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Abstract
Zeolite-carbon composites (Na-P1(C), Na-X(C)) and pure zeolites (Na-P1, Na-X) were synthesized from hazardous high-
carbon fly ash waste (HC FA) via hydrothermal reaction with sodium hydroxide (NaOH). These solids were applied in the 
removal of diclofenac (DCF) from aqueous solution, with and without poly(acrylic acid) (PAA). The experiments included 
adsorption–desorption measurements, as well as electrokinetic and stability analyses. The obtained results showed that HC 
FA and Na-P1(C) had the greatest adsorption capacity towards DCF, i.e., 26.51 and 21.19 mg/g, respectively. PAA caused 
considerable decrease in the DCF adsorption due to the competition of both adsorbates of anionic character for active sites. 
For example, the adsorbed amount of DCF on Na-P1 without PAA was 14.11 mg/g, whereas the one measured with PAA 
was 5.08 mg/g. Most of prepared solids were effectively regenerated by the use of NaOH. Desorption degree reached even 
73.65% in the single systems (with one adsorbate) and 97.24% in the mixed ones (with two adsorbates). Zeolitic materials 
formed suspensions of rather low stability, which underwent further deterioration in the organic molecules presence. All 
the results obtained in this study indicated that HC FA can be successfully managed in the removal of organic substances.

Keywords Waste management · Water purification · Diclofenac adsorption/desorption · Zeolitic materials · Adsorbent-
adsorbate interactions · Polyacrylic acid addition · Solid aggregation

Introduction

Hazardous waste can be generated in various areas including 
agriculture, industry, and household. Many toxic substances 
affecting the quality of the environment and human life, both 
liquids and solids, end up in wastewater, which must then 
be properly treated. Due to the different origin, wastewa-
ter can be divided into several categories, e.g., domestic, 

industrial, wastewater from institutions, stormwater, and that 
generated inside a wastewater treatment plant (Correia et al. 
1994; Akarsubasi et al. 2005). All those types may con-
tain microorganisms (pathogenic bacteria, viruses or worm 
eggs), metals (including heavy metals such as lead, mer-
cury, zinc, nickel, chromium), inorganic compounds (acids, 
bases), radioactive isotopes, and various organic substances 
(pesticides, fertilizers, drugs, dyes) (Chen et al. 2020; Huang 
et al. 2010; Fu and Wang 2011).

Pharmaceuticals are characterized by a very diverse 
chemical structure and properties. Thus, they are difficult to 
remove and considered as highly hazardous components of 
wastewater. In addition to active substances, drugs can also 
contain various types of dyes and fillers. Since only a few 
of them are metabolized by organisms, they often end up in 
the wastewater and the environment unchanged. In various 
ecosystems, released antibiotics and other pharmaceuticals 
contribute to the formation of drug-resistant pathogenic 
strains. Over-the-counter non-steroidal anti-inflammatory 
drugs such as diclofenac (DCF), which are used in large 
quantities and then excreted by humans, are also a serious 
problem (Kümmerer 2001; Yamashita et al. 2006; Zuccato 
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et al. 2005). It has been estimated that the annual global 
consumption of DCF is 940 tons (Zhang et al. 2008).

One of the ways to dispose of drugs from wastewater 
is the activated sludge process. It is a process of biologi-
cal purification through the passage of microorganisms and 
decomposition of matter in specially supercharged reactors. 
The use of biologically active sand filters, adsorption on 
carbonaceous materials and hybrid techniques, such as ultra-
sound/H2O2, ultrasound/ozone or ozone/H2O2 processes, are 
also popular (Carvalho et al. 2013; Petrie et al. 2013; Gogate 
and Pandit 2004; Camargo-Perea et al. 2020). The methods 
for effective and inexpensive removal of anti-inflammatory 
drugs are constantly being developed. Many researchers 
focused on diclofenac. Li et al. (2020) used novel red mud 
(RM-PPy) to remove DCF. Its adsorption capacity in the 
single adsorbate system was 195 mg/g, whereas in the mixed 
one it was 115.7 mg/g. Viotti et al. (2019) used biosorb-
ents prepared from Moringa oleifera pods and activated 
carbon from Babassu coconut. The maximum adsorption 
capacity towards DCF of the first one was approximately 
60.805 mg/g, whilst that of the second one was 71.150 mg/g. 
In addition to anti-inflammatory drugs, there are also lit-
erature reports on antibiotic and dye removal. Mohammadi 
et al. (2022) investigated the removal capacity of the antibi-
otic amoxicillin by zero-valent iron-oxide nanoparticles in 
the presence of hydrogen peroxide. Through optimization, 
they removed 99.7% of this antibiotic from aqueous solu-
tions. Berizi et al. (2016) examined magnetite nanoparticles 
and magnetite nanoparticles modified with sodium alginate 
for the removal of Acid Red 18. The maximum capacity 
of the unmodified material was 16.259 mg/g, in turn that 
of the modified adsorbent was 73.464 mg/g. Azari et al. 
(2017) removed 2,4-dichlorophenol from aqueous systems 
using Magnetic Graphene Oxide Particles (MGO NPs). They 
were able to remove 100% of this compound (84.74 mg/g). 
Yousefzadeh et al. (2017) removed diethylphthalate using 
AnFFBR and UAnFFFBR. The removal rates for these mate-
rials were 91.11 and 88.72%, respectively. Badi et al. (2019) 
performed experiments using the UVC/SPS/Fe2+ system and 
noted high levels of dimethylphthalate removal from tap 
water, surface runoff as well as treated and raw wastewater 
(95.7, 88.5, 80.5 and 56.4%, respectively).

Zeolites are materials that can also bind large amounts 
of impurities on their surface. They are hydrated alumino-
silicates of metals from I and II group, formed in hydrother-
mal processes of rock transformation in the environment 
(e.g., linoptilolite, mordenite and garronite) or synthesize 
in laboratory (e.g., zeolite A, P, X and Y). Natural zeolites 
are characterized by better resistivity and thermal stability 
in the different environments than synthetic ones (Khaleque 
et al. 2020). On the other hand, synthetic zeolites have larger 
pore volume and thus greater adsorption capacity relative to 
toxic metal ions, radioactive wastes and other contaminants. 

Synthetic zeolites are generally prepared from different nat-
ural or man-made raw materials using various techniques 
such as hydrothermal method, alkali-fusion method, sol–gel 
method, and alkali-leaching method (Sugano et al. 2005; 
Wajima et al. 2008; Shoppert et al. 2017). Among all these 
techniques, due to its simplicity and low cost, hydrothermal 
method is most often applied. In this method, water is used 
as a solvent, and base is used as a mineralizer. The reaction 
is performed a sealed vessel usually made of polypropyl-
ene and teflon-lined (PTFE) steel autoclave (Sangeetha and 
Baskar 2016).

In this study, zeolite-carbon composites and pure zeolites 
were obtained from hazardous fly ash precursor by hydro-
thermal method. Also, prepared materials and their precur-
sor were applied in the process of diclofenac removal from 
aqueous solution. To reflect the complexity of natural sam-
ples, the studies were carried out not only in single systems 
containing one adsorbate, but also in mixed ones containing 
both DCF and poly(acrylic acid) (PAA). PAA is a common 
constituent of wastewater and surface water, as it is widely 
used as a soil conditioner as well as a thickener in phar-
maceutical or cosmetic industries. During the experiments, 
the maximum adsorption capacity, adsorption kinetics, as 
well as electrokinetic and stability properties of the systems 
were investigated. The presented issues are innovative and 
described in the literature for the first time. So far, zeolite-
carbon composites have not been described as adsorbents of 
diclofenac in the presence of a macromolecular compound. 
Literature reports on the removal of two organic substances 
at the same time are scarce. The obtained results indicate 
the possibility of managing the troublesome waste produced 
during the combustion of hard coal, i.e., fly ash.

Experimental

Materials

In the experiments, 5 solids were applied. There were:

1. High-carbon fly ash (HC FA),
2. Pure zeolites Na-X and Na-P1,
3. Zeolite-carbon composites Na-X(C) and Na-P1(C).

High-carbon fly ash, produced in conventional hard coal 
combustion, was taken from the Janikowo thermal power 
plant. It was used to prepare zeolite-carbon composites and 
pure zeolites via hydrothermal reaction, which involves 
sodium hydroxide (NaOH, CAS 1310–73-2). The obtained 
solids were fully characterized in terms of elemental compo-
sition, morphology, mineral composition, surface properties, 
aggregate size, and porous structure in our previous papers 
(Panek et al. 2021b, c). The textural parameters of zeolitic 
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materials (ASAP 2020 apparatus, Micromeritics Instrument 
Corporation, Norcross, GA, USA) are presented in Table 1.

Diclofenac sodium salt (DCF, CAS 15307–79-6, Sigma-
Aldrich) was used in the study as an adsorbate. In turn, 
pol(acrylic acid) (PAA, CAS 9003–01-4, Sigma-Aldrich) 
was applied as a substance affecting the DCF adsorption. 
Both organic substances have anionic character resulting 
from the occurrence of carboxyl groups in their molecules. 
These moieties show weak acidic properties and undergo 
dissociation with the increase in solution pH value. The 
physicochemical characteristics of DCF and PAA are pre-
sented in Table 2 (Gebhardt and Furstenau 1983; Chibowski 
et al. 2003; Jodeh et al. 2016; Lach and Szymonik 2020).

Sodium chloride (NaCl, CAS 7647–14-5, Sigma Aldrich) 
with the concentration 0.001 mol/dm3 was applied in all 
experiments as a supporting electrolyte. Hydrochloric acid 
(HCl, CAS 7647–01-0) or NaOH with the concentrations of 
0.1 mol/dm3 were used to carry out the desorption process, 
as well as for pH adjustment.

Methods

Production of zeolitic materials

Zeolite-carbon composites were prepared from HC FA in 
the hydrothermal reaction with NaOH performed accord-
ing to the following parameters. For Na-P1(C), 20 kg of 

HC FA was mixing with 90  dm3 of 3 M NaOH at 90 °C 
for 24 h. For Na-X(C), 25 kg of HC FA was mixing with 
90  dm3 of 3 M NaOH at 80 °C for 48 h (Bandura et al. 
2021). As a result of these reactions, a solid product in 
the form of zeolitic material and a liquid waste in the 
form of post-reaction solution were obtained. The second 
one contained great amounts of NaOH and dissolved alu-
minosilicate glaze consisting mainly of silicon (Si) and 
aluminum (Al). This solution was the substrate for the 
preparation of pure zeolites according to the procedure 
developed by Panek et al. (2021a). In this case, the hydro-
thermal reaction with different parameters was exploited. 
For Na-P1, 40  cm3 of the waste solution was mixed with 
10  cm3 of NaOH and 80 g of aluminum foil at 100 °C for 
48 h. For NaX, 50  cm3 of the waste solution was mixed 
with 50  cm3 of NaOH and 450 g of aluminum foil at 70 °C 
for 24 h. The applied NaOH concentration was 3 mol/dm3. 
The obtained pure zeolites had a monophasic structure 
with no ash residues.

Electrokinetic study

The potentiometric titrations were performed in the systems 
containing 0.4 g of HC FA, 0.03 g of Na-X, 0.4 g of Na-P1, 
0.075 g Na-X(C) or 0.2 g of Na-P1(C) in 50  cm3 of the sup-
porting electrolyte solution. The concentration of DCF and 
PAA was 50 ppm. The surface charge density (σ0) and point 
of zero charge (pzc) of the examined suspensions were deter-
mined by automatically controlled potentiometric titration 
set (thermostated Teflon vessel, glass and calomel electrodes 
(Beckman Instruments), pH-meter PHM 240 (Radiometer), 
laboratory stirrer, thermostat RE 204 (Lauda), automatic 
microburette Dosimat 765 (Metrohm)) using the computer 
program “titr_v3”. The difference in the volume of the titrant 
(NaOH with the concentration 0.1 mol/dm3) added to the 
suspension and the supporting electrolyte solution provid-
ing a specific pH value was determined and applied to the 
σ0 calculations (Janusz 1994).

The electrophoretic mobility  (Ue) measurements were 
performed in the systems containing 0.005 g of the solid 
and 100  cm3 of the supporting electrolyte solution. The 
concentration of DCF and PAA was 50 ppm. These experi-
ments enabled the calculation of the zeta potential (ζ) and 
the determination of isoelectric point (iep) of the examined 
suspensions. The zetameter Nano ZS (Malvern Instruments, 
Cambridge, UK) equipped with immersion dip cell was 
used. After the 3-min sonication, the prepared suspension 
was divided into eight parts and a specific pH value (in the 
range 3–10) was adjusted in each of them. Then, the elec-
trophoretic mobilities were measured and using the Henry 
equation, the zeta potential value was calculated (Oshima 
1994).

Table 1  Textural parameters of zeolitic adsorbents  (SBET the BET spe-
cific surface area,  Sm the micropore area,  Vm the micropore volume,  Vt 
the pore volume, D mean pore diameter) (Panek et al. 2021b, c)

Sample SBET 
 [m2/g]

Sm  [m2/g] Vt  [cm3/g] Vm  [cm3/g] D [nm]

HC FA 46.2 10.7 0.06 0.006 5.7
Na-P1(C) 69.8 16.9 0.12 0.007 6.7
Na-P1 26.7 4.3 0.05 0.002 6.9
Na-X(C) 271.9 188.8 0.17 0.07 2.6
Na-X 727.9 694.1 0.31 0.27 1.7

Table 2  Physicochemical characteristics of diclofenac and 
poly(acrylic acid)  (Mw the molecular weight, pKa the negative base 
10 log of the acid dissociation constant Ka)

Sample Molecular formula Structural formula Mw [g/mol] pKa

DCF C14H10Cl2NNaO2 318.1 4.15

PAA (CH2-CHCO2H)n 240 000 4.5
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Adsorption/desorption study

Diclofenac adsorbed amounts on pure zeolites, zeolite-
carbon composites, and fly ash were determined based on 
the difference in adsorbate concentration in the solution 
before and after the adsorption. At the beginning, the series 
of samples (10  cm3) were prepared by addition of 0.01 g 
of the solid to the solution containing supporting electro-
lyte and diclofenac with the concentration of 10–90 ppm. 
Then, the pH value of the systems was adjusted to 5, and 
the adsorption process was conducted for 24 h (to ensure 
the equilibrium in the examined samples), under continu-
ous shaking conditions. After the adsorption completion, 
the suspensions were filtered through paper and syringe fil-
ters, and then analyzed towards the diclofenac concentration 
using high-pressure liquid chromatography (Ultimate 3000, 
Dionex) equipped with DAD detector.

The kinetics of diclofenac adsorption on zeolites, zeo-
lite-carbon, and fly ash was also investigated. At first, the 
suspensions (10  cm3) were prepared by addition of 0.01 g 
solid to the solution containing supporting electrolyte and 
diclofenac with concentration 50 ppm. After pH adjustment 
to the value of 5, the adsorption was conducted in the time 
period 0.5–15 h. After these times, the concentration of 
diclofenac was analyzed in the same way as during adsorp-
tion isotherm determination.

To estimate the poly(acrylic acid) impact on diclofenac 
adsorption on the examined solids surfaces, the adsorp-
tion was also performed in the mixed systems. For this 
purpose, the suspension contained 0.01 g of the solid, sup-
porting electrolyte, 50 ppm of diclofenac, and 50 ppm of 
PAA (added simultaneously) were prepared. The adsorption 
was conducted at pH 5, for 24 h, under continuous shak-
ing conditions. After solid separation, the concentration of 
diclofenac in the solutions was measured in the same way as 
during adsorption isotherm determination.

The solids with adsorbed DCF were taken for desorption 
study. At first, the solids were flooded with 10  cm3 of HCl 
or NaOH solutions with concentration 0.1 mol/dm3. Then, 
the prepared systems were shaken for 1 h. After the solid 
separation, the concentration of DCF was measured in the 
obtained clear solutions.

Stability study

The stability of zeolites, zeolite-carbon composites, and 
fly ash suspensions, with and without diclofenac and 
poly(acrylic acid), was estimated based on turbidimetric 
measurements (turidimeter 2100 AN, Hach). In the first 
step, the samples (20  cm3) were prepared using 0.05 g of 
the solid and supporting electrolyte. Then, after 3-min soni-
cation, diclofenac and/or poly(acrylic acid) were added and 
the pH of the systems was adjusted to 5. The turbidity of 

the suspensions was measured after 0, 2, 5, 10, 20, 30 and 
60 min.

The particle/aggregate sizes of zeolite and zeolite-carbon 
composites were measured using CPS analyzer (CPS 24 000, 
CPS Instruments). The samples were prepared in the same 
way as for turbidimetric measurements. The size of parti-
cles/aggregates was determined in the 0.01–5 μm range. The 
sucrose solutions with the concentrations of 8% and 24% 
were used in the gradient formation. In turn, the speed of 
disc was equal to 6000 rpm.

Results and discussion

The structure of electrical double layer 
formed on the zeolitic materials surface 
with and without diclofenac or/and poly(acrylic 
acid)

The structure of electrical double layer (EDL) formed at the 
solid/liquid interface in the presence of organic substances 
of big molecules (as DCF) or long chains (as PAA) differs 
significantly from the EDL structure formed on bare solid 
particles. In such a case, the composition of surface layer 
of EDL (characterized by the solid surface charge density 
and corresponding point of zero charge) can be completely 
different from the composition of slipping plane area (char-
acterized by zeta potential and corresponding isoelectric 
point). It is typical behavior observed for many colloidal 
suspensions containing big molecules of drugs, pesticides or 
dyes, and polymeric macromolecules. The value of the zeta 
potential informs about the charge accumulated within the 
slipping plane, which is also a part of EDL located at some 
distance away from the surface layer.

The sign and magnitude of the charge occurring on the 
solid surface decide about its adsorption properties towards 
the organic molecules, such as DCF and PAA. On the other 
hand, the magnitude of charges present in the area of slip-
ping plane around the solid particles (the specific value of 
zeta potential) affects the stability of suspension. The surface 
charge density and zeta potential measured for HC FA parti-
cles as a function of solution pH without and with DCF or/
and PAA are presented in Fig. 1. For the composites and the 
pure zeolites, the similar tendencies were obtained. Table 3 
summarizes the points of zero charge (pzc) of zeolitic adsor-
bents with and without adsorbates.

In the absence of organic substances, the values of pzc 
of the examined solids changes from 8.6 for Na-X(C) to 
9.5 for HC FA. At pH < pzc, the solid surface is positively 
charged. Thus, at pH 5, at which adsorption–desorption 
studies are performed, there are favorable electrostatic 
interactions between positive solid surface and negatively 
charged DCF and PAA molecules. Under these conditions, 
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the dissociation of carboxyl groups present in DCF and 
PAA is significant and exceeds 50% at pH 5 (for DCF, the 
 pKa is 4.15, and for PAA, 4.5, Table 2) and, as a result, 
their adsorption causes the noticeable decrease in the 
solid surface charge density in the whole examined pH 
range (Fig. 1a). The points of zero charge of all soilds are 
also different, that is, shifted towards the lower pH val-
ues (Table 3). The greatest reduction in the surface charge 
density is obtained in the simultaneous presence of both 
adsorbates (DCF + PAA), whereas the smallest decrease in 
this parameter occurs in the systems with DCF.

Generally, the adsorption of small negatively charged 
ions and molecules increases surface charge density of 
the examined solid due to the creation of the additional 
number of positively charged surface groups (Skwarek 
et al. 2014; Wiśniewska et al. 2018; Fijałkowska et al. 
2020a). In the case of long polymeric chains and large 
drug molecules of anionic character, the decrease in the 
solid surface charge is usually observed. The negatively 
charged functional groups of adsorbed organic molecules, 
whose are located in by-surface layer of the solution and 
are more numerous than those directly interacting with 
the solid surface, are responsible for this phenomenon 
(Wiśniewska et al. 2015, 2016; Fijałkowska et al. 2020b).

Zeta potential of zeolitic materials is higher in the 
presence of DCF for all examined systems. However, 
in the presence of both adsorbates, i.e., DCF + PAA, its 
values are lower than those noted for the suspension 
without adsorbates. For almost all tested systems (except 
Na-X and Na-P1(C) without adsorbates), zeta potential 
assumes only negative values. This makes it impossible 
to determine isoelectric points (iep) of the solids. In the 
case of Na-X and Na-P1(C), the iep points are 4.6 and 
4.0, respectively.

The changes in the zeta potential of the solid particles 
in the presence of large organic molecules (polymers, 
drugs) are the result of three main effects (M’Pandou 
and Siffert 1987). The first one is displacement of the 
counter-ions located in the Stern layer due to adsorption 
of organic molecules causing desorption of supporting 
electrolyte ions from the solid surface and their remov-
ing from the surface layer towards the diffusion part of 
electrical double layer. The second one is the presence 
of negatively charged functional groups of the adsorbed 
molecules in the area of slipping plane, and the third 
effect is shift of the slipping plane by the adsorbed mol-
ecules or polymeric chains from the solid surface towards 
the bulk solution. The obtained electrokinetic results 
(Fig. 2b) indicate that the first phenomenon is dominant 
in the case of DCF. The adsorption of this substance 
causes effective displacement of supporting electrolyte 
 Na+ cations from the stiff surface layer to the movable 
diffusion part of edl. For the suspension containing PAA, 

the shift of slipping plane and presence of negatively 
charged carboxyl groups of the polymer (each segment 
of flexible polymeric chain contain such a group) in this 
area are dominant.
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Fig. 1  Surface charge density (a) and zeta potential (b) of HC FA 
particles as a function of solution pH with and without DCF or/and 
PAA  (CDCF = 50 ppm,  CPAA = 50 ppm)

Table 3  Points of zero charge (pzc) of zeolitic adsorbents with 
diclofenac (DCF) or/and poly(acrylic acid) (PAA)

Sample pzc without 
adsorbates

pzc with 
DCF

pzc with PAA pzc with 
DCF and 
PAA

HC FA 9.5 9.0 7.5 7.0
Na-P1(C) 8.8 7.6 7.3 6.8
Na-P1 9.4 8.6 7.3 6.9
Na-X(C) 8.6 7.8 7.3 6.8
Na-X 9.0 8.5 8.0 7.5
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The adsorption–desorption mechanisms 
of diclofenac on the zeolitic materials surface – 
poly(acrylic acid) influence

The results of adsorption kinetics of diclofenac molecules 
are presented in Fig. 2a. The equilibrium state for all zeolitic 
materials was reached after relatively long time — about 
6 h. This is probably the result of complicated structure and 
complex composition of the examined adsorbents.

The adsorption isotherms of DCF on the surfaces of fly 
ash precursor, zeolite-carbon composites, and pure zeolites 
are shown in Fig. 2b. As can be seen, the greatest adsorption 
of diclofenac is obtained on the surface of hazardous HC 
FA waste material (it reaches level about 33 mg/g for initial 
DCF concentration 90 ppm). Moreover, the zeolite-carbon 
composites have better adsorption abilities towards organic 
molecules compared to the corresponding pure zeolites. 

The adsorption capacities of the examined solids decrease 
in the following order: HC FA > Na-P1(C) > Na-P1 > Na-
X(C) > Na-X. Despite the fact that the Na-X zeolite pos-
sesses the most developed specific surface area, its micropo-
res of mean size 1.7 nm (Table 1) are available for adsorbing 
DCF molecules (with size is 0.97 × 0.98 nm and area – 0.52 
 nm2 (Sotelo et al. 2014; Bhadra et al. 2017)) to a limited 
extent and the adsorption reaches a level about 7 mg/g. 
Besides electrostatic attraction, the hydrogen bonds between 
-COO− and -NH groups of diclofenac and hydroxyl groups 
of zeolitic solids can be formed (Wiśniewska et al. 2019a). 
In the case of Na-X(C) composite, the maximum adsorbed 
amount is higher and equal to about 11 mg/g due to the pres-
ence of additional hydrophobic interactions. The π-π elec-
tron donor–acceptor interactions can also occur between aro-
matic rings of drug molecules and carbon structures on the 
composite surface (Correa-Navarro et al. 2020; Szewczuk-
Karpisz et al. 2021). These interactions seems to be more 
pronounced for the DCF molecules than those of hydrophilic 
character (i.e., hydrogen bonds). The considerable increase 
in the mean pore diameter in the case of Na-P1 zeolite, 
Na-P1(C) composite and HC FA precursor (6.9, 6.7 and 
5.7 nm, respectively) results in noticeable greater adsorp-
tion of diclofenac due to the more effective penetration of 
the solid pores by its molecules. Nevertheless, in the case 
of HC FA precursor, there are probably the strongest π-π 
electron donor–acceptor interactions and the DCF adsorbed 
amounts are the highest. This makes it possible to realisti-
cally use of toxic waste from the energy sector to effective 
removal of drug molecules from the aqueous phase. Table 4 
presents adsorbed amounts of DCF on the surface of other 
adsorbents as well as data obtained in this study.

The influence of poly(acrylic acid) on the adsorption 
of diclofenac on the surfaces of fly ash precursor, zeolite-
carbon composites and pure zeolites is presented in Fig. 3. 
Its analysis leads to the conclusion that in all cases the PAA 
presence causes decrease in the DCF adsorbed amount. The 
greatest reduction in DCF adsorption due to the polymer 
presence is observed for the Na-P1(C) and Na-P1 systems. 
This phenomenon is certainly the result of competition of 
drug and polymer molecules, both of anionic character, for 
active sites present on the solid surface. At pH 5, polymeric 
chains are dissociated to a large degree and thus their con-
formations are more extended (Wiśniewska et al. 2013). For 
this reason, their adsorption on the positively charged solid 
surface causes effective blockade of its active sites making 
them inaccessible for diclofenac molecules.

The regeneration possibilities of applied zeolitic adsor-
bents are presented in Fig. 4. Among used desorbing agents, 
the NaOH is considerably more efficient in comparison 
to HCl. This is probably due to the greater affinity of the 
sodium base to the acidic carboxyl groups of diclofenac 
(Wiśniewska and Nowicki 2020). The observed desorption 
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is higher from mixed systems of adsorbates —for pure zeo-
lites and their composites with carbon it changes in the range 
76.36–97.24%. In such cases, the presence of PAA weakens 

even more the affinity of DCF for the surface of the solid. 
The smallest desorption percentages were obtained for the 
suspensions containing HC FA precursor, both in the single 

Table 4  Comparison of the 
diclofenac adsorbed amounts on 
the surfaces of various solids

a  Van Tran et al. 2020, b Hu et al. 2017, c Rigueto et al. 2021, d De Luna et al. 2017, e Shamsudin et al. 
2022, f Jodeh et al. 2016, g Tomul et al. 2019, h this study, iAl-Khateeb et al. 2017

Adsorbent Adsorption capacity

The single systems
  GO-decorated  CoFe2O4
CoFe2O4

a
32.4 mg/g
18.4 mg/g

  Purified multi-walled carbon nanotubes (MWCNTs)b 19.9 mg/g
  Commercial gelatin/CNT’s beads
RCTLW gelatin/CNT’s  beadsc

26.97 mg/g
20.57 mg/g

  Activated carbon from cocoa pod  huskd 5.53 mg/g
  Alginate/Carbon  filmse 29.9 mg/g
  Cyclamen persicum tubers based activated  carbonf 22.22 mg/g
  Activated carbon derived from orange peels
K2CO3-activated carbon from orange  peelsg

6.44 mg/g
5.60 mg/g

  HC FA precursor
Na-P1(C)
Na-P1
Na-X(C)
Na-Xh

33.25 mg/g
29.53 mg/g
15.91 mg/g
11.86 mg/g
7.31 mg/g

The mixed systems
  High surface area nanographene (HSANG)i DCF with ibuprofen, ketoprofen, 

naproxen
19.3 mg/g

  HC FA precursor 18.91 mg/g
Na-P1(C) DCF with PAA 5.32 mg/g
Na-P1 5.08 mg/g
Na-X(C) 7.19 mg/g
Na-Xh 5.86 mg/g

Fig. 3  Adsorbed amounts of 
DCF on the ash precursor, 
zeolite-carbon composites and 
pure zeolites with and without 
PAA  (C0DCF = 50 ppm, pH 5, 
 tadsorption = 24 h)
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and mixed systems of adsorbates. This confirms quite strong 
binding of drug molecules on the surface of the starting 
material, which translates into its greatest adsorption abili-
ties in relation to diclofenac.

The stability of zeolitic materials suspensions 
in the presence of diclofenac or/and poly(acrylic 
acid)

An important issue in the practical use of a given adsor-
bent, in addition to its adsorptive capacity and ability to 
regenerate, is also the easiness of its separation from the 
liquid phase. For this reason, the stability conditions in 
the examined suspensions without and with adsorbates, 
in their single and mixed systems, were determined. The 
obtained results of turbidity measurements are presented 
in Fig. 5. The most stable system among all tested ones 
turned out to be Na-P1(C) suspension (Fig. 5b), which was 
characterized by the highest values of turbidity (especially 
in the initial time period). In the case of this suspension, 
after addition of adsorbates, its stability undergoes dete-
rioration. Other examined systems are unstable, and the 
presence of organic substances molecules results gener-
ally in further decrease in their stability. Such behavior 
is highly desired in effective separation of solid particles 
with adsorbed impurities from the liquid phase and makes 
this process much easier (Szewczuk-Karpisz et al. 2015). 
The decrease in the suspension stability in the presence of 
negatively charged diclofenac molecules and poly(acrylic 
acid) chains can be a result of two effects: (a) neutraliza-
tion of positively charged solid particles by adsorbed DCF 

and PAA, as well as (b) formation of polymeric bridges 
between solid particles causing bridging flocculation. The 
latter mechanism is characteristic for long polymer chains 
which, by adsorbing on the surface of two or more col-
loidal particles, bind them together into large-sized flocs 
(Wiśniewska et al 2019b; Szewczuk-Karpisz et al. 2020). 
This is confirmed by the sizes of aggregates determined 
for the Na-X suspension without and with PAA (Fig. 6). 
The analysis of obtained results indicates that initial size 
of Na-X aggregates equal to 0.32 μm increases to the value 
2.64 μm for Na-X/PAA flocs (Fig. 7).

Conclusions

Fly ash-based zeolitic materials were examined as 
potential adsorbents of diclofenac in the poly(acrylic 
acid) presence. The obtained results showed that the 
greatest adsorption of diclofenac was on the sur-
face of hazardous HC FA waste material. For initial 
DCF concentration 50 ppm, its adsorbed amount was 
26.51 mg/g. The adsorption capacities of the examined 
solids decrease in the following order: HC  FA > Na-
P1(C) (21.19 mg/g) > Na-P1 (14.11 mg/g) > Na-X(C) 
(8.49 mg/g) > Na-X (6.69 mg/g). The greater affinity of 
drug molecules to the carbon-containing composites in 
comparison to the pure zeolites is caused by the occur-
rence of strong π-π electron donor–acceptor interactions 
between aromatic rings of DCF and carbon structures 
of the composites. Moreover, the adsorbed amounts of 
DCF increase with the increase of the solid mean pore 

Fig. 4  Desorbed amounts of 
DCF on the fly ash precursor, 
zeolite-carbon composites and 
pure zeolites with and without 
PAA  (CNaOH, HCl = 0.1 mol/dm.3, 
 tdesorption = 1 h)
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size, which facilitates penetration of organic molecules 
to their interior. Poly(acrylic acid) causes decrease in the 
DCF adsorption due to the competition of both organic 
adsorbates endowed with negative charges. In the PAA 
presence, the DCF adsorbed amount was 18.91 mg/g for 
HC FA, 7.19 mg/g for Na-X(C), 5.86 mg/g for Na-X, 
5.32 mg/g for Na-P1(C), and 5.08 mg/g for Na-P1. The 
obtained electrokinetic data proves that in the exam-
ined systems existed electrostatic attraction between 

adsorbates and adsorbents; nevertheless, the hydrophobic 
forces appearing for suspensions containing HC FA and 
carbon-zeolite composites were essential in the adsorp-
tion process. The examined materials can be regenerated 
using NaOH (desorption degree was even 97.24% for 
Na-P1 in the mixed system) and easily separated from 
the liquid phase due to their relatively low stability, espe-
cially in the presence of DCF or/and PAA. The presented 
adsorption/desorption/aggregation results proved that 

Fig. 5  Turbidity of the suspen-
sions of HC FA precursor 
(a), Na-P1(C) composite (b), 
Na-P1 zeolite (c) as a function 
of time with and without DCF 
or/and PAA  (CDCF = 50 ppm, 
 CPAA = 50 ppm)

a)

b)

c)

0

1000

2000

3000

4000

5000

6000

0 1 0 2 0 3 0 4 0 5 0 6 0

Tu
rb

id
ity

 [N
TU

]

Time [min]

HC FA HC FA+DCF
HC FA+PAA HC FA+DCF+PAA

0

1000

2000

3000

4000

5000

6000

0 10 20 30 40 50 60

Tu
rb

id
ity

 [N
TU

]

Time [min]

Na-P1 Na-P1+DCF
Na-P1+PAA Na-P1+DCF+PAA

0

1000

2000

3000

4000

5000

6000

0 1 0 2 0 3 0 4 0 5 0 6 0

Tu
rb

id
ity

 [N
TU

]

Time [min]

Na-P1(C) Na-P1(C)+DCF
Na-P1(C)+PAA Na-P1(C)+DCF+PAA

36076 Environmental Science and Pollution Research  (2023) 30:36068–36079

1 3



starting material — fly ash, and Na-P1(C) composite can 
be successfully applied in wastewater treatment technol-
ogy. The use of toxic product of coal combustion is very 

important from the point of view of its management and 
reduction of its storage problem.
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