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Abstract
The structure of poly(vinyl alcohol)—PVA layers adsorbed on the synthetic zeolites surfaces was determined. Three zeo-
lites: sodalite, Na-P1 and Na-A were obtained using hydrothermal conversion of fly ash with aqueous sodium hydroxide. 
The effects of solution pH and zeolite type on the adsorption mechanism of the polymer were examined. The analysis of the 
results obtained by means of spectrophotometric and microelectrophoretic measurements as well as potentiometric titra-
tions enabled description of interfacial behaviour of adsorbed macromolecules. It was shown that the presence of poly(vinyl 
alcohol) layers modifies the surface properties of applied zeolites. The evidence of this are changes in the surface charge 
density and zeta potential of solid particles observed in the polymer presence. Moreover the PVA chains exhibit different 
adsorption affinity for the examined zeolites depending mainly on the mean pore size of these aluminosilicates which is very 
important for penetration of internal zeolite structure by polymeric macromolecules.

Keywords Synthetic zeolite · Poly(vinyl alcohol) adsorption · Sodalite · Electrokinetic properties · Electrical double layer · 
Surface properties modification

1 Introduction

The basic criterion for the classification of adsorbents is 
their specific surface, precisely their size and structure. 
There are porous and non-porous adsorbents. Porous adsor-
bents are characterized by better sorption properties due 
to the relatively well-developed surface area of up to hun-
dreds or thousands of  m2/g, and consequently, they have 
great sorption capacity and high adsorption efficiency. The 
main representatives of this group are silica gels, activated 

carbons, aluminum oxides and zeolites which are widely 
applied in various branches of industry.

Zeolites have a porous structure that can accommodate 
a wide variety of cations. They have a crystalline structure 
and mainly consist of silicon, aluminium, oxygen and metals 
such as zinc and titanium. The silicon and aluminium atoms 
are tetrahedrally coordinated with each other through the 
shared oxygen atoms so aluminosilicate minerals are made 
of interlinked tetrahedrons of alumina  (AlO4) and silica 
 (SiO4). These three dimensional microporous solids have a 
well-developed network of interconnected pores and tunnels 
of different sizes which can be filled with the so-called “zeo-
lite water”. In addition, besides water molecules alkali metal 
cations are present in the network of channels. The cations 
are loosely held and can be exchanged for others in a contact 
solution. As a result, zeolites exhibit ion exchange capac-
ity, i.e. they can adsorb specific ions and molecules. They 
are characterized by sorption properties and can be used as 
molecular sieves. Zeolites have the ability to sort molecules 
selectively based on a size exclusion process. This is due to 
a very regular pore structure of molecular dimension (Panek 
et al. 2017; Woszczuk and Franus 2017; Bandura et al. 2017; 
Franus et al. 2015).
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The cage-like structure of zeolites makes them useful 
in all sorts of ways. One of the greatest everyday uses of 
zeolites is in water softeners and water filters. In the ion-
exchange process zeolites release sodium ions trapping the 
calcium and magnesium ones. Zeolites are widely used as fil-
ters in domestic and commercial water purification. In chem-
istry they employed to separate molecules of specific sizes 
and accommodate them so they can be analysed. Zeolites are 
also popular ingredients of detergents, washing powders and 
toothpastes. The other application of zeolites is as catalysts 
because their internal structure and adjustable acidity make 
them highly active in a large variety of reactions such as 
cracking or hydrocracking. Synthetic zeolites are employed 
as the additive in the production of warm mixed asphalt con-
crete. The porous crystalline structure is helpful by trapping 
molecules, for example radioactive particles from nuclear 
wastes, toxic heavy metals and odour molecules. This type 
of adsorbents can be used as an additive for soil treatment 
due to their hydroscopic properties. It provides a source of 
slowly released potassium or nitrogen. Zeolites can also act 
as water moderators in which they will absorb water and 
slowly release it according to the plant demand. In medicine 
zeolites can be used in production of surgery materials and 
tools. This type of adsorbents can accommodate silver ions 
of antiseptic and antibacterial properties (Derkowski et al. 
2006; Querol et al. 2002; Franus and Wdowin 2010, 2011; 
Kyziol-Komosińska et al. 2015; Sprynskyy et al. 2005; Ban-
dura et al. 2017; Chałupnik et al. 2013; Wdowin et al. 2012; 
Franczyk and Garbulewski 2013).

Zeolites occur naturally, however, they are fabricated 
commercially on a huge scale (Kunecki et al. 2017; Woszc-
zuk and Franus 2017; Franus et al. 2014, 2015; Bandura 
et al. 2016). Synthetic zeolites are manufactured by heat-
ing the aqueous solution of alumina and silica with sodium 
hydroxide (so-called hydrothermal method of zeolites syn-
thesis). Owning to this method it is possible to produce 
structures that do not appear in nature. Moreover, the natu-
ral zeolites exhibit worse sorption and catalytic properties 
than the synthetic ones. Nevertheless, there are methods 
for modifying zeolites which enchance their ion exchange, 
sorption capacity and as a result, a more selective sorbent is 
obtained (Zhang et al. 2015; Musyoka et al. 2014; Bukhari 
et al. 2015; Bandura et al. 2017).

Thus the main aim of this paper was modification of the 
surface area of the synthetic zeolites by the adsorption of 
poly(vinyl alcohol) which contributes to changes in their 
electrokinetic and surface properties. The effects of solu-
tion pH and internal structure of the zeolites were also 
studied. Using spectrophotometry, potentiometric titration 
and microelectrophoresis methods the adsorption and elec-
trokinetic properties of the synthetic zeolties—PVA sys-
tems were examined. Additionally, the examined zeolites 
(sodalite, Na-P1 and Na-A) were obtained from fly ash, 

originating from conventional coal combustion. In this way, 
the hazardous waste material has been transformed into an 
effective sorbent which can be re-used for various practical 
applications.

2  Experimental

2.1  Materials and their characteristics

The samples of three synthetic zeolites (sodalite, Na-P1 and 
Na-A) were prepared on a quarter-technical scale using a 
prototype installation for the synthesis of zeolites from fly 
ash located at the Lublin University of Technology. All zeo-
lites were 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 aluminium and silicon, i.e. the elements necessary for the 
zeolite structure building. On the other hand, Na came from 
sodium hydroxide which was a sodium carrier and dissolved 
the aluminosilicate phase in fly ash.

Using appropriate reaction parameters such as tempera-
ture, time, substrate concentration, zeolite materials con-
taining the zeolite phases: sodalite, Na-P1 and Na-A as well 
as unreacted ash residue (consisting mainly of mullite and 
quartz) were obtained (Wdowin et al. 2014).

Textural parameters of the examined zeolites were deter-
mined by the BET method (ASAP 2020 analyzer, Micromer-
itics Instrument Corporation). The adsorption/desorption 
isotherms of nitrogen vapour were measured at the temper-
ature of liquid nitrogen (77 K) for the relative pressures p/
p0 changing from 1.7·10−7 to 0.991. Elemental composition 
of zeolites was determined using the XRF technique (Pana-
lytical ED-XRF type Epsilon 3 spectrometer). These studies 
were performed in the Na-Am range using the apparatus 
equipped with the RTG tube Rh 9W (X-ray energy 50 kV). 
Moreover, the SEM imaging (FEI Quanta 250 FEG) was 
used for the determination of surface morphology of the 
examined zeolites.

Poly(vinyl alcohol)—PVA with the molecular weight 
of 100,000 Da and the hydrolysis degree 86% was used 
for modification of zeolite surface properties. Besides the 
hydroxyl groups (of nonionic character) this macromolecular 
compound contains 14% of the acetate ones (residue after 
incomplete hydrolysis of polyvinyl acetate). These groups 
are the source of negative charge of polymeric chains 

(1)flyash + NaOH

time

→

temperature

zeolite + ashresidue
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(Wiśniewska et al. 2016). The mechanism of this charge 
creation is as follows:

Additionally, the zeta potential measurements (Zeta-
sizer Nano ZS, Malvern Instruments) performed for PVA 
solution of the concentration 100 ppm within the pH range 
3–9 proved that poly(vinyl alcohol) macromolecules are 
endowed with the slight negative charge (Table 1).

The adsorption measurements were performed at 25 °C 
using the static method. For this purpose 1 g of the solid 
was introduced to 10 mL of each sample of polymer solu-
tion. These samples differed in the initial concentrations 
(50, 70, 100 or 200 ppm) and pH values (3, 6 or 9 ± 0.1). 
The adsorption process was conducted out under the condi-
tions of continuous shaking (water bath OLS 200, Grant) 
for 24 h. After this time the solids were centrifuged using a 
microcentrifuge (MPW Med. Instruments). The clear poly-
mer solutions were subjected to further analysis of polymer 
concentration. The difference between the PVA concentra-
tions in the solutions before and after the adsorption process 
was used for the polymer adsorbed amount calculation. The 
PVA reaction with  H3BO3 and  I2 solutions (Zwick 1965) was 
applied for poly(vinyl alcohol) concentration determination 
and calibration curve preparation. As a result, green colour 
of polymeric solution with different intensities (depending 
on the PVA concentration) was obtained. The correspond-
ing absorbance was measured spectrophotometrically at the 
wavelength 682 nm (UV/VIS spectrophotometer Cary 100, 
Varian).

The surface charge density (σ0) as a function of solu-
tion pH and point of zero charge (pzc) of the examined 
zeolites were determined applying the potentiometric titra-
tion method (Janusz 1994). The potentiometric titrations of 
zeolite suspensions without and with PVA (with the con-
centration of 100 ppm) were performed in the thermostated 
Teflon vessel using the following mass of the solids: sodalite 

HC CH2 CH CH2

OH O
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− 0.41 g, Na-P1 − 0.25 g and Na-A − 0.17 g. The measuring 
set was composed of the following parts: burette Dosimat 

665 (Methrom), thermostat RE204 (Lauda), pH meter 71 
(Beckman), computer and printer. The solid surface charge 
density was calculated with the special program Titr_v3 
(authored by W. Janusz) using the following equation:

where ΔV—the difference in the base volume added to the 
suspension and the reference solution that leads to the spe-
cific pH value, c—the base concentration, F—the Faraday 
constant, m—the solid mass in the suspension, S—the solid 
surface area.

The examined systems were titrated by the NaOH solu-
tion with the concentration of 0.1 mol/L. At the beginning 
the reference curve was obtained (for water without zeolite).

The electrophoretic mobility  (Ue) of the examined zeolite 
suspensions was measured in the systems without and with 
PVA (with the concentration of 100 ppm) using Zetasizer 
Nano ZS (Malvern Instruments). The suspensions were pre-
pared adding 0.01 g of the solid to 150 mL of the water or 
polymer solution. After the suspension sonication (ultra-
sonicator XL 2020, Misonix), the solution was divided into 
7 parts, each of 20 mL volume. Then the appropriate pH 
value (3, 4, 5, 6, 7, 8 and 9 ± 0.1) was adjusted using a pH-
meter (Beckman Instruments). Electrophoretic mobility of 
solid particles dispersed in the liquid medium was measured 
using the dip cell (five repetitions of measurements for each 
sample) (Gun’ko et al. 2003). The zeta potential (ζ) was cal-
culated with the special computer program using the Henry 
equation (Hunter 1981):

where ε—the dielectric constant, ε0—the electric permeabil-
ity of vacuum, η—the viscosity of liquid medium, f(κa)—the 
Henry function.

3  Results and discussion

The textural and elemental composition characteristics 
of the examined zeolites is presented in Table 2. As can 
be seen Na-A zeolite possesses the largest BET surface 
area has (about 74.2 m2/g). In the case of this solid the 

(3)�
0
=

�V ⋅ c ⋅ F

m ⋅ S

(4)Ue =
2�

0
��

3�
f (�a)

Table 1  Zeta potential of PVA 
macromolecules in aqueous 
solution at different solution pH 
values;  CPVA 100 ppm

pH value Zeta potential [mV]

3 − 0.662
4 − 2.552
5 − 3.975
6 − 4.123
7 − 4.465
8 − 4.625
9 − 4.767
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micropore area is also the largest (about 47.2  m2/g). 
Moreover, the mean pore diameter is the lowest for Na-A 
zeolite (about 7.3 nm) of all applied solids. On the other 
hand, sodalite is characterized by the largest mean pore 
diameter (17.5 nm). The pore size is very important for 
adsorption of large macromolecules such as poly(vinyl 
alcohol) chains due to limited possibilities of their pen-
etration into the solid internal structure. Such mechanism 
is highly probable because the radius of gyration for PVA 
molecules with weight average molecular weight equal to 
100,000 Da is about 15 nm (Nagy 2004). Analyzing the 
elemental composition of the applied zeolites, it should be 
noted that Na-A zeolite has the highest Si/Al ratio. On the 
other hand, sodalite contains in their structure the great-
est amount of  Na+ and  K+ exchangeable cations. In turn, 
Na-P1 zeolite is characterized by the greatest content of 
 Fe2O3 of all examined solids. The SEM images of zeolites 
are presented in Fig. 1. The Na-A zeolite particles form 
aggregates of large sizes. In the case of sodalite and Na-P1 
these structures are significantly smaller.

The solid surface charge density (σ0) changes as a func-
tion of solution pH for all examined zeolites without and with 
adsorbed poly(vinyl alcohol) are shown in Fig. 2. These results 
enable determination of pH values corresponding to the points 
of zero charge (pzc) of the studied systems. The  pHpzc values 
of the used aluminosilicates without the polymer are as fol-
lows: for sodalite − 10.65, for Na-P1 zeolite − 10.85 and for 
Na-A zeolite − 10.5. This indicates that in the pH range below 
 pHpzc the zeolite surface is endowed with a positive charge 
(reaching the maximum value of about 15 µC/cm2). There-
fore in the whole range of pH (3–9), within which the PVA 

Table 2  Applied zeolites characteristics

Sodalite Na-P1 Na-A

Textural parameters
 BET surface area  [m2/g] 53.64 47.1 74.16
 Micropore area  [m2/g] 28.73 8.39 47.24
 Pore volume  [cm3/g] 0.234 0.105 0.136
 Micropore volume  [cm3/g] 0.013 0.004 0.024
 Mean pore diameter [nm] 17.5 8.95 7.33

Elemental composition [%]
 Na2O 14.072 4.573 3.225
 MgO 2.341 1.616 2.022
 Al2O3 24.089 29.663 26.234
 SiO2 40.377 46.918 51.177
 P2O5 0.08 0.279 0.216
 SO3 0.063 0.037 0.041
 K2O 4.14 0.77 2.326
 CaO 0.091 3.118 3.812
 TiO2 4.198 1.968 1.412
 Cr2O3 1.397 0.052 0.049
 MnO 0.047 0.07 0.105
 Fe2O3 0.104 10.287 8.987
 Co3O4 8.668 0.065 0.052
 NiO 0.05 0.04 0.028
 CuO 0.028 0.031 0.022
 ZnO 0.019 0.03 0.028
 SrO 0.023 0.204 0.014
 ZrO2 0.077 0.081 0.067
 Ag2O 0.032 0.096 0.037
 BaO 0.056 0.089 0.074
 PbO 0.04 ppm 0.014 0.054

Fig. 1  SEM images of zeolites: a sodalite, b Na-P1, c Na-A



571Adsorption (2019) 25:567–574 

1 3

adsorption was performed, there were favourable electrostatic 
conditions for binding of negatively charged PVA macromol-
ecules on the positively charged zeolite surface.

The presence of the PVA adsorption layer causes a slight 
increase of the zeolite surface charge density and the incon-
siderable shift of  pHpzc position towards higher pH values. 
Undoubtedly, this is connected with the fact that the direct 
binding of negatively charged polymer segments with the 
solid active sites causes creation of an additional number of 
positively charged hydroxyl groups on the zeolite surface. The 
mechanism of this process can be represented by the schematic 
equation:

(5)≡ Si(Al) − OH + PVA− + H+
→≡ Si(Al) − OH+

2
PVA−

The ≡ Si(Al) − OH represents the solid surface groups 
and PVA−—the negatively charged polymer chains contain-
ing 14% of ionisable acetate groups.

Similar behaviour is typically observed for the aque-
ous suspensions of metal oxides in the presence of simple 
anions, molecules of dyes and surfactants of the anionic 
character (Skwarek et al. 2014; Wawrzkiewicz et al. 2015; 
Wiśniewska et al. 2018a). In the case of anionic polymers 
containing negatively charged groups connected with each 
segment in the macromolecule [e.g. poly(acrylic acid)], a 
significant decrease of the solid surface charge density in 
the polymer presence in comparison to the system without 
the macromolecular compound was observed (Chibowski 
and Wiśniewska 2001; Chibowski et al. 2010; Wiśniewska 
et al. 2017). In such a case the negative charges coming 
from numerous polymer functional groups accumulated in 
the by-surface layer of the solution and belonging to the 
adsorbed macromolecules were responsible for such inter-
facial behaviour.

The value of positive surface charge of zeolites at the 
specific pH values decides about the adsorbed amount of 
poly(vinyl alcohol) of the slight anionic character. The 
adsorption data presented in Fig. 3 point out to the notice-
able increase in the PVA adsorption with the increasing pH 
of the solution. For all examined systems the adsorption 
experiments were performed at pH 3, 6 and 9, as well as at 
the initial polymer concentrations equal to 50, 70, 100 and 
200 ppm. As mentioned above, in the whole examined pH 
range electrostatic attraction occurs between the positively 
charged zeolite surface and the negatively charged PVA 
chains. A slight increase in the amount of adsorbed poly-
mer observed with the increasing solution pH results from 
the specific conformation of the polyalcohol chains in the 
surface layer. The density of positive surface charge of the 
zeolite decreases when the solution pH increases. Therefore 
the conformation of the adsorbed macromolecules becomes 
less and less flat. In the case of a larger number of positively 
charged surface groups of zeolite, the polymer macromol-
ecule interacts with the adsorbent through the larger number 
of its negatively charged acetate groups. As a consequence, 
the adsorbed macromolecules “lying” flat on the surface 
cause blockade of the solid active sites. As the pH increases, 
the number of zeolite surface groups endowed with a posi-
tive charge decreases, which makes that the structure of the 
polymeric adsorption layer is more developed towards the 
bulk solution. This allows the adsorption of a larger number 
of PVA macromolecules on the surface unit of aluminosili-
cate, manifestation of which is a slight increase in polymer 
adsorption.

Additionally, in the whole range of studied pH the 
formation of hydrogen bonds between the polyalcohol 
functional groups and solid surface groups takes place. 
Both acetate (regardless of their ionization) and hydroxyl 
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Fig. 2  Surface charge density of zeolites without and with adsorbed 
PVA: a sodalite, b Na-P1, c Na-A
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groups of the polymer can participate in these bonds crea-
tion. What is more, due to the fact that poly(vinyl alcohol) 
chains contain mainly segments with non-ionic hydroxyl 
groups the hydrophobic interactions can also be present in 
the examined systems.

In addition, for all examined zeolites an increase in the 
PVA adsorption with the increasing polymer concentra-
tion in the solution was obtained. This behaviour is rather 
typically observed in the case of adsorption of macromo-
lecular compounds at the solid-solution interface, espe-
cially for the polymeric samples characterized by a certain 
polydispersity (Koopal 1981). In such a situation, removal 
of smaller molecular weight macromolecules by higher 

molecular weight ones plays an important role when the 
polymer concentration in the solution increases.

The adsorption capacity of zeolites in relation to 
poly(vinyl alcohol) depends also on the solid internal 
structure (Wiśniewska et al. 2018b). The comparison of 
the adsorbed amount of PVA on the surface of the exam-
ined zeolites obtained at the initial polymer concentration 
equal to 100 ppm is shown in Fig. 4. The analysis of these 
data indicates that the comparable adsorbed amounts were 
obtained on the surfaces of sodalite and Na-P1 zeolite. The 
adsorption affinity of these solids for the PVA macromol-
ecules is noticeably higher than that observed for Na-A zeo-
lite. Undoubtedly, this is associated with a different porous 
structure of the applied zeolites. Na-A zeolite has the small-
est average pore size (7.3 nm) of the all examined solids. 
The adsorption results suggest that the penetration of PVA 
macromolecules into the Na-A zeolite pores must be signifi-
cantly reduced due to their size, and their adsorption occurs 
rather on the external surface of solid particles. On the other 
hand, sodalite contains pores with a larger mean diameter 
(17.5 nm) in its structure which enables more efficient pen-
etration of polymer chains into their interior. As a result, the 
polymer amount adsorbed on the sodalite surface is higher.

The PVA adsorption influences not only the surface 
charge density of the examined zeolites, but also the charges 
located in the slipping plane area around the solid parti-
cles which is evidenced by the changes in the zeta potential 
values as a function of the solution pH in the poly(vinyl 
alcohol) presence (Fig. 5). The isoelectric points (iep) of 
solid suspensions (at which the concentrations of negatively 
and positively charged chemical individuals in the slipping 
plane area are the same) without the polymer are found at 
much lower pH values than the corresponding points of zero 
charge. The  pHiep values are as follows: for sodalite − 5.2, 
for Na-P1 zeolite − 3.6 and for Na-A zeolite − 4.8. Such dif-
ferences can be a result of electrical double layers overlap-
ping formed on the opposite walls of solid pores, especially 
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micropores (Skwarek et al. 2017). For sodalite and Na-P1 
zeolite, the increase of the zeta potential is observed almost 
in the whole examined pH range in the polymer presence. 
In the case of Na-A zeolite in the pH range below six there 
is a slight reduction in the zeta potential of solid particles 
coated with polymeric films. After the polyalcohol addi-
tion the changes in electrokinetic properties of zeolites are 
complex and they are a result of three effects accompanying 
the macromolecules adsorption: the slipping plane shift, the 
presence of charged functional groups of the polymer in the 
area of the slipping plane as well as the blockade of adsorp-
tion sites by polymer chains leading to their unavailability 
for other macromolecules (M’Pandou and Siffert 1987). The 
contribution of these effects determines the measured value 

of electrophoretic mobility (and also zeta potential) of the 
solid particles dispersed in the liquid medium.

4  Conclusions

The obtained results indicate that the modification of the 
surface of the examined zeolites (sodalite, Na-P1 and 
Na-A) by adsorption of poly(vinyl alcohol) contributes to 
the changes in their interfacial and electrokinetic properties 
which depends not only on the solution pH but also on the 
zeolite structure. Despite the favourable electrostatic condi-
tions in the whole examined pH range (3–9), the greatest 
adsorbed amount of PVA on the zeolite surface was obtained 
at pH 9, at which the conformation of adsorbed macromol-
ecules is the most extended towards the bulk solution. Addi-
tionally, the smallest amount of the adsorbed polymer was 
observed for Na-A zeolite which was characterized by the 
smallest average pore diameter. In such a case the penetra-
tion of macromolecules into the pores interior was signifi-
cantly reduced. The hydrogen bonds and the hydrophobic 
interactions between the adsorbate and the adsorbent also 
participate in polymer binding with the solid surface. The 
addition of poly(vinyl alcohol) of slight anionic character to 
the zeolite suspension caused changes in the structure of the 
electrical double layer formed on the zeolite surface which 
was manifested in changes of the surface charge density and 
the zeta potential of solid particles.
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