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Abstract
The sorption properties of Na-A-type synthetic zeolite, obtained from fly ash with regard to the phosphate(V) ions, were 
determined. The Na-A zeolite was prepared using hydrothermal conversion of fly ash with aqueous sodium hydroxide. The 
effects of solution pH and zeolite surface modification by ionic polyacrylamide (PAM) were examined. Both anionic and 
cationic forms of PAM were applied. The adsorption and electrokinetic data were obtained by means of spectrophotometric 
measurements, potentiometric titrations and zeta potential determination. It was shown that the presence of ionic polyacryla-
mide adsorption layers modifies the surface properties of the solid. The resulting composite material (zeolite/polymer) can be 
applied for effective removal of phosphate(V) ions from the liquid medium. Its regeneration possibilities are also considerable. 
Additionally, the use of fly ash for zeolite preparation leads to management of hazardous waste material.

Keywords Nanostructured Na-A synthetic zeolite · Fly ash management · Phosphate(v) ions removal · Ionic 
polyacrylamide layer · Electrokinetic properties · Solid surface modification

Introduction

The adsorption process has found numerous applications in 
many industries, mainly in technologies used in environmen-
tal protection. This includes, among others, the removal of 
undesirable organic and inorganic substances present in sew-
ages (Holan and Volesky 1994; Wawrzkiewicz et al. 2015; 

Wiśniewska et al. 2017; Bazan-Wozniak et al. 2017; Gon-
charuk et al. 2019). One of the applications of the adsorption 
process is separation of phosphate ions from wastewaters. 
They are destructive from the environment and contribute 
to the formation of surface water eutrophication (Yang et al. 
2008).

The source of phosphorus in the aquatic environment is 
the organic compounds that are formed as a result of the 
decomposition of organic substances, both of animal and 
plant origin. These are, for example, fructose-6-phosphate, 
glucose-6-phosphate or phospholipids. Another reason for 
the presence of phosphorus in the waters is the arable fields 
enriched with fertilizers containing phosphates as well as 
all plant protection products such as organophosphate pesti-
cides. Nevertheless, municipal wastewaters (domestic deter-
gents, food additives, personal care products) are considered 
to be one of the main reasons for phosphorus presence in the 
aquatic environment (Selman and Greenhalgh 2010).

More and more effective materials for adsorption of 
harmful and toxic impurities have been sought for many 
years. Important criteria are their price as well as the 
method of their synthesis. Recently, zeolites have become 
an important group of adsorbents. Due to the presence of 
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many channels and spaces in their structure, they are char-
acterized by a large specific surface area. As a result, they 
have the ability to adsorb not only heavy metal ions but also 
other substances that are widely recognized as harmful. On 
the other hand, well-developed methods of their synthesis 
control the increasing usage of these solids. One of them 
is an environmental friendly procedure in which the start-
ing material is a by-product of coal combustion, namely fly 
ash (Franus et al. 2014; Bukhari et al. 2015; Bandura et al. 
2016, 2017). Within 1 year, large amounts of this waste sub-
stance are produced, resulting in a destructive impact on the 
environment. This waste material that is toxic and useless is 
processed into a non-toxic product that can be reused. The 
application of fly ash for the synthesis of zeolites is pos-
sible owing to the content of aluminosilicate glaze—i.e., 
elements such as silicon and aluminum, which are necessary 
for the construction of zeolitic structure. It is mainly formed 
by silicon, aluminum, oxygen and metals (especially zinc 
and titanium) atoms. The Si and Al atoms are tetrahedrally 
coordinated with each other through the oxygen atoms. In 
this way, the interlinked tetrahedrons of alumina  (AlO4) and 
silica  (SiO4) create the three dimensional network of inter-
connected pores and tunnels of different sizes in which the 
so-called “zeolite water” is collected.

Phosphorus elimination is a very difficult process and not 
always fully effective. Removal of organic phosphorus from 
wastewaters can be accomplished as a result of destruction 
in the course of chemical oxidation, chemical precipitation 
combined with a coagulation process or anaerobic biodegra-
dation of compounds of organic origin containing phospho-
rus (Bashan et al. 2004; Li et al. 2009; Yang et al. 2010). The 
methods of biological phosphorus removal from wastewaters 
are based on the use of specific activated sludge bacteria (the 
so-called phosphorus bacteria). They are able to accumulate 
phosphorus in the form of polyphosphates in larger amounts 
in relation to their metabolic needs. Another way to remove 
phosphorus from a liquid medium is to use effective adsor-
bents (Bouzid et al. 2008; Liu et al. 2008; Jiang et al. 2013; 
Al-Zboon 2018).

Thus, this paper focuses on application of Na-A synthetic 
zeolite obtained from fly ash for removal of phosphate(V) 
ions from aqueous solution by their adsorption at the 
solid–liquid interface. The effects of zeolite surface modi-
fication by ionic polyacrylamide—PAM (both anionic and 
cationic forms) are examined. PAM is a non-toxic linear 
polymer well soluble in water which is characterized by 
good biodegradability and biocompatibility (Wiśniewska 
2018). Due to the fact that the solution pH influences sig-
nificantly the structure of adsorption layer of ionic poly-
acrylamide, the spectrophotometric and electrokinetic 
measurements were performed in the pH range 3–10. Deter-
mination of the most likely mechanism of interactions in 
the zeolite–PAM–phosphate(V) ions suspension allowed 

the selection of the most effective systems for removing of 
undesirable inorganic anions from the aqueous phase.

Experimental

Materials and their characteristics

The Na-A synthetic zeolite was prepared on a quarter-tech-
nical scale using a prototype installation for the synthesis 
of zeolites from fly ash located at the Lublin University of 
Technology. The applied adsorbent was obtained by the 
hydrothermal conversion of fly ash with aqueous sodium 
hydroxide according to the following reaction:

Fly ash originated from conventional coal combustion. 
The aluminosilicate glaze present in the fly ash is a carrier 
of aluminum and silicon (which are necessary for the zeo-
lite structure building); whereas, sodium atoms came from 
NaOH which was a Na carrier and dissolved the alumino-
silicate phase in fly ash. Control of the reaction parameters 
such as temperature, time, substrate concentration, alumino-
silicate material containing the Na-A zeolite phase and unre-
acted ash residue (consisting mainly of mullite and quartz) 
was achieved (Wdowin et al. 2014).

The textural parameters of Na-A zeolite (determined 
by the BET method, ASAP 2020 analyzer, Micromeritics 
Instrument Corporation) and its elemental composition 
(determined using the XRF technique, Panalytical ED-XRF 
type Epsilon 3 spectrometer) are presented in Table 1. The 
nitrogen adsorption/desorption isotherms were measured at 
liquid nitrogen temperature 77 K (− 194.85 °C) in the rela-
tive pressure p/p0 changing in the range from 1.7·10–7 to 
0.991. Energy-dispersion X-ray fluorescence experiments 
were carried out for elements from Na to Am on an appa-
ratus equipped with an X-ray tube Rh 9 W with energy of 
50 kV.

The Na-A surface without and in the presence of ionic 
polyacrylamide was also observed by SEM microscope 
(Quanta 3D FEG, FEI Company). The surface functional 
groups of zeolite were identified using the Fourier-transform 
infrared spectroscopy (FTIR) using the FTIR spectrom-
eter (Nicolet 8700A, Thermo Scientific). The spectra were 
recorded in the range of 400–4000 cm−1.

The Na-A zeolite was selected for studies due to the 
most favorable values of textural parameters (relation of 
the specific surface area and mean pore diameter) and 
surface acid–base properties for adsorption of high-
molecular-weight ionic polyacrylamide (Wiśniewska 
et al. 2019). The preliminary studies carried out in the 
examined mixed systems adsorbates with the use of other 

(1)Fly ash + NaOH → Na − A zeolite + ash residue
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zeolites (i.e., Na-X, Na-P1 or sodalite) indicated that they 
were much less effective in adsorption process of ionic 
PAM and phosphate(V) ions.

Two samples of ionic polyacrylamide PAM (Korona 
JV)—the anionic (AN PAM) and cationic (CT PAM) 
forms were applied as the adsorbates in the study. They 
differ from each other in the weight average molecular 
weight and ionic groups content—15,500,000 Da and 50% 
for AN PAM, as well as 7,000,000 Da and 80% for CT 
PAM. Besides the nonionic amide groups, the AN PAM 
contains the carboxyl groups; whereas the CT PAM—the 
quaternary amine ones. The latter are the source of nega-
tive and positive charges in the polymer macromolecules. 
The pK values  (pKa for AN PAM and  pKb for CT PAM) 
of both polymers were determined by the potentiomet-
ric titration method (Minczewski and Marczenko 1985). 
Next, the degrees of ionic groups dissociation (α) as a 
function of solution pH were calculated from the Hender-
son–Hasselbalch formula (Cygański 1999):

The obtained results are presented in Table 1.
Phosphate(V) ions, whose source was potassium dihy-

drogen phosphate(V)—KH2PO4 (Sigma-Aldrich), were 
also used as an adsorbate.

(2)� [%] =
100

1 + 10(pKa−pH)
,

(3)� [%] =
100

1 + 10(pH−pKb)
.

Methods

The adsorption measurements were performed at 25 °C 
using the static method with the three polymer concentra-
tions (50, 100 and 200 ppm) at the pH values: 3, 6 and 
10 (± 0.1) using 0.04 g of Na-A zeolite (for 10 cm3 of 
the solution). The pHs of examined systems were con-
stantly checked and maintained on the constant level dur-
ing the adsorption process. The reaction of AN PAM with 
a hyamine proposed by Crummet and Hummel (1963) 
was applied. The solution absorbance (results from white 
color of the solution) was measured after 15 min using 
the UV–VIS spectrophotometer (Carry 1000;Varian) at 
500 nm. In the case of CT PAM, the procedure applying 
acetate buffer, bromine water, sodium formate and starch 
in potassium iodide was used (Scoggins and Miller 1975). 
As a result, the blue complex was formed in the solution. 
Its absorbance was measured after 5 min at 585 nm. To 
determine the phosphate(V) ions concentration, the reac-
tion with ammonum molybdate and tin(II) chloride was 
carried out (Wachowski and Kirszensztejn 1999). The 
resulting solutions were colored blue. After 10 min, a 
spectrophotometric measurement of absorbance was made 
at the wavelength 690 nm.

Before the adsorption experiments the calibration 
curves were prepared (linear dependencies of absorbance 
versus the PAM concentration) for both applied forms 
of polyacrylamide and phosphate(V) ions. The equilib-
rium concentration of each adsorbate in the solution was 

Table 1  Applied adsorbent and 
adsorbates characteristics

Adsorbent: Na-A zeolite Adsorbates

Textural parameters AN PAM
 BET surface area  [m2/g] 74.16  pKa 3.6
 Micropore area  [m2/g] 47.24  Molecular weight [Da] 15,500,000
 Pore volume  [cm3/g] 0.136  Ionic groups content [%] 50
 Micropore volume  [cm3/g] 0.024  Dissociation degree [%]
 Mean pore diameter [nm] 7.33   pH 3 20.1

Elemental composition [%]   pH 6 99.6
 Na2O 3.225   pH 10 99.9
 MgO 2.022 CT PAM
 Al2O3 26.234  pKb 9.9
 SiO2 51.177  Molecular weight [Da] 7,000,000
 P2O5 0.216  Ionic groups content [%] 80
 K2O 2.326  Dissociation degree [%]
 CaO 3.812   pH 3 99.9
 TiO2 1.412   pH 6 99.9
 MnO 0.105   pH 10 48.2
 Fe2O3 8.987 Phosphate(V) ions
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determined from the difference in concentrations before 
and after its adsorption process on the zeolite surface.

The desorption tests were performed in the systems 
of single and mixed adsorbates at pH 6 at polymer and 
phosphate(V) ions initial concentrations equal to 100 ppm. 
As desorbing agents HCl and NaOH solutions with concen-
tration 0.05 mol/dm3 were used.

The surface charge density (σ0) and zeta potential (ζ) as 
a function of solution pH (Wiśniewska et al. 2019) were 
determined at 25 °C in the following systems:

• Zeolite/water,
• Zeolite/AN PAM/water,
• Zeolite/CT PAM/water,
• Zeolite/phosphate(V) ions/water,
• Zeolite/AN PAM/ phosphate(V) ions/water,
• Zeolite/CT PAM/ phosphate(V) ions/water.

The potentiometric titration method was applied for deter-
mination of σ0 value and point of zero charge (pzc) of the 
examined solid (Janusz 1994). The potentiometric titrations 
of zeolite suspensions without and with adsorbates (with the 
concentrations of 100 ppm) were performed within the pH 
range 3–11 in the thermostated Teflon vessel using 0.17 g of 
the zeolite (for 50 cm3 of the solution). The measuring set 
was composed of the following parts: burette Dosimat 665 
(Methrom), thermostat RE204 (Lauda), pH-meter 71 (Beck-
man), computer and printer. The solid surface charge density 
was calculated with the special program Titr_v3 (authored 
by W. Janusz).

The electrophoretic mobility (Ue) of the examined zeolite 
suspensions was measured in the pH range 3–11 in the sys-
tems (containing 0.07 g of the solid for 100 cm3 of the solu-
tion) without and with adsorbates (with the concentrations of 
100 ppm) using Zetasizer Nano ZS (Malvern Instruments). 
Electrophoretic mobility of solid particles dispersed in the 
liquid medium was measured using the dip cell (five repeti-
tions of measurements for each sample). The zeta potential 
(ζ) was calculated with the special computer program using 
the Henry equation (Hunter 1981). The isoelectric point 
(iep) of Na-A zeolite was also determined.

Results and discussion

The synthetic Na-A zeolite is a mesoporous material with 
a pore size of approx. 7.3 nm. It has a developed specific 
surface area of approx. 74.2 m2/g (Table 1). In addition, the 
analysis of the elemental composition of this aluminosilicate 
shows that the  SiO2 content in its structure is almost 51.2%, 
 Al2O3—26.23%, whereas  Na2O—3.22%. Among the other 
elements,  Fe2O3—8.99%, MgO—2.02%,  TiO2—1.41%, 
as well as CaO—3.81% and  K2O—2.33%, whose ions 

neutralize the negative charge of the zeolite network, are 
most commonly represented. The content of other elements 
 (Cr2O3,  Co3O4, NiO, CuO, ZnO, SrO,  ZrO2,  Ag2O, BaO, 
PbO, MnO) is below 0.1%.

The results of FTIR analysis of Na-A zeolite are pre-
sented in Fig. 1. The bands observed in the spectrum were 
as follows:

• 3340 cm−1 ascribed to the stretching of O–H groups 
arranged in hydrogen bonds formation,

• 1648 cm−1—the bending of  H2O molecules in the zeolite 
voids,

• 975 cm−1—the anti-symmetric Si–O–Al stretching of 
T–O bonds (where T is the tetrahedrally bonded Si or 
Al),

• 705 cm−1—the symmetric T–O–T stretching,
• 545 cm−1—the symmetric T–O–T stretching of double 

six membered rings,
• 450 cm−1—the symmetric T–O bending (Zainal Abidin 

et al. 2017).

Analogous bands were also noted by other researchers 
(Ng et al. 2009; Abu-Zied 2011).

The adsorption affinity of the adsorbates with ionic char-
acter depends largely on the electrostatic conditions in the 
system, i.e., the sign and density of zeolite surface charge 
(σ0). Figure 2 shows the changes in the values of this param-
eter as a function of the solution pH for the Na-A samples 
dispersed in water and aqueous solutions of AN PAM, CT 
PAM, phosphate(V) ions, as well as mixed solutions of 
both adsorbates, i.e., AN PAM + phosphate(V) ions and CT 
PAM + phosphate(V) ions. The analysis of these curves indi-
cated that the point of zero charge (pzc) of synthetic alumi-
nosilicate is at pH of about 10 (Wiśniewska et al. 2019). This 
means that in a solution of pH 10, the zeolite has the surface 
charge equal to zero (the concentrations of the positively and 
negatively charged surface groups are the same). Thus, at pH 
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Fig. 1  FTIR spectrum of Na-A zeolite
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3 and 6, at which adsorption measurements were also made, 
the surface charge of the solid assumes positive values.

The presence of phosphate(V) ions in the system causes 
a decrease in the zeolite surface charge density as well as 
the shift of the  pHpzc point towards lower pH values, i.e., 
to about pH 9.3. Adsorption of simple monovalent anions 
usually results in an increase in the surface charge, which 
is a result of creation of an additional number of positively 
charged surface groups with which negatively charged ions 
interact directly (Skwarek et al. 2014). In the case of adsorp-
tion of trivalent phosphate(V) ions, the majority of their 
negative charge is accumulated in the by-surface layer of 
the solution, which results in a decrease in the σ0 value of 
Na-A zeolite.

In the case of the anionic PAM addition, there is an 
increase in the σ0 value of the solid (Fig. 2a); whereas for 
the cationic form of polyacrylamide, there is a significant 
decrease in the σ0 value (Fig. 2b). This is due to the above-
mentioned effect of creating an additional number of surface 
adsorption sites with the specific charge sign—adsorption of 
negatively charged macromolecules "forces" the creation of 
surface groups with a positive charge; whereas binding the 

positively charged polymer chains—the formation of active 
sites with a negative charge. The mechanism of this process 
can be presented by the following equations (Wiśniewska 
et al. 2016):

The ≡ Si(Al) − OH represents the solid surface groups.
In the mixed adsorbate systems containing ionic poly-

acrylamide and phosphate(V) ions, the largest difference 
in the surface charge density in comparison to the aqueous 
suspension of zeolite was obtained. In such a situation, com-
plexes between the polymer macromolecules and inorganic 
ions are formed. As a result, the conformation of adsorbing 
polymer chains was changed leading to the specific struc-
ture of the surface adsorption layer. The mechanism of these 
complexes creation can have electrostatic nature (interac-
tions of positively charged CT PAM functional groups with 
phosphate(V) anions) or the hydrogen bonds between the 
neutral PAM amide groups and phosphate(V) ions (particu-
larly important in the case of anionic polyacrylamide) can 
be formed.

The ionic composition of the surface layer, which affects 
the sign and density of the surface charge, may differ sig-
nificantly from that of the slipping plane area which is part 
of electrical double layer (edl) and is located at a certain 
distance from the solid surface. The parameter that refers 
to the slipping plane area is the zeta (ζ) potential. Figure 3 
shows the changes in the ζ potential values as a function of 
the solution pH for the Na-A samples dispersed in water 
and aqueous solutions of AN PAM, CT PAM, phosphate(V) 
ions, as well as mixed solutions of both adsorbates, i.e., AN 
PAM + phosphate(V) ions and CT PAM + phosphate(V) 
ions. The isoelectric point (iep) for aluminosilicate without 
adsorbates occurs at pH of about 5 and is significantly dif-
ferent from the  pHpzc point which is about 10. At pH equal 
to  pHiep, the charge accumulated in the slipping plane area 
is zero which indicates that the concentrations of negatively 
and positively charged functional groups and ions are the 
same.

In the presence of phosphate(V) ions in the aqueous 
zeolite suspension, there is a clear increase of the absolute 
values of zeta potential of solid particles in the whole range 
of studied pH (compared to the system without the poly-
mer). On the other hand, the addition of ionic PAM results 
in a rapid increase in the absolute values of ζ potential 
value (Fig. 3). In the case of CT PAM, the ζ potential value 
reaches even 60 mV. This is primarily due to the presence of 
the adsorbate molecules containing functional groups with 
electric charge which are located in the area of the slipping 

(4)
≡ Si(Al) − OH + AN PAM− + H+

→≡ Si(Al) − OH+
2
AN PAM−,

(5)
≡ Si(Al) − OH + CT PAM+

→≡ Si(Al) − O−CT PAM+ + H+.

(a) 

(b) 
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plane and affect the value of the electrokinetic potential. 
In the mixed adsorbate systems [ionic polymer + phosphate 
ions(V)], the greatest changes in the zeta potential in com-
parison to the basic zeolite suspension were obtained (simi-
larly to those in the surface charge density).

Changes in the zeta potential caused by adsorption of 
macromolecular substances and their complexes with inor-
ganic ions are very complex and are the result of many phe-
nomena occurring at the solid–solution interface (M’Pandou 
and Siffert 1987; Chibowski and Wiśniewska 2001). This 
is mainly shift of the slipping plane from the surface of the 
solid particle caused by the binding of macromolecules of 
significant sizes. Secondly, the presence of charged poly-
mer functional groups and phosphate(V) ions on the border 
separating the stiff part of the double electrical layer from 
its moving part results in a change in the ionic composition 
of this area. This ionic composition can be also modified as 
a result of "pushing out" from the surface layer of simple 
ions present in the zeolite surface structure by adsorbing the 
PAM chains and the PAM–phosphate(V) ions complexes 
towards the diffusion part of edl.

The determined electrokinetic parameters (solid sur-
face charge density and zeta potential) are extremely 
helpful in explaining the adsorption affinity (expressed 
in the adsorbed amount Γ) of the ionic polymer and 
phosphate(V) ions on the Na-A zeolite surface in simple 
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and mixed adsorbate systems. Figure 4 presents the results 
of adsorption measurements performed from the single 
adsorbate solutions (AN PAM, CT PAM and phosphate(V) 
ions).

For all examined initial concentrations of the polymer, 
both in the case of anionic and cationic forms of polyacryla-
mide (Fig. 4 a) and b)), their adsorption increases evidently 
in the pH range 3–6; whereas at pH 10, a decrease of Γ value 
is observed (compared to that obtained at pH 6). Thus, the 
greatest amount of adsorbed PAM was obtained at pH 6, 
regardless of its ionic character, which seems to be very sur-
prising. Moreover, the cationic polyacrylamide is adsorbed 
more efficiently on the zeolite surface than the anionic poly-
acrylamide. Both polymers show practically 100% dissocia-
tion of their functional groups at pH 6 and for this reason, 
the conformation of their macromolecules is more developed 
(the electrostatic repulsion of the same charges accumulated 
along the polymeric chains). Therefore, the mechanism of 
interactions of AN PAM macromolecules with a positively 
charged zeolite surface at pH 6 is, therefore, electrostatic 
attraction. On the other hand, in the case of CT PAM, poly-
mer binding takes place probably by exchanging inorganic 
cations present in the zeolite surface structure with the poly-
mer cationic groups. This is so effective that it provides a 
greater amount of adsorbed CT PAM compared to AN PAM. 
Additionally, the PAM molecular weight has some influence 
on the polymeric chain conformation on the solid surface. 
Due to electrostatic attraction of totally dissociated AN PAM 
with positively charged solid surface at pH 6, the conforma-
tion of adsorbed macromolecules is rather flat. This caused 
the blockade of solid surface and its unavailability for other 
molecules. AN PAM is characterized by above two times 
higher molecular weight (15,500,000 Da) in comparison 
to CT PAM (7,000,000 Da); thus, this effect is significant 
(the AN PAM adsorbed amount at pH 6 reaches level of 
about 0.02 mg/m2). On the other hand, the conformation 
of adsorbed CT PAM macromolecules is more developed 
towards the bulk solution (due to electrostatic repulsion 
between adsorbent and adsorbate—both positively charged). 
As a result, the higher adsorption is obtained (the CT PAM 
adsorbed amount at pH 6 reaches level of about 0.033 mg/
m2).

Partial dissociation of the polyacrylamide ionic groups 
occurs at pH 3 for its anionic form and at pH 10 for its 
cationic form (Table 1). This results in a lower degree of 
development of adsorbing polymer chains and lower adsorp-
tion affinity of AN PAM at pH 3 and CT PAM at pH 10 
(compared to the adsorbed amounts obtained at pH 6).

The SEM images of Na-A zeolite particles without and 
with ionic polyacrylamides are presented in Fig. 5. All 
samples were prepared at pH 6. As can be seen, the CT 
PAM shows high aggregation ability in relation to solid 

Fig.5  SEM images of Na-A zeolite particles: a without PAM, b with 
AN PAM, c with CT PAM
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particles (Fig. 5c). As was mentioned above, its adsorption 
layer is characterized by significant development of PAM 
chains towards the liquid phase and for this reason the 
creation of polymer bridges is greatly privileged (flocks 
with large sizes are formed). In the presence of AN PAM 
small aggregates are formed at pH 6 (Fig. 5b). The mecha-
nism of slight destabilization of the zeolite suspension in 
such a system is associated with the solid positive surface 
charge neutralization by flat adsorbed chains endowed with 
negative charge.

A completely different tendency was observed for 
phosphate(V) ions undergoing adsorption on the surface 
of Na-A zeolite in the solutions of different pH values 
(Fig. 4c). For all examined concentrations of these ions, a 
clear decrease in the adsorbed amount was obtained with 
the increasing solution pH. This is caused by the decrease 
of the density of the zeolite positive surface charge in the pH 
range 3–10 and, thus, the reduction of electrostatic attraction 
between the solid surface and inorganic anions. Moreover, 
in the case of phosphate(V) ions, a significantly higher level 
of their adsorption at the aluminosilicate–solution interface 
was obtained than in the presence of the polymer. This is 
probably due to the penetration of these ions into the zeolite 
mesopores with an average size of approx. 7.3 nm which is 
impossible in the case of large polyacrylamide macromol-
ecules (Wiśniewska et al. 2014, 2015).

The results of adsorption measurements performed in the 
pH 3–10 range in the systems containing mixed adsorbates 
are presented in Fig. 6 [for AN PAM + phosphate(V) ions] 
and in Fig. 7 [for CT PAM + phosphate(V) ions]. 

The zeolite composites prepared with the use of ani-
onic polymers have a different effect on the “capture” of 
phosphate(V) ions from an aqueous solution depending 
on the solution pH (Fig. 5). The AN PAM-modified zeo-
lite systems prepared at pH 3 adsorbed inorganic ions less 
effectively compared to the solid unmodified with the ani-
onic polymer. On the other hand, at pH 6 the modification 
did not have a significant impact on the amount of bound 
inorganic ions, whereas at pH 10 the adsorbed amount of 
these ions clearly increased. In the case of AN PAM–zeolite 
composites, their effectiveness in removal of phosphate(V) 
ions from aqueous solutions results from the structure of 
the polymer adsorption layer. On one hand this determines 
the access of small inorganic ions to the solid pores; and on 
the other hand, their access to the amide groups of adsorbed 
macromolecules [formation of hydrogen bonds (Bajpai 
2007)].

The increase in the amount of adsorbed phosphate(V) 
ions on the zeolite surface covered with the cationic poly-
acrylamide layer is due primarily to the capture of these 
ions by the positively charged amine groups of CT PAM 

(Fig. 6). The conformation of adsorbed macromolecules is 
also important, because it affects the thickness and packing 
degree of the polymeric surface layer. It influences the avail-
ability of the inner surface of zeolites, i.e., the possibility of 
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Fig. 6  Adsorbed amounts (Γ) of phosphate(V) ions on the surface 
Na-A zeolite previously covered with AN PAM layer (with an initial 
concentration of 100 ppm) for initial concentrations of inorganic ions 
of 50, 100 and 200 ppm obtained at: a pH 3, b pH 6, c pH 10
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penetration into the pores of “small” inorganic ions—the 
adsorbed polymer chains with a specific structure can block 
the entry of solid pores (Fig. 7).

The desorption tests (Table 2) indicated that in the case 
of AN PAM its removal from the solid surface is caused 
by HCl more effectively (74%) than by NaOH (57%). This 
proved that small  Cl− anions were preferably bounded with 
the zeolite surface in comparison to carboxyl groups of 
AN PAM. Similarly, in the case of CT PAM the sodium 
chloride desorbed cationic polymer macromolecules in 
large quantities (89%). In turn, the effective desorption 
(79%) of the phosphate(V) ions was caused by NaOH. In 
the mixed adsorbate systems, the presence of ionic poly-
acrylamide adsorption layers favored the desorption of 
phosphate(V) ions—in all examined systems, it reaches 
levels above 90%.

Conclusions

The obtained results show that the synthetic zeolite Na-A 
(obtained from the waste material such as fly ash) can 
be useful in the process of removing phosphate(V) ions 
from aqueous solutions. The modification of its surface by 
adsorption of ionic polyacrylamide carried out under dif-
ferent pH conditions causes a change in the electrokinetic 
properties of the system which affects the efficiency of 
phosphate(V) ions binding by this synthetic aluminosili-
cate. In the whole examined pH range, there are favorable 
electrostatic conditions for adsorption of the anionic PAM 
and phosphate(V) ions on the positively charged surface of 
the zeolite. In the case of the cationic PAM adsorption on 
the aluminosilicate surface, the exchange of simple cations 
present in the surface structure of zeolite with a positively 
charged polymer amino group probably takes place. Modi-
fication of the synthetic zeolite Na-A with an ionic poly-
acrylamide results in change in the adsorption affinity of 
the formed composite in relation to the phosphate(V) ions. 
The Na-A/ionic PAM composites prepared under specific 
pH conditions (particularly at pH 10) exhibit better sorp-
tion capacity with respect to phosphate(V) ions compared 
to the unmodified zeolite. In the mixed adsorbate systems, 
the presence of ionic polyacrylamide favors the significant 
desorption (above 90%) of phosphate(V) ions by the use 
of HCl and NaOH.
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Fig. 7  Adsorbed amounts (Γ) of phosphate(V) ions on the surface 
Na-A zeolite previously covered with CT PAM layer (with an initial 
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