in 
water can lead to excessive growth o f  algae and as consequence to the 
reduction in the dissolved oxygen causing ecosystem damage [2 ] . 
Sources o f phosphorous release to the environment to the greatest extent 
include agriculture, urban run-off, animal wastes, human sewage, in
dustry and detergents [3 ]. According to Polish standards, the concen
tration o f phosphorus in lakes should not exceed 0.03 mg L~ 1 [4 ,5 ]. For 
instance, in the United Kingdom, the level o f phosphorous in potable

water should be below  1 mg L~1, and similar limitations can be found in 
other countries [6 ] . Referring to the W orld Health Organization (W HO), 
the permissible lim it o f phosphorus in water is 10 mg L~1. Phosphorus is 
present in water in ionic forms. The form o f phosphate ions in water is 
closely related to the pH. For pH < 2, the most dominant form is H3PO4, 
for pH from about 3-7 H2PO4, from 7 to about 11 HPO4-, and above 12 
PO4-. When addressing the dissociation constant (pKa) o f H3PO4, the 
formation o f PO4- ions is less dominant in wastewaters than the above
mentioned monovalent and divalent forms. Therefore, H2PO4 and HPO2- 
ions predominate [7 ] .

Phosphorus is a non-renewable resource and is crucial for the 
development o f life and agricultural production. According to many 
reports, the global phosphate reserves w ill be depleted within the next 
50-100 years. Taking into account the scarcity o f  that resource in the
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future, the development o f cost-effective methods to recover phospho
rous, i.e. from waters, becomes necessary for both sustainable develop
ment and environmental protection [8 ] .

Many studies have been conducted to remove phosphate ions from 
aqueous solutions/wastewaters, i.e. biological, chemical, and physical 
treatments. However, well-known processes such as biological treat
ment, precipitation, or crystallization as struvite require high phosphate 
concentrations. Biological treatment requires strict temperature and pH 
conditions to allow  the microorganisms activity. On the other hand, 
chemical precipitation method, despite high efficiency and simple 
operation can cause sludge disposal problems [9 ]. Therefore, other 
methods should be used to overcome that obstacle o f low  phosphate 
concentration. As a result, much attention is now paid to the removal o f 
phosphate ions via adsorption [1 0 ]. The most important advantages o f 
adsorption are: relatively low  processing and energy costs, selectivity, 
fast rates, operation at low  concentrations, and adsorbent recovery [1 1 ]. 
Adsorbents including microporous materials, i.e. zeolites (A, X, P1, 
ZSM-5) [12-16] or MOFs [17 ], and mesoporous materials, i.e. MCM-41 
[18] or SBA-15 [19,20], proved to be highly effective as phosphate ions 
adsorbents. Nevertheless, sufficient performance o f those materials in 
the adsorption o f phosphate ions was possible only after certain chem
ical modifications to increase their affinity for phosphate ions. Among 
the above materials, zeolites have received the most attention in the 
adsorption o f  phosphate ions. Although zeolites are a group o f materials 
characterized by high cation exchange properties, sufficient specific 
surface area (SBET), ordered and stable microporous structure, they have 
also been recognized as effective materials for capturing phosphate ions 
as oxoanionic species [21,22]. Zeolites themselves possesses rather 
weak adsorption properties, thus they modification is required. Transi
tion metal cations can be easily doped into the framework to optimize 
the desired performance o f specific zeolite frameworks [2 3 ]. Wang et al. 
reported the adsorption o f  Cu2+ using synthetic zeolites A  and X. The ion 
exchange properties towards heavy metals strictly depended on the 
amount o f exchangeable Na+ ions which intensively corelates with the 
molar Si/Al ratio o f the zeolite [2 4 ]. The most recent methods to in
crease the adsorption capacity o f zeolites towards phosphate ions 
involve the incorporation o f lanthanum [25 ], iron [26 ], hydrated 
aluminum oxide [27 ], titanium oxide [28 ], and geopolymers [2 9 ]. 
Another important possibility o f using zeolites as phosphate ions ad
sorbents is their production from fly ash, which has been w idely 
investigated in the literature [21,30,31]. Fly ash is one o f the emerging 
industrial solid waste generated by coal-fired power plants and thermal 
power plants. Due to inadequate utilization technologies and occupation 
o f large areas while landfilling, fly ash has become an environmental 
concern. The most common methods o f its disposal, which accounts for 
about 60-70% are: application o f fly  ash in civil engineering as an ad
ditive to cements, production o f ceramics, and stabilization o f wastes. 
Similar chemical composition o f fly ash and zeolites (SiO2 and A l2O3) 
enables fly ash application as raw material for zeolite synthesis, which 
has become an alternative route for fly ash recycling [31,32]. The most 
common method o f zeolite synthesis using fly ash is the hydrothermal 
process. Briefly, fly  ash and an alkaline agent (NaOH, KOH) are mixed 
under specific conditions (time, temperature, solution pH, component 
ratio) to obtain the desired zeolite type, often a single and high crys
talline phase [2 4 ].

The aims o f the present study were to: ( i) obtain new and highly 
efficient adsorbents o f phosphate ions via simple one-step ion exchange 
o f fly-ash-derived zeolite X; (ii) investigate the effect o f copper nitrate 
(Cu(NO3)2»3 H2O) solution on adsorption capacity; (iii) investigate the 
adsorption statics in a w ide range o f phosphate ions concentrations from 
10 to 200 mg L~1 and compare the obtained results with Langmuir and 
Freundlich adsorption isotherms; (iv) investigate the adsorption process 
and its mechanisms using various mathematical models: pseudo-first 
order, pseudo-second order, Bangham, Elovich, Weber-Morris; and by 
means o f the instrumental method (X-ray photoelectron spectroscopy); 
(v) investigate the effect o f operating conditions, i.e. adsorbent dose and

adsorption temperature, on phosphate ions adsorption; (vi) conduct a 
leaching test in water aiming to investigate the potential risk o f applying 
adsorbents in aqueous media. To the best o f our knowledge, this is the 
first study devoted to the modification o f zeolite with copper salt solu
tion to investigate the adsorption o f phosphate ions.

2. Materials and methods

2.1. Zeolite NaX synthesis and ion exchange with Cu2+ ions

The main component for the synthesis o f ultrapure zeolite NaX was 
liquid waste from the production o f zeolite from fly ash on a semi- 
technical line [3 3 ]. That waste was an alkaline solution rich in silicon, 
which allowed for effective use in the described synthesis. The details o f 
synthesis have recently been described in the study by Panek et al. [34] 
and in the Supplementary Information.

To prepare copper-exchanged zeolites, 1 g o f ultrapure zeolite NaX 
was weighed into a 250 mL beaker. Then 100 mL o f Cu(NO3) 2»3 H2O 
(Sigma-Aldrich) solution was added. The initial concentrations o f Cu 
(NO 3) 2»3 H2O solutions were: 0.01, 0.05, 0.10, 0.15, and 0.20 M. The 
mixture was then stirred using a magnetic stirrer (500 rpm) for 24 h at 
25 °C. After ion exchange, the zeolite was washed several times with 
distilled water and air-dried overnight. The zeolite was then dried in an 
oven at 110 °C for 12 h. The obtained materials were denoted as 
Cu0.01X, Cu0.05X, Cu0.10X, Cu0.15X, and Cu0.20X.

2.2. Characterization o f  materials

2.2.1. X-ray diffraction (XRD )
The XRD measurement was performed using an X'pert PROMPD 

diffractometer with a PW3050/60 goniometer and a Rigaku SmartLab 
diffractometer (Tokyo, Japan). Both were equipped with a CuKa radi
ation and graphite monochromator. The range o f 20 varied from 2° to 
50° in 0.05° increments.

2.2.2. Nitrogen adsorption-desorption at 77 K
The textural parameters o f zeolite NaX and its Cu-modified forms 

were determined by means o f a low-temperature nitrogen adsorption/ 
desorption isotherm. A ll analyzes were conducted on an ASAP 2020 
instrument (Micromeritics, Norcross, GA, USA). The analysis details are 
given in the Supplementary Information.

2.2.3. X-ray fluorescence (XRF)
The chemical composition o f zeolite samples was determined by the 

X-ray fluorescence (XRF) technique using an ARL QUANT’X spectrom
eter (Thermo Scientific, Waltham, MA, USA) with a rhodium anode 
(4-50 kV in 1 kV increments) and beryllium windows. A  1 mm beam and 
a 3.5 mm Si(Li) drifted crystal detector with Peltier cooling (~1 85  K) 
were used for all measurements. Quantitative analysis o f elements in 
zeolite samples was preformed using UniQuant software and metallic 
calibration standards.

2.2.4. pH  point o f  zero charge (pHpzc)
The pHpzc value was determined according to the method described 

by Kragovic et al. [3 5 ]. Briefly, sodium nitrate (NaNO 3) solution with an 
initial concentration o f 0.01 M was used as a background electrolyte. 
The initial pH (pH in) o f the background electrolyte solution was adjusted 
to 5.5; 6.5; 7.5; 8.0; 8.5; 9.0; and 10.0 using 0.1 M NaOH (Avantor) and 
0.1 M HNO3 (Avantor) solutions and measured using an ELMETRON 
CX-502 pH meter equipped with a glass electrode (Elmetron). Exactly 
50 mg o f zeolite was weighed into a 50 mL plastic flask and 25 mL o f the 
electrolyte solution was added. The flasks were then placed in a labo
ratory shaker and vigorously stirred for 24 h at room temperature. The 
samples were then centrifuged at 4500 rpm for 5 min and the final pH 
values o f the obtained supernatant were measured. The pHpzc value was 
determined by plotting the difference between the final and the initial



pH (ApH ) against pHin. The experiments were performed in duplicate.

2.2.5. X-ray photoelectron spectroscopy (XPS)
XPS analyzes were carried out in a PHI VersaProbeII Scanning XPS 

system using monochromatic A l Ka (1486.6 eV) X-rays focused to a 100 
qm spot and scanned over the area o f 400 qm x 400 um. The photo
electron take-off angle was 45° and the pass energy in the analyzer was 
set to 117.50 eV (0.5 eV increments) for survey scans and to 46.95 eV 
(0.1 eV increments) to obtain high energy resolution spectra for the C 1 
s, O 1 s, P 2p, Si 2p, Ca 2p, K 2p, A l 2p, Na 1 s, and Cu 2p regions. The 
analysis details are given in the Supplementary Information.

2.3. Static adsorption o f  phosphate ions

The experimental conditions were selected based on the previous 
study [2 1 ]. Static adsorption experiments o f phosphate ions were per
formed in 100 mL Erlenmeyer flasks. The concentrations o f phosphate 
ions varied from 10 to 200 mg (PO4-) L~1. The solutions were prepared 
prior to the adsorption experiments by dissolving KH2PO4 (Sigma-Al- 
drich) in distilled water. The pH o f the solutions was adjusted to 5.00 ±  
0.10 using 0.05 M solutions o f HNO3 (Avantor) or NaOH (Avantor). 
Exactly 50 mg o f zeolite (dried overnight at 105 °C prior to the experi
ment) was weighed and mixed with 50 mL o f KH2PO4 solution to 
maintain a zeolite to solution ratio o f 1 g L~1. The samples were mixed 
using an orbital shaker (GFL 3015, SciQuip, UK) for 24 h. After that 
time, the zeolite-solution system reached equilibrium concentration. 
Then the solutions were centrifuged, and the concentration o f phosphate 
ions was measured using a spectrophotometer (HITACHI U-5100, 
Hitachi High-Tech Science Corporation, Tokyo, Japan) at a wavelength 
o f 700 nm. The experiments were performed in triplicate. The adsorp
tion capacity (q eq), which represents the amount o f phosphate ions 
adsorbed by the sorbent, was calculated from the equation given in 
Table S1.

The obtained results were correlated w ith Langmuir and Freundlich 
models. The Freundlich sorption model assumes multilayer adsorption 
on a heterogeneous adsorbent surface [3 6 ]. The Langmuir sorption 
model, in contrast to the Freundlich model, assumes that the sorbent 
surface is homogenous and a monolayer o f adsorbate is formed [3 7 ]. 
Additionally, the Langmuir model can be used to calculate a dimen- 
sionless parameter (RL), which indicates whether the sorption is favor
able or not (Rl >1 -  unfavorable, RL=1 -  linear adsorption, 1 > R L> 0  -  
favorable adsorption, RL= 0  -  irreversible adsorption) [38,39]. The 
linear forms o f the models and the formulas for calculating the 
adsorption capacity (q eq)  and the RL parameter are presented in 
Table S1.

2.4. Kinetic adsorption o f  phosphate ions

A  series o f kinetic studies were conducted using NaX and Cu0.05X to 
investigate the possible mechanisms o f adsorption. The experimental 
conditions were selected based on the previous study [2 1 ]. Adsorption 
kinetics experiments were performed in 250 mL beakers by adding 100 
mL o f phosphate solution with an initial concentration o f 80 mg (PO34-) 
L~1 and an initial pH o f 5.00 ±  0.10, to 100 mg o f zeolite sample (dried 
overnight at 105 °C prior to the experiment). The zeolite solution was 
stirred using a magnetic stirrer, and then samples were collected at 
specific time intervals (total o f 24 h at 25 °C) for phosphate ions con
centration analysis by the method described in Section 2.4. Samples 
were collected from the same beaker throughout the experiment using 
membrane filters (0.22 um) to separate the zeolite from the solution. The 
experiments were performed in triplicate. The obtained experimental 
results were correlated with the adsorption kinetic models given in 
Table S2.

2.5. Effects o f  adsorbent dose and adsorption temperature on phosphate 
ions adsorption

Zeolites NaX and Cu0.05X were selected for the single-point 
adsorption study. The effect o f adsorbent dose was studied under 
static conditions at room temperature. The selected doses were 1, 2, and 
3 g L~1. The solution volume in each case was 50 mL o f KH2PO4 with an 
initial concentration o f 80 mg (PO 4- ) L~1 and initial pH o f 5.00 ±  0.10. 
The samples were mixed using an orbital shaker. The solutions were 
collected after 24 h and analyzed as described in Section 2.3. The ex
periments were carried out in triplicate.

The effect o f temperature was studied under static conditions. 
Briefly, 50 mg o f zeolite was mixed with 50 mL o f KH2PO4 solution with 
an initial concentration o f 80 mg (PO 4-) L~1 and an initial pH o f 5.00 ±  
0.10. The mixtures were placed in a magnetic stirrer equipped with a 
water bath. The experiment was performed at three different tempera
tures: 18 ±  1 °C, 25 ±  1 °C or 40 ±  1 °C in incubated flasks. The solu
tions were collected after 24 h and analyzed as described in Section 2.3. 
The experiments were carried out in triplicate.

2.6. Leaching test

The leaching test was performed for zeolites NaX and Cu0.05X, ac
cording to the follow ing procedure. Briefly, 100 mg o f zeolite was mixed 
with 100 mL o f distilled water using a magnetic stirrer for 24 h at 25 °C. 
The solution samples were then separated from the mixture using 
membrane filters (0.22 um) and measured using inductively coupled 
plasma optical emission spectrometry (ICP-OES, OPTIMA 7200DV, 
Perkin Elmer) to identify the solution composition according to ISO 
[4 0 ]. The experiments were carried out in duplicate.

3. Results and discussion

3.1. Materials characterization

3.1.1. X-ray diffraction (XRD )
The XRD patterns o f the investigated materials are shown in Fig. 1. 

The different intensities o f the peaks as compared to the parent NaX 
indicate the preferential deposition o f Cu over various locations in 
zeolite [4 1 ]. It should be noted that the crystalline structure o f FAU 
zeolite is retained after modification. However, some characteristic 
peaks o f zeolite NaX decreased in intensity: 20 6.10, 10.00, 15.45, 23.30, 
26.65, and 30.95° after ion exchange with Cu2+ ions. That phenomenon 
was also reported by Yao et al. [42] and Benaliouche et al. [43 ], where 
an increase in the concentration o f Cu ions used for ion exchange 
resulted in a decrease in the intensities o f zeolite NaX characteristic 
peaks. Hence, the structure o f the fly-ash-derived zeolite NaX was

26 , 0

F ig . 1. XRD patterns o f  zeo lite  NaX and Cu ion-exchanged zeo lite  NaX.



affected during modification. The shift o f some 20 values after ion ex
change at higher Cu(NO3 ) 2^3 H2O solution concentrations (0.10 M and 
above) may result from the exchange o f a small sodium cation by a 
larger copper ion [4 4 ]. Some characteristic peaks (20 12.4, 25.7, and 
36.5°) appeared when the Cu(NO3) 2^3 H2O concentration was 0.10 M 
and above. Their intensities increased w ith increasing solution concen
tration. According to the literature, those peaks are assigned to the 
complex compound Cu2 (O H )3NO3 [4 5 ]. Some small peaks identified as 
mullite (M ), quartz (Q ), and zeolite P1 (P ), were also found and assigned 
in the XRD pattern [4 6 ].

3.1.2. N2 adsorption-desorption at 77 K
The obtained materials were characterized by the N 2 adsorption

desorption method at 77 K to investigate the textural properties o f ze
olites. The results are presented in Fig. 2 and Table 1. As can be seen, 
increasing the concentration o f Cu(NO3) 2^3 H2O solution above 0.01 M 
used for ion exchanged caused a significant decrease in specific surface 
area (SB E T ), total pore volume (V t), and micropore volume (V m ic) o f the 
obtained materials compared to the parent zeolite NaX. No significant 
decrease in micropore volume (V m ic) was observed for Cu0.10X, 
Cu0.15X, and Cu0.20X samples. A ll samples displayed type IVa isotherm 
curve according to the IUPAC characterization. The type IVa o f isotherm 
curve is characterized by a rapid increase in N 2 monolayer adsorption at 
lower p/po values. The shape o f the curve results form the unrestricted 
mono- and multilayer adsorption up to high p/p0 [47,48]. The hysteresis 
loop was present in all Cu-exchanged materials. Zeolites Cu0.01X, 
Cu0.10X, Cu0.15X, and Cu0.20X were characterized by the type H3 
hysteresis loop, as classified by IUPAC, while Cu0.05X displayed the 
type H2/H3 [49,50]. The occurrence o f characteristic H3 hysteresis loop

T a b le  1

Textural properties o f  the investigated zeolites and their pHpzc values.

Sample SBETa
m2 g - 1

Vtb
cm3 g - 1

Vmicc 
cm3 g - 1

Dd
nm

pHpzc

NaX 629 0.273 0.219 1.73 9.30
Cu0.01X 467 0.275 0.143 2.35 7.31
Cu0.05X 230 0.155 0.069 2.65 6.27
Cu0.10X 174 0.165 0.025 3.80 5.99
Cu0.15X 149 0.150 0.018 4.05 5.95
Cu0.20X 83 0.090 0.010 4.32 5.94

a SBe t -  specific surface area obtained from  N 2 adsorption at 77 K calculated 

from  BET method.

b V t -  total pore vo lum e estimated from  the volum e adsorbed at p/p0 ~  0.98. 

c V mic -  m icropore volum e calculated by the t-plot method.

D -  adsorption average pore d iam eter 4 V/A  from  the BET method, pHpzc -  

pH point o f  zero charge.

is related to nonhomogeneous mesopores and/or micropores (bot
tle-shaped pores) generated during ion exchange. The impeded access o f 
Cu2+ ions to the zeolite pores may cause distortion o f the channels [5 1 ]. 
Some studies emphasized that during ion exchange two Na+ ions are 
replaced by one Cu2+ ion [5 2 ]. As a result, the pores o f zeolites become 
wider, as can be seen from the average pore diameter (D) and the 
decrease in micropore volume (V m ic) o f the materials (Table 1). 
Furthermore, the XRD patterns (Fig. 1) proved that Cu2 (O H )3NO 3 spe
cies are formed above Cu(NO3) 2^3 H2O solution concentration o f 
0.10 M, which may cause pore blockage and/or mesopore formation. 
The high concentration o f Cu2+ ions in the solution also significantly 
affected SB E T, which was nearly 7.6 times lower for Cu0.20X compared

Fig . 2 . Low  temperature N 2 adsorption-desorption isotherms o f  the materials at 77 K.



to NaX.

3.1.3. X-ray fluorescence (XRF)
The chemical composition o f the materials was obtained from XRF 

and the results are shown in Table 2. It can be seen that the Si/Al molar 
ratio remained rather unchanged after modification and ranged from 
1.20 to 1.38 compared to the parent NaX (1.31). The increase in Cu 
(NO 3) 2»3  H2O concentration caused significant changes in the chemical 
composition o f  the obtained materials. The Cu content increased as 
expected with increasing the concentration o f Cu(NO3) 2»3  H2O solution 
from 4.65% to 20.47% for Cu0.01X and Cu0.20X, respectively. Ion ex
change affected the content o f Na in the materials, which was 
completely removed from the zeolite when the concentration o f Cu 
(NO 3) 2»3  H2O was 0.05 M and higher. The high mobility and removal o f 
Na during ion exchange with transition metal cations were also 
confirmed in other studies [42,53]. The Ca content decreased nearly 
3-fold for Cu0.20X when compared to NaX; however, calcium was not 
removed as efficiently as sodium. The modification had rather insig
nificant effect on the Fe content, which varied from 0.26% to 0.35%. The 
K content decreased significantly with increasing concentration o f Cu 
(NO 3) 2»3  H2O solution; however, no significant effect on K removal was 
observed for concentrations above 0.05 M.

3.1.4. pH  point o f  zero charge (pHpzc)
An important property that also affects the adsorption o f anions is the 

pHpzc o f the adsorbents. The pHpzc values o f the investigated zeolites 
are presented in Table 1, and the experimental results are shown in 
Fig. S1. Anion adsorption is generally favored when the pH o f the so
lution is lower than the pHpzc, as the surface is positively charged. At 
acidic solution pH (about 3-6), the adsorption mechanism can be 
complex and is related to both chemical interaction with the adsorbent 
surface and/or electrostatic attraction [5 4 ]. When the pH o f the solution 
is higher than 7, the surface charge becomes more negative. Therefore, 
electrostatic repulsion decreases the adsorption o f phosphate ions. 
Furthermore, at pH from 7 to about 12, H2PO4 ions lose their proton and 
become divalent ions (HPO 4-), and at pH o f 12 and above, phosphate 
ions exist as PO34- . The combination o f those parameters (solution pH, 
phosphate ions form, and pHpzc o f  the adsorbent) closely influences and 
directs the adsorption o f phosphate ions. In addition, the DFT studies by 
Capa-Cobos et al. [55] revealed that hydroxyl groups in the H2PO4 ion 
can interact with hydrogen atoms in FAU zeolite and promote the sta
bility o f adsorption complexes.

Two independent analyzes, i.e. pHpzc measurements and XRF, 
revealed a strong positive correlation (R 2 =0.98) between the pHpzc 
value and the sum o f alkali and alkali earth metals (Fig. 3). That cor
relation confirms that easily exchangeable cations closely influence the 
pHpzc value o f zeolites. During cation exchange, Na was completely 
removed from the material, while the K and Ca contents were reduced.

3.2. X-ray photoelectron spectroscopy (XPS ) fo r  phosphate ions 
adsorption mechanism studies

The XPS spectra (Fig. 4) were determined for zeolites NaX and 

T a b le  2

Bulk (XRF ) chem ical com position o f  the investigated zeolites.

I(Na,K,Ca) from XRF, %

F ig . 3. Correlation o f  pHpzc o f  zeolites w ith  sum o f  alkali and alkali earth 

metals - E (Na,K ,Ca) as obtained from  XRF (% ). The presented data are mean 

values and standard dev iation  (< 2 % ) from  three replicates o f  the experiment.

Cu0.05X before and after phosphate ions adsorption to investigate 
possible adsorption mechanisms. The deconvolution o f  the O 1 s peak 
allowed to determine 3 different oxygen species over the zeolite sur
faces. The binding energies o f 531.3, 532.3, and 533.1 eV were classified 
as M-Ox lattice silicates, metal-bonded M-OH hydroxyl, and H2O 
adsorbed water, respectively [2 5 ]. Shifts o f the peaks can be clearly 
observed in the binding energies after adsorption, indicating the 
occurrence o f surface complexation o f phosphate species. After 
adsorption, the peak from M-Ox was 2-fold lower for NaX, while it 
remained unchanged for Cu0.05X. It also correlated with the Si 2p 
spectra for NaX, but some significant decrease in the Si 2p peak was also 
observed for Cu0.05X, implying an additional mechanism o f silica 
coverage over the zeolite surface. Two different types o f silica were 
identified: Si2O3 at about 101.9 eV and SiO2 at 102.5 eV, which was also 
reported in work by Senthilkumar et al. [5 6 ]. On the other hand, the 
intensity o f M-OH was 3-fold higher after adsorption over zeolite NaX 
and only 1.3-fold lower for Cu0.05X, indicating differences in the elec
tron environment around the surface oxygen atoms [5 7 ]. That phe
nomenon may be related to the higher pHpzc o f zeolite NaX (9.30) 
compared to zeolite Cu0.05X (6.27) [2 5 ]. That is caused by the leaching 
o f  alkali metals and alkali earth metals into solution during adsorption. 
For both NaX and Cu0.05X samples, the intensity o f the peak at 533.1 eV 
(H 2O) decreased comparably after adsorption. It can be stated that 
different adsorption mechanisms occurred for the NaX and Cu0.05X 
zeolite-solution systems. In the case o f zeolite NaX, phosphate ions were 
adsorbed in the region o f silicates, while for zeolite Cu0.05X, other 
species were involved in adsorption. Hence, one o f the possible 
adsorption mechanisms may be related to the exchange between M-OH 
and H2PO4 ions [5 8 ]. The number o f copper species on zeolite Cu0.05X 
was examined by tracking the Cu 2p region. After adsorption o f phos
phate ions (Fig. 5b), the intensities o f both Cu0 and Cu2+ species 
increased when compared to sample prior to the adsorption (Fig. 5a), 
and their peak maxima were detected at 932.8 and 935.0 eV, respec
tively. Some Cu 3p species were also detected at about 77.5 eV (Fig. 4d1

nSi/nAl -  Si/Al m olar ratio, E (Na, K, Ca) -  sum o f  alkali and alkali earth metals.

Sample nSi/nAl Si Al Cu Ca Na K Fe X (Na, K, Ca)

- % % % % % % % %

NaX 1.31 22.68 16.58 - 6.58 6.93 0.68 0.38 14.19
Cu0.01X 1.28 22.83 17.18 4.65 5.23 3.37 0.37 0.26 8.97
Cu0.05X 1.20 20.65 16.47 15.31 3.05 - 0.13 0.35 3.18
Cu0.10X 1.31 21.18 15.48 16.04 3.04 - 0.12 0.34 3.16
Cu0.15X 1.38 21.16 14.69 17.48 2.73 - 0.08 0.35 2.81
Cu0.20X 1.32 19.93 14.56 20.47 2.16 - 0.08 0.34 2.24



Fig . 4. XPS spectra o f  A l 2p, Si 2p, and O 1s fo r zeolites NaX (a-c) and Cu0.05X (d -f), ( 1 )  refers to samples before phosphate ion  adsorption and (2)  to samples after 

phosphate ions adsorption.

F ig . 5. XPS spectra o f  Cu 2p fo r zeo lite  Cu0.05X before (a ) and a fter (b ) phosphate ions adsorption.



and d2), whose intensities also increased after adsorption. That phe
nomenon suggests that during adsorption, phosphate ions caused copper 
extraction from zeolite channels and pores with simultaneous formation 
o f copper phosphate/metaphosphate [5 9 ]. Therefore, the decrease in 
the Si 2p peak for Cu0.05X may be due to the abovementioned copper 
extraction. A  more detailed composition o f samples obtained from XPS 
are shown in Table S3 and he values o f peak maxima and their FWHM 
(full width at half maximum) were compared in Table S4.

After adsorption, a new peak appeared at 132-136 eV for both NaX 
and Cu0.05X spectra and was assigned as the P 2p region (Fig. 6). The 
composite spectrum was deconvoluted into 2 peaks: P 2p1/2 and P 2p3/ 
2 were identified. It implies a strong affinity o f phosphate ions to zeolite 
surface [6 0 ].

3.3. Adsorption o f  phosphate ions

3.3.1. Static adsorption o f  phosphate ions
It was found that ion exchange with Cu2+ ions o f zeolite NaX had a 

positive effect on increasing the adsorption capacity o f phosphate ions in 
all zeolite-solution systems (Fig. 7 and Table 3). The experimental data 
were correlated with Langmuir and Freundlich adsorption isotherm 
models. The Langmuir model displayed higher correlation with the 
experimental data (R2 above 0.98 for most zeolite-solution systems) 
(Table 3). Therefore, it can be assumed that adsorption occurs over a 
homogenous surface forming a monolayer o f adsorbate (Langmuir 
isotherm assumption) rather than over a heterogeneous surface forming 
a multilayer o f adsorbate (Freundlich isotherm assumption) [3 7 ]. The 
highest adsorption capacity was observed for Cu0.05X where qmax was 
87.7 mg (PO3-) g~1, as obtained from Langmuir model. Further increase 
in the concentration o f Cu(NO3) 2^3 H2O solution used for ion exchange 
caused a significant decrease in the adsorption capacity. That phenom
enon may be the result o f some damage to the zeolite structure (Cu0.10, 
Cu0.15X and Cu0.20X samples) by the formation o f Cu2(O H )3NO3 spe
cies over the zeolite surface (Fig. 1). The performance o f the obtained 
materials indicates that modification o f zeolite NaX with Cu2+ ions can 
improve the adsorption properties towards the removal o f phosphate 
ions from aqueous solutions. Some studies address the possible effect o f 
Ca presence in zeolites on the adsorption o f phosphate ions. Mitro- 
giannis et al. [61] treated natural zeolites with Ca(OH)2 and proved that 
the modification significantly increased the adsorption capacity (from 
1.7% to 97.6%). Ca can cause precipitation o f phosphate ions into the 
liquid phase. As shown in XPS analysis (Table S3), Ca was not present in 
zeolite Cu0.05X after adsorption, and its content was significantly 
reduced in NaX. Hence, it is possible that some precipitation reactions 
also take place. What more, the pH o f the solution after adsorption was 
higher for the NaX zeolite-solution system (7.78) compared to the 
Cu0.05X zeolite-solution system (6.65), despite adjusting the pH value

F ig . 7. Adsorption  isotherms o f  the investigated materials -  the solid line refers 

to  the correlation  w ith  the Langmuir m odel and the dashed line refers to the 

correlation  w ith  the Freundlich m odel. The presented data (po in ts) are mean 

values and standard dev iation  (< 5 % ) from  three replicates o f  the experiment. 

T  =  25 ◦ C; t =  24 h; zeolite/solution ra tio =  1 g L ~ 1  in itia l p H =  5.00.

T a b le  3

The isothermal adsorption fitting parameters o f  Freundlich and Langmuir 

models.

Sample Adsorption model

Langmuir Freundlich

qmax Kl R2 Rl Kf 1/n R2
NaX 4.38 0.327 0.921 0.015 2.04 0.180 0.934
Cu0.01X 50.76 0.009 0.966 0.357 1.44 0.602 0.907
Cu0.05X 87.72 0.007 0.998 0.417 2.13 0.614 0.969
Cu0.10X 60.24 0.010 0.994 0.333 1.54 0.638 0.948
Cu0.15X 39.06 0.016 0.987 0.238 1.66 0.580 0.961
Cu0.20X 36.77 0.010 0.981 0.333 1.33 0.593 0.981

R l param eter was calculated fo r C0=  200 m g (PO 4-)  g~ , R -  coeffic ien t value, 

qmax -  maximum adsorption capacity (m g g~ 1), 1/n -  heterogeneity factor, KL -  

Langm uir m odel constant (L  m g~1), KF -  Freundlich m odel constant (m g1- 1/n L1/ 

n g~ 1), Equation -  linear form  o f  the Langmuir and Freundlich models.

to 5.00. Precipitation as calcium phosphate is one o f the possible 
mechanisms during the removal o f phosphate ions [5 8 ]. The R l 
parameter calculated for all adsorption systems allowed to conclude that 
adsorption was favorable in all cases. The R l value was 0.015 for NaX, 
while it varied from 0.238 to 0.417 for modified zeolites. The low  value 
o f  that parameter for zeolite NaX suggests that adsorption was much less 
favorable than for Cu ion-exchanged zeolites.

The adsorption capacities o f the modified zeolites given in this study

Fig . 6 . XPS spectra o f  P 2p a fter adsorption o f  phosphate ions over zeolites NaX (a ) and Cu0.05X (b ).



were compared with literature data and are presented in Table 4.
As the adsorption was conducted at pH o f 5.00 and after the 

adsorption o f phosphate ions the solution pH increased much below  the 
pHpzc values o f the materials (see Table 1), the zeolites should maintain 
positive protonated surface. Hence, the mechanism o f adsorption can be 
ligand exchange or electrostatic attraction as shown in Eqs. (1 )- (3 ) [2 5 ]:

Zeolite-Cu-OH +  H+ =  Zeolite-Cu-OH+ (1)

Zeolite-Cu-OH+ +  H2PO4 =  (Zeolite-Cu-OH2)+(H2PO4)- (2)

Zeolite-Cu-OH +  H2PO4 =  Zeolite-Cu-H2PO4 +  OH- (3)

3.3.2. Kinetic adsorption o f phosphate ions
The results o f kinetic adsorption studies were correlated with the 

kinetic models and are shown in Fig. 8a and b, and the kinetic model 
parameters are compared in Table 5. Kinetic adsorption studies allow to 
determine the adsorption rate, the time needed to reach the equilibrium, 
and to investigate possible adsorption mechanisms. However, the ob
tained results should be interpreted with caution [66,67]. It can be noted 
that for both NaX and Cu0.05X zeolite-solution systems, the pseudo 
second order mechanism displayed the highest correlation (R2 =1.00). It 
is often assumed that the correlation o f the data with the pseudo second 
order model suggests chemisorption between the adsorbate and the 
adsorbent active sites, involving valence forces and/or electron ex
change. The equilibrium values obtained from the pseudo second order 
model were 28.82 and 5.91 mg (PO3-) g - 1 for Cu0.05X and NaX, 
respectively. Hence, after ion exchange, a significant increase in the 
adsorption capacity was obtained compared to the parent zeolite NaX 
(about 4.9-fold). The phosphate ions removal efficiency increased from 
5.4% for zeolite NaX to 32.3% for zeolite Cu0.05X (t =  24 h, T =  25 0C,
C0 =80  mg (P 0 4-) L- 1). The pseudo first order model had rather weak 
correlation with the experimental data, probably due to the rapid initial 
adsorption followed by a long time to achieve equilibrium caused by 
occupancy o f adsorption sites. It can be seen that the equilibrium values 
obtained from the Lagergren model differ from those obtained from the 
pseudo second order model. A  near equilibrium value was established in 
about 12 h. To better understand the adsorption kinetics, other models 
were also employed. The correlation o f the Bangham model allowed to 
conclude that adsorption in pores was not the limiting step (R 2 below 
0.99). Also, the SB E T o f zeolite NaX was significantly higher (629 m2 g- 1) 
when compared to zeolite Cu0.05X (230 m 2 g- 1). That implies that 
other mechanisms are involved in adsorption, which was also confirmed 
by XPS measurements. Furthermore, 2 linearity steps o f adsorption were 
found from the Weber-Morris model (Fig. 8b). The first linearity step for 
both NaX and Cu0.05X adsorption systems exhibited a negative Ci 
intercept value. Such a phenomenon is explained by the lack o f 
boundary layer limitations, hence phosphate ions are easily accessible to 
adsorption sites over the adsorbent surface [6 8 ]. Phosphate ions are 
rapidly transferred into the porous material, and the second linearity 
step represents slow penetration into the pores inside the material where 
adsorption occurs [6 9 ]. From the Elovich model it can be concluded that 
adsorption over Cu0.05X zeolite may be related to chemisorption, since 
the correlation value (R 2) was 0.96. The occurrence o f electrostatic 
attraction o f phosphate ions to the surface active sites and/or the for
mation o f copper phosphate/metaphosphate were the guiding mecha
nism o f adsorption. Some studies also assumed heterogeneous 
adsorption as the Elovich model coefficient increases [7 0 ]. In the Elo
vich model, the constant a reflects the initial adsorption rate [7 1 ]. The 
greater value o f the constant a from the Elovich equation obtained for 
NaX (3.335 mg g - 1 min- 1) compared to Cu0.05X (2.458 mg g - 1 min- 1) 
may be related to the rather rapid initial adsorption o f phosphate ions 
over the NaX zeolite. After the rapid initial adsorption, the active sites o f 
zeolite NaX were no longer able to adsorb greater amounts o f phosphate 
ions and reach the equilibrium value. The value o f the constant b is

T a b le  4

Comparison o f  the adsorption capacities o f  various zeolites tow ard phosphate 

ions rem oval and adsorption parameters.

Zeolite Modification Adsorption
capacity
(Langmuir),
mg g_ 1

Adsorption
parameters

Ref.

Na-A Fly-ash-derived 25.55 Solution [21]
La-A zeolites Na-A and 48.95 concentrations:
Na-P1 Na-P1 modified 14.37 12.5-200 mg
La-P1 by ion exchange 

with La3+
61.12 (Po 4-) L~ 1

Zeolite/solution 
ratio: 1 g L_ 1 
Contact time:
24 h;
Initial solution 
pH: 5.00; 
Temperature:
25 °C;

HUD Commercial 79.4 Solution [62]
Al-HUD HUD zeolite and 

HUD zeolite 
modified by ion 
exchange with 
A l3+

75.8 concentrations: 
50-300 mg (PO34-)

l ~1
Zeolite/solution 
ratio: 1 g L_ 1 
Contact time:
168 h;
Initial solution 
pH: 5.70; 
Temperature:
25 °C;

Zeolite-A Iron introduced Solution [26]
Fe-zeolite- into zeolite A 18.15 concentrations:
A during synthesis 

followed by 
calcination o f the 
material

2-20 mg (PO34-)

L“  1
Zeolite/solution 
ratio: 4 g L_ 1 
Contact time:
10 min;
Initial solution 
pH: 5.00; 
Temperature:-;

ZSM-5 Commercial 59.8 Solution [63]
La-ZSM-5 zeolite ZSM- 

5 ion-exchanged 
with La3+ 
followed by 
calcination o f the 
material

106.2 concentrations: 
10-700 mg (PO34-)

l ~1
Zeolite/solution 
ratio: 5 g L_ 1; 
Contact time: 3 h; 
Initial solution 
pH: 6.00; 
Temperature:
22 °C;

Zeolite-A Zeolite-A 
synthesized from 
clay by alkaline 
fusion and 
crystallized at 
70 °C

52.9 Solution 
concentrations: 
50-1000 mg (P)

L“  ';
Zeolite/solution 
ratio: 6.7 g L_ 1; 
Contact time: 4 h; 
Initial solution 
pH: 5.00; 
Temperature:
25 °C;

[64]

Zeolite+MAL Zeolite loaded 
with Mg-Al-La 
ternary 
hydroxides 
(12.5 wt% 
loading o f La)

80.8 Solution 
concentrations: 
10-100 mg (P)

L“
Zeolite/solution 
ratio: 0.2 g L_ 1; 
Contact time: 6 h; 
Initial solution 
pH: 6.60; 
Temperature:
25 °C;

[65]

Na-X Fly-ash-derived 4.38 Solution This
Cu0.05X zeolite NaX 87.72 concentrations: study

(continued on next page)



T a b le  4 ( continued )

Zeolite Modification Adsor
capaci 
(Langi 
mg g“

modified by ion

tion Adsorption Ref. 
ty parameters 
uir),

1

10-200 mg (PO34-)
exchange with L“  1
Cu2+ ions Zeolite/solution

ratio: 1 g L_ 1;
Contact time:
24 h;
Initial solution
pH: 5.00;
Temperature:
25 °C;

related to the extent o f surface coverage and the activation energy 
and/or desorption rate [7 2 ]. That value was much lower for the Cu0.05X 
zeolite-solution system. Hence, the connection o f phosphate ions onto 
zeolite Cu0.05X seems to be more favored than for zeolite NaX.

3.3.3. The effect o f  adsorbent dose and adsorption temperature
To get more information about the effect o f operating conditions on 

phosphate ions absorption in the investigated systems, additional single
point adsorption experiments were carried out. Table 6 compares the 
effect o f adsorbent dose on phosphate ions adsorption. The graphical 
presentation o f the results is given in Fig. S2. As can be seen, the 
adsorption capacity decreased for both zeolites NaX and Cu0.05X with 
the increased absorbent dose, i.e. from 1 to 3 g I T 1. For zeolite NaX, the 
adsorption capacity decreased in the order o f 4.4, 3.2, and 2.5 mg (P o 4- )

g~1 for adsorbent dose 1, 2, and 3, respectively. Similarly, for zeolite 
Cu0.05X, the adsorption capacity o f the material decreased in the same 
order: 24.6, 22.9, and 17.2 mg (PO3-) g~1, respectively. The increased 
zeolite dose improved the availability o f surface adsorption sites and 
more phosphate ions were transferred into the zeolite matrix, making 
the percentage removal higher. That phenomenon was also reported in 
the literature [7 3 ]. A  significant effect o f zeolite NaX ion exchange with 
copper nitrate on the increase in phosphate ions removal can be 
observed. For the parent zeolite NaX, the increased dose had a weak 
effect on phosphate ions removal, which was 5.4%, 8.1%, and 9.6% for 
doses 1, 2, and 3 g L~1, respectively. In contrast, for zeolite Cu0.05X, the 
dose increased from 1 to 2 g L~1 significantly enhanced the removal o f 
phosphate ions from 32.3% to 58.1%. Increasing the zeolite dose to 
3 g L~1 promoted further increase in the percentage removal o f phos
phate ions to 65.4%, but the rate was much lower than for the zeolite 
dose increased from 1 to 2 g L~1.

As can be found in the literature, the temperature is one o f the key 
factors o f adsorption process, that can affect the performance o f  the 
adsorbent [21,74,75]. Single-point adsorption experiment was 
employed to investigate the effect o f  adsorption temperature on the 
removal o f phosphate ions. Table 6. shows that the temperature increase 
from 25 °C to 40 °C had almost no effect on the adsorption o f phosphate 
ions from the solution for both zeolites NaX and Cu0.05X. After heating 
to 40 ° C, the removal o f phosphate ions decreased slightly from 5.4% to 
5.2% and from 32.3% to 30.9% for zeolites NaX and Cu0.05X, respec
tively. When the adsorption was performed at 18 °C, the removal o f 
phosphate ions was decreased (3.0% and 26.5% for zeolite NaX and 
Cu0.05X, respectively). A  similar observation was also presented by Xu 
et al. [7 6 ]. On the other hand, Goscianska et al. [21] reported that the

Fig. 8. Correlation of adsorption kinetic models (q 1 -  pseudo first order, q2 -  pseudo second order, qBangham -  Bangham model, qElovich -  Elovich model) (a ), and 

Weber-Morris model (b ) with experimental data of phosphate ion adsorption over zeolites NaX and Cu0.05X. The presented data (points) are mean values and 

standard deviation (< 5 % ) from three replicates of the experiment. Cq =  80 mg(PO4-)  L_ 1; T =  25 °C; zeolite/solution ratio =  1 g I _ 1; initial p H =  5.00.



T a b le  5

Adsorption  kinetic parameters.

Model Kinetic parameters Sample

NaX Cu0.05X

Pseudo first order qexp, mg g - 1 5.91 28.82

qeq, mg g~1 9.47 24.25
kj, min- 1 0.074 0.011
R2 0.87 0.97

Pseudo second order qeq, mg g~1 5.91 28.82
k2, g mg- 1 min- 1 181.6^10“  4 8.3^10- 4
R2 1.00 1.00

Bangham a 0.239 0.403

ko, I 2 g~1 1.89^10“  3 3.40^10“  3
R2 0.66 0.80

Elovich a, mg g - 1 min- 1 3.335 2.458

b, g mg- 1 1.252 0.215
R2 0.76 0.96

Weber-Morris ki, mg g - 1 min- 0 5 1.088 3.192
Ci, mg g - 1 -1.081 -3.569
R2 0.97 0.91
ku, mg g- 1 min- 0 5 0.018 0.265
Cii, mg g - 1 5.337 18.950
R2 0.19 0.88

T a b le  6

Effects o f  adsorbent dose and adsorption temperature on adsorption capacity 

and percentage rem oval o f  phosphate ions.

Operating conditions Sample

NaX Cu0.05X

Adsorption capacity, mg (PO4-) g 1 / Removal o f PO4-, %

Adsorbent dose, g L- 1 
1
2

3
Adsorption temperature, 
18 
25 
40

4.1 ±  0.1 / 5.4
3.2 ±  0.1 / 8.1 
2.5 ±  0.1 / 9.6

°C
3.0 ±  0.1 / 4.0
4.1 ±  0.1 / 5.4
4.1 ±  0.1 / 5.1

24.6 ±  0.5 / 32.3 
22.9 ±  0.5 / 58.1
17.2 ±  0.4 / 65.4

21.0 ±  0.4 / 26.5
24.6 ±  0.5 / 32.3
24.3 ±  0.5 / 30.9

Adsorbent dose: T  =  25 °C, t  =  24 h, C0=  80 m g (PO 3-)  L~1, in itial p H =  5.00; 

Adsorption  temperature: adsorbent d o se=  1 g L~1; t  =  24 h, C0=  80 m g (P O 4-) 

L~1, in itial p H =  5.00.

adsorption temperature increase from 25 to 60 °C slightly increased the 
adsorption capacity (by 11%) o f the investigated lanthanum-modified 
zeolites. That behavior was explained by the improved mobility o f 
phosphate ions in the solution and easier access to zeolites active sites. 
Wan et al. [74] observed that with an increase in temperature, cation 
exchange process can be favored, resulting in higher Ca2+ ions con
centration in the solution, which can be also involved in the adsorption 
via precipitation as calcium phosphates. In the case o f zeolites NaX and 
Cu0.05X, the amount o f Ca was lower after adsorption (Table S3). In
crease in phosphate ions removal was observed when the temperature 
was increased from 18 to 25 °C. Lower amount o f calcium in the samples 
after adsorption (at 25 °C -  see Table S3) suggests, that precipitation can 
be involved in adsorption as shown in Eq. (4 ):

Ca2+ +  2H2PO4 =  Ca(H2PO4)2i  (4)

However, further increase in adsorption temperature from 25 to 40 
°C had rather negligible effect on the phosphate ions removal probably 
due to rather its low  amount in the samples. Drop in adsorption capacity 
for samples incubated at 18 °C was probably due to the lower mass 
transfer and/or inhibited release o f Ca2+ ions. Hence, the optimal tem
perature for adsorption o f phosphate ions was found to be 25 °C.

3.4. Leaching test

Leaching tests were performed using zeolites NaX and Cu0.05X to

identify the fraction transferred into the aqueous solution. In order to 
determine the potential application o f the adsorbent, it is important to 
know the migration characteristics o f substances added to the aqueous 
environment. The results obtained were compared with distilled water 
(H 2O) used for the leaching test and are presented in Table S5. It was 
found that the chemical composition o f water was free from common 
contaminants, whose levels were below detection limits. Also, the 
chemical composition o f water leachate after the leaching test for zeo
lites NaX and Cu0.05X showed trace levels o f almost all components. In 
the zeolite NaX leachate, small amounts o f A l (5.99 mg L~1), Fe 
(0.028 mg L~1), Na (11.19 mg L~1), and Si (7.65 mg L~1) were detec
ted. In contrast, for zeolite Cu.0.05X, the composition o f leachate was 
much less diversified. Significantly lower amounts o f all components 
imply greater stability o f the material. Copper was present in the 
leachate o f zeolite Cu0.05X, but its content was very low  (121 ppb). 
Thus, it proves that copper is rather well-bonded with the zeolite 
structure. Some leaching o f alumina and silica occurred for both zeolites 
NaX and Cu0.05X, but their low  values indicate that the zeolite matrix 
was stable [7 7 ]. Furthermore, the matrix o f zeolite Cu0.05X appeared to 
be even more stable than that o f NaX because the leachate composition 
(A l and Si) was much less diversified. Small amounts o f sodium were 
identified in the leachate o f Cu0.05X, whose presence was not confirmed 
in XRF analysis (Table 2), probably due to detection limits. In the case o f 
the zeolite NaX leachate, the presence o f sodium may be due to 
post-synthesis residuals.

3.5. Implication o f  practical application

Summarizing the present study, we would like to highlight some 
important findings. The results o f phosphates ion adsorption using fly- 
ash-derived zeolite X showed that the introduction o f copper by ion 
exchange caused: ( i) the removal o f  alkali and alkali earth metals from 
the zeolite matrix, which led to decrease in the pHpzc o f  the materials; 
(ii) changes in the textural properties o f zeolites -  w ider pores and SBET 
decrease; ( iii) the increase in the adsorption capacity towards the 
removal o f phosphate ions from aqueous solutions. It should be noted 
that all modified zeolites had better adsorption capacities than the 
parent zeolite NaX. The application o f zeolite Cu0.05X in adsorption 
ensured the highest efficiency in removing phosphate ions.

It appears that the production o f zeolites from fly ashes and their 
modification with copper by ion exchange can be an efficient method to 
utilize wastes as raw materials in the preparation o f value-added prod
ucts. Adsorption o f  phosphate ions onto zeolites can also be further 
investigated in terms o f fertilizer production [78,79]. The use o f fertil
izers with the addition o f functionalized materials, such as zeolites 
enriched with phosphate ions, is a fully innovative method o f  rational 
management o f soil resources. Also, the application o f synthetic zeolites 
from fly ash to the soil can negatively affect plant growth and yield as a 
result o f a higher sodium content after alkaline hydrothermal synthesis 
[8 0 ]. Ion exchange with Cu2+ ions, even at low  concentrations, can 
remove Na from the zeolite material. However application o f materials 
containing Cu should be made with cautions. The permissible levels o f 
Cu in soil should not exceed 100 mg kg~1 to allow healthy plant growth 
and avoid contamination o f environment [8 1 ].

Another important possibility o f  using phosphorus-enriched zeolites 
is their application for the regeneration o f spent catalysts [5 9 ]. Much 
attention has been given to improving the stability and chemical resis
tance o f catalysts used for selective catalytic reduction (SCR) o f NOx. 
The presence o f phosphorus has been found to be an efficient strategy to 
protect active sites from, inter alia, poisoning with SO2 [8 2 ]. Low 
phosphorus concentrations used for catalyst regeneration reduce the 
content o f CuO species and inhibit the problem o f side reactions (N H 3 
oxidation) [5 9 ]. On the other hand, Chen et al. [83] proved that the 
resistance o f Cu-SSZ-13 catalyst to sulfur poisoning was reduced with 
the increased phosphorus load. Furthermore, the NO conversion also 
decreased drastically. Therefore, it is important to investigate the effect



o f the physicochemical and structural properties o f the catalysts, the 
methods o f phosphorus incorporation, as well as phosphorus concen
tration on the catalytic activity .

4. Conclusions

This study showed that Cu ion-exchanged zeolites X derived from fly 
ash were efficient adsorbents o f phosphate ions from aqueous solutions. 
The possible adsorption mechanism was estimated through the forma
tion o f copper phosphate based on XPS analysis. The optimization o f 
zeolite X modification concentrated on the influence o f the initial copper 
nitrate solution concentration. The increased concentration o f Cu 
(NO3) 2»3 H2O solution applied for ion exchange noticeably affected 
both the textural and morphological properties o f obtained zeolites. As a 
result, the optimal concentration for the modification o f zeolite X to
wards phosphate ions adsorption was 0.05 M o f Cu(NO3)2»3 H2O solu
tion. Further increase in the concentration o f copper nitrate solution 
above 0.10 M decreased the adsorption capacity due to partial pore 
blockage. After ion exchange with copper nitrate, zeolites exhibited 
lower pHpzc due to removal o f alkali and alkali earth metals. A  strong 
positive correlation was also found between pHpzc and the content o f 
alkali and alkali earth metals in the materials.

The maximum adsorption capacity o f 87.7 mg (PO4-) g ~ 1 was ob
tained for zeolite Cu0.05X. Additionally, the adsorption capacity 
determined for that zeolite was about 2 0  times higher as compared to 
that o f  the parent zeolite NaX. Accordingly, the adsorption properties o f 
Cu ion-exchanged zeolites can be improved. Single-point adsorption 
experiments were conducted to investigate the effects o f adsorbent dose 
and adsorption temperature. As the adsorbent dose increased, the per
centage removal o f phosphate ions also increased, but this change was 
more noticeable for Cu0.05X than for the parent zeolite NaX. As the 
adsorption temperature increased from 18 to 25 °C the adsorption ca
pacity slightly increased, however further increase in the temperature to 
40 °C had almost no effect on phosphate ions removal. The leaching test 
was performed to identify the potential risk o f applying adsorbents. 
Despite trace presence o f alumina, silica, and sodium, zeolites remained 
stable in the aqueous environment. Our study demonstrates a novel, 
environmentally friendly, and also highly efficient adsorbents for 
removal o f phosphate ions from aqueous solutions, which can poten
tially prevent emergence o f eutrophication or be further applied for 
production o f fertilizers.
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