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ABSTRACT 

This study investigates novel ternary polymer blends based on polyvinylpyrrolidone (PVP) as the matrix 

in combination with lignosulfonate and synthetic zeolite. The blends were prepared by the casting 

method, and their properties were analysed by various techniques, i.e. FTIR analysis, differential 

scanning calorimetry and thermogravimetric analysis, including tests for water solubility and uptake, 

and determination of adhesion and hardness. The biodegradation of the blends in soil was also 

evaluated, and an experiment was conducted on plant growth (Sinapis alba). Optical microscopy 

showed that particles of the synthetic zeolite were relatively evenly distributed in the polymer matrix, 

forming random networks therein. The FTIR spectra for the blends proved that hydrogen bonding 

interactions had occurred between the PVP/synthetic zeolite and PVP/lignosulfonate. DSC analysis 

confirmed the good miscibility of the PVP and lignosulfonate. TGA results indicated that the thermal 

stability of the PVP was maintained. Lignosulfonate had the effect of reducing the adhesion of the 

blends. However, it was revealed that effect depends greatly on the presence of zeolite and the 

concentration of lignosulfonate. The obtained results showed that the optimal composition of the 

blend is 2.5 wt% of zeolite and 5 wt% of lignosulfonate into the PVP. Its water solubility and uptake 

was satisfactory from the perspective of handling and further utilization. A respirometric 

biodegradation test confirmed that the ternary blend was environmentally friendly, in addition to 

which a germination experiment evidenced that the lignosulfonate and synthetic zeolite promoted the 

root growth and development of S. alba. From these findings it was concluded that the novel ternary 

polymer blend was applicable as either as seed carriers (in the form of seed tapes) or as a 

biocompatible coating to protect seeds. 

Keywords: Polyvinylpyrrolidone Lignosulfonate Synthetic zeolite Soil microorganisms Adhesion Sinapis 

alba 

 

 



1. Introduction 

Polyvinylpyrrolidone (PVP) is an amorphous polymer soluble in water, ethanol and other 

predominantly polar solvents. Its molecular weight ranges from 10,000 to 2,200,000 g.mol-1. PVP is 

amphiphilic, containing a highly polar amide group, hence its hydrophilic and polar characteristics, and 

non-polar methylene groups in the chain and ring, furthering its hydrophobic properties [1]. It is 

applied in numerous industries for its excellent physical and chemical properties, such as the chemical 

and food sectors, as well as agriculture [2,3]. Of great importance to the pharmaceutical industry [1] 

and biomedicine [4,5], it is also utilized in the production of cosmetics [6], adhesive tape, hot melt 

adhesive [7] and packaging materials [8,9], in addition to membranes, sensors and circuit boards 

[7,10,11]. 

It should be noted, however, that PVP is very brittle and adheres strongly to a variety of surfaces from 

which it cannot be easily removed, while conventional thermoplastic processing of it is also not 

possible. Various composites or blends of PVP with natural or synthetic additives are prepared instead 

to overcome such drawbacks. From an ecological aspect, suitable natural additives comprise lignin, 

and derivatives of the same, and zeolite. 

Lignin and variations of it have the advantage of being non-toxic, commercially available and 

inexpensive natural resources [12-14], marking them out as profitable from a business perspective for 

the plastics industry. The associated cost savings also appeal to those involved in polymer chemistry 

[15], and Grossman and Vermerris [14] highlight other benefits, i.e. the highly aromatic structure of 

lignin, its capability to participate in radical-mediated cross-linking reactions and the numerous 

functional groups available for chemical reactions, all of which enhance the physicochemical 

properties of such materials. Certain blends containing lignin (or its derivatives) as a component or 

additive have been studied in recent years, examples include: PVP/ lignin [16]; PVP/polyvinyl 

alcohol/lignin [17]; polyvinyl alcohol/lignin or lignosulfonate [18-20]; polylactic acid/lignin and kraft 

lignin [21-23]; oxo-biodegradable polyethylene/lignin [24]; polyvinyl ace-tate/lignin [25,26]; 

thermoplastic starch/kraft lignin [27]; and poly (ethylene oxide)/kraft lignin [12]. The studies 

mentioned varied as to evaluation of the intermolecular interactions, mechanical properties, thermal 

stability, photostability or miscibility of the given polymer materials, and applications linked with 

economically viable processes with lignin. 

Zeolites have a similar potential to lignin for application in polymer chemistry and the plastics industry. 

Crystalline microporous aluminosilicates, they consist of tetrahedral SiO4 and AlO4. By combining 

individual tetrahedra it is possible to form approximately 133 different network structures. Zeolites 

occur naturally, and about 40 species exist, while types are also prepared synthetically. Synthesis in 

the laboratory permits zeolites to be fabricated with properties tailored to specific applications 

[28,29]. The literature on natural or synthetic zeolites in combination with polymer materials reveals 

that such blends have an extremely wide range of potential uses [30-39]. Description has even been 

given of ternary blends [35,36,39]. For example Alver et al. [39] focused on preparing ternary 

composites from chitosan, PVP and zeolite. Their results showed that a combination of all the 

components improved the properties of the resultant material, especially in thermal stability and 

mechanical terms. The formation of hydrogen bonds and occurrence of electrostatic interactions were 

noted between the individual components. In conclusion, Alver et al. [39] positively assessed zeolites 

for the specific physicochemical properties they lent the material. 

Although several studies on the subject of polymer/lignin or poly-mer/zeolite composites have been 

published, the authors were not aware of one specifically on PVP/lignin/zeolite mixtures. Having 



conducted a review of the literature, the belief was that combining ligno-sulfonate and zeolite particles 

could have a binary effect on the properties of the PVP, provided that: 

- lignin and its derivatives, which have reactive hydroxyl groups in their structure, can form a 

strong hydrogen bond with PVP [17], leading to modification of the physical properties of PVP 

itself. Concurrently, adding lignosulfonate to PVP has the potential to contribute to i) reducing 

the adhesion of PVP to various surfaces [40] and optimizing the brittleness of the subsequent 

material; ii) promoting the biodegradability of PVP-based materials in the environment [41]; 

iii) positively influencing the growth of agricultural crops when applying such materials as seed 

tapes or a biocompatible seed coating to protect the seed inside, thereby possibly aiding the 

germination process and improving crop yield [41,42]. 

- zeolites, which have a high chemical and mechanical resilience, can have a significant effect on 

the thermal and mechanical properties of polymer blends. Since zeolites also possess high ion-

exchange capacities and relatively high specific surface areas, the possibility exists for 

hydrogen bonds to form with PVP [43], potentially facilitating maintenance of the thermal 

stability of the polymer blends, in addition to other matters [36,39]. 

Therefore, the authors decided to prepare blends of polyvinylpyrrolidone, lignosulfonate and synthetic 

zeolite in order to obtain a practical material, effectively combining the individual properties of each 

component in a single polymer blend for application in agrochemistry. Research encompassed the 

thermal and structural characteristics of samples and their biodegradation. 

 

2. Experimental 

2.1. Materials and chemicals  

The following materials were utilized in the preparation of the polymer blends: polyvinylpyrrolidone 

(PVP; Mw = 10,000) was purchased from Alchimica at a purity of 98%; glycerol was supplied by the 

Penta company; the fillers comprised commercial calcium lignosulfo-nate and laboratory prepared 

synthetic zeolite. 

The commercial calcium lignosulfonate (the sulphite extract of wood) in the form of Borrement CA 120 

(LiS; Mw = 24,000) was purchased from Borregaard (Germany). According to the company's product 

data sheet the material is 99.7% water soluble, biodegradable, contains ca 5% Ca, 6% reducing sugars 

and 7% S; its specific mass is 500 kg/m3 and pH (10% aqueous solution) 4.5 ± 0.5. 

The synthetic zeolite (Z) was supplied by J. Kattauer (Faculty of Technology, UTB Zlin, Czech Republic). 

It had been laboratory prepared from waste material containing kaolin (70.0-78.8% SiO2, 17.9-22.7% 

Al2O3, 0.32-0.53% Fe2O3, 0.25-0.30% TiO2; 0.34-0.43% K2O), and was produced by Sklopisek Strelec a.s 

(Czech Republic) following the extraction of foundry sand. The zeolite was processed by calcination at 

750 °C for 6 h, the molar ratio of the reaction mixture being adjusted by sodium silicate (water glass; 

31.00% SiO2, 10.83% Na2O and 58.17% H2O). The final hydrothermal treatment of the reaction mixture 

was carried out in a closed reaction system at 130 °C. X-ray diffraction analysis revealed the presence 

of the P1 zeolite structure. The synthetic zeolite, prior to application as the filler, was crushed in a ball 

mill (Mill Retsch MM 301, Germany). The particle sizes of the prepared zeolite ranged from 1 to 50 pm, 

with water uptake at 0.86 ± 0.02% and the pH of 4% aqueous solution at 10.11. 

The remainder of the chemicals employed were of analytical purity, produced or delivered by Pliva 

Lachema Brno (Czech Republic). 



2.2. Preparation of the polymer blends by the casting method 

In accordance with a previous work by the authors [44], preparation of the polymer blends adhered to 

a proven procedure, as given below. 

A solution of PVP/glycerol and suspension of lignosulfonate/zeolite were prepared separately, and 

proper volumes were mixed in order to prepare individual blends by casting. 

Plastification of the PVP took place in the following way. A 25% solution of PVP was prepared by 

dissolving of 56.7 g PVP in 180 ml of demineralized water. The solution was heated in a water bath at 

80 °C for 20 min under continuous stirring at 300 rpm. Upon complete dissolution of the PVP, 6.75 ml 

of glycerol (15 wt% to PVP) was added into the solution and the resultant mixture underwent another 

30 min of stirring at 300 rpm. 

The suspension of the fillers was made in the following manner. The given weight of lignosulfonate, 

which varied depending on the composition of the blend (Table 1) - 0/2.8/5.7/8.5 g (0, 5, 10, 15 wt% 

to PVP), was dissolved in 20 ml of demineralized water. Once it had dissolved, 1.41 g of the synthetic 

zeolite (2.5 wt% to PVP) was added into the solution. The subsequent lignosulfonate/zeolite 

suspension was stirred continuously for 30 min at 300 rpm. 

 

Table 1 The composition of the prepared cast blends in wt%. 

aTh is the thickness of the films (n = 3, mean values ± standard deviation). 

 

The cast blends were prepared according to the following procedure. Polymeric solutions of the 

plasticized PVP and filler suspensions were mixed at the required ratios for 60 min under continuous 

stirring at 300 rpm. The resulting polymer blends were cast on a silicon pad (dimensions 170 x 170 mm) 

and dried in the air at 24.1 ± 0.7 °C and a relative humidity of 23.6 ± 0.8%. The polymer blends in the 

form of films were generally dry enough to remove from the pad 72 h after being cast; these were 

reproduced in triplicates for each composition. 

 

2.3. FTIR spectroscopy 

An FTIR Nicolet iS10 device (Thermo Scientific, USA), fitted with an attenuated total reflectance (ATR) 

Smart MIRacle™ adapter containing a diamond crystal, was employed for FTIR analysis. Spectra were 

recorded over 64 scans, covering wave numbers ranging from 4000 to 500 cm-1 and a 4 cm-1 spectral 

resolution. The data collected were evaluated in Omnic 8 software (Thermo Scientific, USA). 



2.4. Scanning electron microscopy 

The morphology of the fillers and cast blends was observed by scanning electron microscopy (SEM). 

For this purpose the samples were mounted on carbon tape to enhance electrical conductivity. The 

surfaces of the blends were then studied on a scanning electron microscope (Phenom Pro X with the 

Pro Suite; Phenom-World BV, Eindhoven, Netherlands). The acceleration voltage was 15 kV. 

 

2.5. Optical microscopy 

This process occurred with the cast blends affixed to glass Petri dishes (9 cm in diameter), placed under 

an Olympus BX53 fluorescence microscope equipped with a number 8 filter (Olympus, Japan). The 

distribution of the filler on the surfaces was revealed by the light transmitted. The scale bar was 

created in cellSens Standard software (Olympus, Japan). 

 

2.6. Differential scanning calorimetry 

Differential scanning calorimetry (DSC) was measured in a Mettler Toledo DSC 1 model. Samples were 

placed into an aluminum cells (ca 5 mg) and scanning at a heating rate of 10 °C/min and a heating 

range from 0 °C to 210 °C. The DSC system was purged with nitrogen. Before the DSC scanning, all the 

samples were kept in desiccator at 25 °C. The transition temperatures (like Tg or Tm) for all the samples 

were determined from the second heating scan. 

 

2.7. Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was performed on STA 449 F1 Jupiter equipment fitted with FTIR 

Bruker Alpha II accessories. The range of measurement was from 30 °C to 600 °C at a heating speed of 

10 °C/min. Samples were placed in corundum pans (ca 15 mg). Measurement took place in air to 

promote simulation of real-world conditions. 

 

2.8. Texture profile analysis 

Texture profile analysis, performed on a TA.XT plus texture analyser (Stable Micro Systems Ltd., UK), 

was carried out to determine the hardness and adhesion of the cast blends. All such tests were 

performed at room temperature. Each sample was placed on the base of the analyser. Following this, 

a 5-mm spherical P/5S probe began to descend towards the polymer system at the constant speed of 

1.5 mm per second, and when the probe came into contact with the surface, a trigger of 2.5 g was 

activated, after which the probe proceeded to penetrate the material to the depth of 1.5 mm. The 

probe immediately returned to its original position subsequently. The positive region of the resultant 

graph related to the force required to penetrate the material. Hardness (N) was determined as the 

peak value, designated F1; see Fig. 1. The negative region of the graph pertained to the force required 

to remove the probe from the material. Adhesion (N) was determined as the peak value, designated 

F2. Fifteen replicates underwent each test condition in order to confirm the reproducibility of the 

findings. All the data presented herein are given as the mean values calculated for fifteen replicates, 

shown together with relevant standard deviations. 

 



2.9. Water solubility 

The solubility of the cast blends was investigated in accordance with a previous work by the authors 

[44]. “Dried samples cut into square pieces of dimensions 5 x 5 x 0.15 cm were added into Erlenmeyer's 

flasks with the appropriate amount of demineralized water. The course of dissolution by the samples, 

as gauged at selected intervals, was set by a modified method of chemical oxygen demand (COD) in a 

closed system, with adherence to the international standard colorimetric method -ISO 15705:2002 

[45]; a small-scale sealed-tube approach was adopted to work out the chemical oxygen demand index. 

The COD was determined by applying potassium dichromate via the closed reflux method [20]. 

Mercuric sulphate was employed to mask chloride interference, while silver sulphate was dissolved in 

concentrated H2SO4 to act as a catalyst.” Water solubility (%) was calculated by Eq. (1). 

 

where CODo represents the COD (mg g-1) of the dried cast blends at the beginning of the test, and CODn 

is the COD (mg g-1) measured at an appropriate interval (n). 

The courses over time for the water solubility (WS) of the pure PVP or prepared blends, WS = f(t), were 

described by regression, applying an equation for first-order kinetics by Eq. (2) [46]. 

 

where WS∞ is the regression coefficient representing the limit value for infinite time (%), k is the 

constant rate (min-1), and t stands for time (minutes). 

 

2.10. Water uptake 

The water uptake of the pre-dried cast blends was tested in a humidity chamber with ca 54% relative 

humidity (RH), with evaluation occurring by gravimetric analysis. Difference in weight was measured 

at specific time intervals until no further change in weight (± 0.001 g) was observed [44]. Afterwards, 

the extent of water uptake in per cent was calculated according to Eq. (3) below. 

 

where w0 is the weight of the dried cast blends at the beginning of the experiment and wn is weight at 

a selected interval (n). 

 

2.11. Biodegradation 

A closed OxiTop® Control respirometer (WTW GmbH, Germany) was used to determine the 

biodegradation of PVP and the blends of PVP, Z and LiS in a soil environment. The device gauges the 

biodegradation of organic substances in aerobic conditions based on oxygen consumption. The degree 



of biodegradation was evaluated according to the BOD/COD ratio; the percentage of biodegradation 

was calculated by Eq. (4). 

 

Fig. 1. Typical force vs time curve from detachment measurements, shown for the pPVP sample with 2.5% of zeolite. 

 

The biological material comprised natural agricultural earth (Zlin, Czech Republic); 50 ± 0.1 g of the soil 

was weighed into a 250 ml respirometric bottle and supplemented with approximately 80 mg of the 

test sample (placed in the centre of the soil layer). Tests were carried out in an aerobic environment 

at 25 ± 1 °C under the controlled moisture of ca 55%. Concurrently, endogenous respiration was also 

investigated. All measurements were performed in triplicate. Determinations occurred at the 

commencement and close of the test, pertaining to the dry matter of the soil and its value for exchange 

capacity (pHKCl), in order to monitor the process. Moisture was seen to be at about 55% at the 

beginning and end of the experiment, with values for pHKCl equalling ca 6.9 and 7.2, respectively. 

 

where BODBLANK represents biological oxygen demand (mg) in the blank sample (endogenous 

respiration), BODSAMPLE represents biological oxygen demand (mg) in a sample of the cast blend during 

biodegradation, COD (see Section 2.9) is the experimental determination of chemical oxygen demand 

(mg g-1) [45] of the cast blend and w is the weight of the cast blend under study (g). 

The biodegradation courses over time for the PVP and blends, D = f (t), were described by regression, 

applying an equation for first-order kinetics of substrate degradation (Eq. (5)) [47]: 

 

where Dmax is the regression coefficient representing the limit value for infinite time (%), k represents 

the constant rate (in d-1) and tlag is the shift on the time axis expressing the lag phase (d). 

 



2.12. Screening plant growth test (Sinapis alba) 

Certified seeds of Sinapis alba were purchased from the Semo a.s company (Czech Republic). 

Preliminary incubation showed that all the seeds utilized herein showed germination rates exceeding 

90%. 

In accordance with the previous work by the authors [44], “the screening plant growth test [48] was 

performed in cultivation vessels filled with a blend of natural soil and perlite mixed in a 3:1 ratio. The 

blend supplemented with 5 wt% of filler was used to create seed tapes. The cast blends were attached 

to one other to affix seeds of Sinapis alba between them. These seed tapes were cut into 1 x 1 cm 

squares so that each square contained a seed in the middle. The samples prepared in this manner were 

put in the soil to a depth of about 0.5 cm below the surface. The cultivation vessels were placed in a 

thermostat at 25 ± 1 °C under continuous illumination of 7000 lx and 55% RH on a plastic mat of one 

cm height, which allowed for drainage but prevented the cultivation vessels from taking up the 

drainage of the surrounding cultivation vessels. This experiment ran for 12 days, and the seeds were 

regularly watered during this period [44,48]. No fertilizers were added during the experiment. At its 

close, the mean lengths of the shoots, roots and total mass of wet biomass were gauged. The 

elongation of the main shoot of the plant was measured every day.” All the data presented herein are 

given as the mean values calculated for ten replicates, shown together with relevant standard 

deviations. 

 

3. Results and discussion 

When designing the optimal composition of the polymer blends, organoleptic evaluation was 

conducted first, for instance, film formation, stickiness, flexibility and hardness. 

The PVP and plasticized PVP (pPVP) were very viscous and sticky, yet it was possible to investigate the 

characteristics of the prepared cast polymers by the proposed technical means. The migration of 

glycerol to the surface of the pPVP cast blend was detected in accordance with a study Orliac et al. 

[49]. After adding in Z, the migration of the glycerol was suppressed and its tackiness partially reduced, 

such that the resultant blends could be more easily manipulated. As the level of synthetic zeolite 

content increased, though, the blends became brittle and cracked. Based on the organoleptic 

evaluation that took place, the conclusion was drawn that the most suitable filling was 2.5 wt% Z for 

the cast blends plasticized with 15% glycerol, this weight ratio was also applied in the preparation of 

blends with lignosulfonate. Blends composed solely of plasticized PVP and lignosulfonate did not form 

films of the required quality. When optimizing the composition of the PVP/Z/ LiS blends, the same 

finding was made as reported by Silva et al. [16]. LiS content in the blend at a level exceeding 15% was 

not suitable, since the cast products were very brittle and shattered. All the prepared cast blends of 

pPVP/Z/LiS with the content of LiS ranging between 5% and 15% exhibited good elastic properties and 

did not break. The results of the organoleptic observation thus indicated the significant influence 

exerted by the synthetic zeolite during preparation of the PVP and LiS blends. 

A visual inspection revealed that incorporating the synthetic zeolite particles led to a change in the 

colour of the blends from transparent to a yellow shade. Supplementation of pPVP/Z with 

lignosulfonate brought about a significant change in the colour of the samples, which turned from a 

pale brown-red to a dark brown-red (Fig. 3) depending on the specific concentration. 

 

 



3.1. Microscopy observations 

The morphology of the lignosulfonate was studied by SEM, and micrographs are given in Fig. 2. The 

original lignosulfonate particles were quite large, spherical and hollow, as visible in the picture of the 

fractured sample, and had a wide distribution in size. The SEM images of the pure synthetic zeolite 

indicated the presence of small particles irregular in shape with a mean size of 10 to 50 μm. 

 

 

Fig. 2. SEM micrographs of synthetic zeolite and lignosulfonate particles. 

 

 

Since SEM did not provide sufficient data, morphological characterization by optical microscopy took 

place of the PVP blends with synthetic zeolite and differing amounts of LiS. Fig. 3 contains optical 

micrographs of the pure PVP, plasticized PVP and zeolite/LiS blends. 

As had been anticipated, no particles were visible in the pure PVP and plasticized PVP samples (Fig. 3A, 

B), the smooth morphology evident showing just minor impurities. 

The presence of the synthetic zeolite particles in the PVP blends (pPVP/Z, Fig. 3C) meant that their 

surfaces were rougher in appearance, with relatively uniform distribution of such particles throughout 

the matrix. 

The resultant micrographs for pPVP/Z/LiS in Fig. 3C, D, E and F indicated that adding LiS had not 

significant affected the distribution of zeolite particles in the polymer blends. These particles were 

quite evenly distributed throughout the polymer matrix and had formed random networks therein. 

Common phenomena seen for immiscible blends, i.e. the aggregation of large particles and lack of 

adhesion between the filler and matrix, were not evident, suggesting that the LiS and PVP constituted 

a miscible system. Such results could be attributed to intermolecular hydrogen bonds forming between 



the LiS and PVP (see the FTIR analysis). Similar findings were reported by Ye et al. [18] for mixtures of 

poly(vinyl alcohol) with a low concentration of calcium lignosulfonate. 

 

3.2. FTIR spectroscopy 

Infrared spectroscopy was conducted to investigate the specific interactions that had occurred 

between the PVP and fillers. According to the literature [16,17,50], the presence of intermolecular 

hydrogen bonds was to be expected. 

In agreement with Kubackova et al. [51], the FTIR spectra for lignosulfonate (Fig. 4A) revealed bands 

typically corresponding to functional groups expected in the lignin sample. The strong wide band at 

3500-3100 cm-1 with a peak at 3339 cm-1 was assigned to O—H stretching vibrations, caused by the 

presence of alcohol and phenolic hydroxyl groups; the latter greatly affects the antioxidant properties 

of lignosulfonate. The adsorption band at 2939 cm-1 was attributed to the C—H stretching vibration of 

methoxyl groups, while those at 1597 cm-1 and 1511 cm-1 pertained to stretching vibrations of C—C 

bonds in the skeleton of aromatic rings in the calcium lignosulfonate. O—H stretching vibrations of 

secondary (1157 cm-1) and primary alcohols (1034 cm-1) were also discerned [51]. FTIR spectra for 

synthetic zeolite (Fig. 4B) contained a broad adsorption band at 3382 cm-1 relating to the stretching 

vibration of O—H, and the one at 1635 cm-1 constituted an H—O—H bending vibration. Liu et al. [52] 

wrote that adsorption bands at 1635 cm-1 and 3382 cm-1 indicated the vibrations of hydroxyl groups or 

the solid phase hydrate water in zeolite P1 channels. The band located at 980 cm-1 expressed the 

asymmetric stretch vibration of a TO4 (T = Si or Al) tetrahedral, in addition to which symmetrical stretch 

vibrations of an internal tetrahedron in zeolite P1 at 742 and 693 cm-1 were evident [44]. 

The FTIR spectrum for pure PVP in Fig. 4C exhibited a broad band at ca 3600—3100 cm-1 assigned as 

O—H stretching of the hydroxyl group. The two bands at 2951 and 2886 cm-1 were considered to 

pertain to the asymmetrical and symmetrical stretching of —CH2 groups and vibration of the aliphatic 

compound —CH2. The presence of heteroatomic molecules and carbonyl groups in the pyrrolidone 

ring of PVP was discerned, evidenced by the adsorption band at 1666 cm-1 (C—O stretching) and 

adsorption band at 1286 cm-1 (C—N stretching of the amide group). Absorption bands at 1493, 1469 

and 1426 cm-1 were denoted as vibrations of the pyrrolidone ring. The presence of hydrogen bond 

interactions between the PVP and fillers was inferred from changes in the position of the adsorption 

band of C—O stretching, such bonding being affirmed by a shift to lower wavenumbers. 

The plasticized PVP (Fig. 4D, E) exhibited a broad absorption band at 3600—3000 cm-1, which was split 

into two distinct parts at 3370 cm-1 and 3305 cm-1 indicative of different states of adsorbed water in 

the system [8]. The intensity of these two bands significantly increased with the addition of glycerol, 

since a greater number of hydroxyl groups were present. Glycerol in the system gave rise to two 

significant adsorption bands at ca 1111 cm-1 and 1044 cm-1. The shoulder-like adsorption band at 1044 

cm-1 was associated with the overlapping stretching vibrations of a C—O linkage in C1 and C3 from the 

glycerol and the C—C stretching of pyrrolidone from the PVP, while the adsorption band at 1070 cm-1 

related to overlapping stretching vibrations of C—O and C—N groups from the glycerol and PVP, 

respectively [8]. A shift from 1666 cm-1 to 1650 cm-1 indicated that interactions had occurred in the 

form of hydrogen bonds between the carbonyl group in the lactam ring and -OH groups of glycerol. 

 

 



 

Fig. 3. Optical microscopy images of PVP, pPVP, pPVP/Z and pPVP/Z/LiS samples. 

 

Incorporating Z and LiS in the pPVP triggered a wide band to form at 1100-880 cm-1 (Fig. 4D), which 

arose through the following: i) the -OH vibration of primary alcohols from lignosulfonate at 1034 cm-1; 

ii) the asymmetric stretch vibration of a TO4 (T = Si or Al) tetrahedral at 980 cm-1; and iii) overlapping 

stretching vibrations of the C—O linkage in C1 and C3 from the glycerol and C—C stretching of 

pyrrolidone from the PVP. As seen in Fig. 4E, changes in the absorption bands of the outer -OH groups 

at ca 3000-3600 cm-1 indicated that some of the -OH groups were involved in hydrogen bonding; 

probably brought about through: i) hydrogen bonding by some of the -OH groups from the synthetic 



zeolite with the carbonyl group or the N atom of the PVP [43,44]; and ii) intermolecular hydrogen 

bonds forming between the -OH PVP and -OH of the lignosulfonate [17,50]. 

The results of FTIR analysis confirmed that hydrogen bonding had taken place between the PVP, 

lignosulfonate and zeolite, causing miscibility and enhancement of the physical properties of the cast 

blends. 

 

3.3. Determination of glass transition temperature by DSC 

DSC is a convenient method for determining the miscibility of polymer blends [18], whereby special 

intermolecular interaction between PVP and lignosulfonate is confirmed by distinct alteration in the 

glass transition temperature (Tg) of the PVP component. 

 

Fig. 4. FTIR spectra for the fillers and cast blends of: A) lignosulfonate; B) synthetic zeolite; C) cast PVP; D) pPVP and 

pPVP/Z/LiS at 600-1900 cm 1; and E) pPVP and pPVP/Z/LiS at 2600-4000 cm"1 



 

Fig. 5. DSC analysis of the cast materials of PVP, pPVP, pPVP/Z and pPVP/Z/LiS (index: 1 = first heating scan, 2 = second 

heating scan). 

 

Table 2 DSC analysis (2nd heating) - evaluated data on the cast materials of PVP, pPVP, pPVP/Z and pPVP/Z/LiS. 

 

 

Data gathered from the DSC analysis are presented in Fig. 5 and Table 2. A clear finding was that raising 

the extent of LiS concentration led to rise in Tg in comparison with pPVP. Samples containing 5% LiS 

showed change in Tg by more than 20 °C compared to pPVP. A trend was recognized for increase in 

the amount of LiS during the 2nd heating scan. The level of Tg rose more than 20% for the tested blend 

with 5% LiS, 30% for that with 10% LiS and 32% for the sample with 15% LiS, in comparison with pPVP. 

These results indicated that the lignosulfonate influenced the transition temperature of prepared 

mixtures. It could be supposed that some reactions may have occurred during the sample preparing 

and heating, since lignosulfonate contained numerous hydroxyl groups with the ability to interact with 

PVP through hydrogen bonding, thereby weakening interaction within the PVP. Tg was observed to go 

up in line with potencial increase in concentration and strength of the hydrogen bonds. After the 2nd 

heating scan, the PVP mixtures were deemed to be completely miscible systems over the entire range 

of composition [18]. 

 

 



 

Fig. 6. TGA analysis of pure additives - TG and DTG curves for pure additives Glycerol, Zeolite, LiS. 

 

3.4. Thermogravimetric analysis (TGA) 

The performance of polymeric materials is often strongly influenced by thermal transitions within 

them, therefore, thermogravimetric analysis was conducted [39]. The TGA curves for the PVP mixtures 

in the temperature range of 50-600 °C are given in Figs. 6 and 7. The data is presented in Table 3. 

Fig. 6 is focused to the pure mixture additives - glycerol, zeolite and lignosulfonate. From these results 

it is possible to see, that the glycerol is stable till 200 ° C with maximum loss at 248 °C. Zeolite loss only 

9% of weight in tested temperature range. LiS indicates 3 step degradation with maximum in 94 °C 

(water release), 308 ° C and 481 °C with mass residual 17%. 

Next Fig. 7 offers the curves of TG and DTG (first derivation of TG) for PVP mixtures. DTG curves were 

obtained from the standard built-in software of the TGA instrument. These TGA results revealed that 

pure PVP started to lose the weight at 54 °C, with the maximum point at 82 °C, potentially connected 

with the release of water. The TGA for pure PVP followed a three-step form of degradation, while other 

compositions demonstrated a multi-step mechanism of degradation. The reference material marked 

as pPVP with glycerol as a plasticizer started to degrade at 121 °C, with a maximum point at 134 °C; 

loss in mass equalled ca 7%. Other mixtures with LiS were very similar in the first phase of degradation. 

Further loss in mass occurred in the region of 270-360 °C, with change in mass at 7-10%. No loss was 

observed in the curve for pure PVP in this region, potentially connected with the plasticizer utilized. 

The influence of PVP to the plasticizer degradation is evident from the obtained data. The plasticizer 

degradate at 248 but in combination with PVP the temperature goes up more than 50 °C. This fact 

could indicate the creation of hydrogen bond in the system, which could explaine the improvement in 

the plasticizer stability. Futher the LiS could degradate in this region. It was found out that with 

increasing LiS concentration the Tmax2 in this range fall down. Degradation was most extensive at 360-

460 °C, in connection with the PVP applied. Blends with LiS exhibited a higher maximum temperature 

for degradation in this temperature area opposite to Tmax2, however such change (2%) was insignificant 

compared to pPVP. Another finding related to change in weight, equal to 63% for pPVP and 55% for 



mixtures with LiS at 10% and 15% (an improvement of 14%). A possibility was that the LiS positively 

influenced the main phase of such PVP degradation. 

 

 

Fig. 7. TGA analysis PVP mixtures - TG and DTG curves for the cast materials of PVP, pPVP, pPVP/Z and pPVP/Z/LiS. 

 

 

Table 3 TGA analysis - evaluated data on the pure additives and cast materials of PVP, pPVP, pPVP/Z and pPVP/Z/LiS. 

 

 

However, the last step (Tmax4) in degradation took place earlier in blends with LiS (comparing to pPVP), 

as revealed by the DTG curves. On the other hand, the LiS degradation itself (Tmax4) was moved in PVP 

mixtures to higher temprerature from 481 °C to 514 °C for 10 and 15% LiS and to 530 °C for 5% of LiS 

in PVP mixture. Total residual mass was higher for mixtures with LiS than for pPVP, the greatest value 

being discerned for 10% LiS. General increase in total residual mass was ca 40%, hinting that LiS/ zeolite 

exerted a positive effect on the thermal stability of PVP [39] expecially at higher temperatures. 

 

 



3.5. Texture profile analysis 

Hardness for pure PVP was determined as 327.4 ± 10.7 N. Plasticization of PVP by glycerol decreased 

this to a value of 10.9 ± 0.5 N, and the material was more flexible and softer as a consequence. This 

finding is in agreement with Nesic et al. [8], who stated that the physicochemical effect of the 

plasticizer on PVP increased its hydrophilicity, brought about through the presence of -OH groups 

interacting with either water or polar polymer groups; herein, it concerned the amide group from the 

PVP through the formation of hydrogen bonds (see the FTIR analysis). Additionally, any water bound 

in the system might have acted as an additional plasticizer, promoting greater elasticity of the blends. 

Plastification with glycerol also diminished the extent of intermolecular bonds between the PVP chains, 

giving rise to a softer material than pure PVP. Such plastification of PVP increased the adhesion of the 

material hundred times, from 0.120 ± 0.013 N (pure PVP) to 11.783 ± 2.740 N (pPVP). Although 

hydrogen bonds were discerned between the PVP and synthetic zeolite, addition at 2.5% of the latter 

had no significant effect on hardness (pPVP/Z 12.5 ± 3.3 N) or adhesion (pPVP/Z 9.137 ± 2.527 N). 

As can be seen from Fig. 8, the presence of LiS in the blends had a marked effect upon hardness and 

adhesion. As the content of LiS increased, so did hardness in parallel with a drop in adhesion. It is 

believed that this effect occurred as a direct result of the strong interaction of LiS with the PVP, in 

addition to the inherent rigidity of the lignosulfonate structures. It would seem that supplementing 

the pPVP/Z mixture with LiS at 5% was optimal, halving the extent of adhesion while ensuring 

acceptable flexibility. 

 

Fig. 8. Hardness and adhesion (absolute values) of the plasticized PVP with 2.5% of zeolite as a function of lignosulfonate 

content (n = 15, mean value ± standard deviation). 

 

3.6. Water uptake and water solubility 

PVP is a hygroscopic polymer, which can be an advantage or a disadvantage depending on the intended 

purpose. This is a benefit when the material takes the form of a binder or adhesive, but not as a film. 

Water uptake and water solubility affect chemical stability and mechanical properties, thus constitute 



crucial factors, alongside biodegradability, which impact practical application [53,54]. Fig. 9 illustrates 

the effect of lignosulfonate content on the water uptake and water solubility of the cast blends. 

Water uptake for PVP was determined as 15.7 ± 1.1% at the relative humidity of 54%. The plastification 

of PVP and addition of zeolite both led to a decrease in water uptake of up to 3.20 ± 0.08% and 3.28 ± 

0.10%, respectively. This drop could be attributed to the formation of hydrogen bonds between the 

carbonyl group in the lactam ring and the -OH groups in the glycerol (see Fig. 4D, E), as well as hydrogen 

bonds between the -OH groups of zeolite and the carbonyl group or with the N atom of PVP. The 

highest value for water uptake was discerned for the pPVP/Z/LiS 5 blend, at 6.27 ± 0.14%. As the 

amount of LiS went up, though, water uptake fell (10% LiS: 5.77 ± 0.08%; 15% LiS: 4.26 ± 0.17%). As 

stated in a paper by Shankar et al. [55], this reduction in water uptake might arise through the strong 

intermolecular force between the PVP and hydroxyl group of the aromatic polyphenolic rings in the 

lignosulfonate. 

 

 

Fig. 9. Water uptake at 54% RH of the plasticized PVP with 2.5% of zeolite, as a function of lignosulfonate content after 10 

days (at equilibrium), and the constant rate for water solubility as a function of lignosulfonate content (n = 3, mean values ± 

standard deviation). 

 

All the prepared blends were highly water soluble (100% according to COD analysis), hence a first-

order mathematical model was employed to evaluate the dissolution profiles for the blends [46]. The 

dissolution rate, expressed as a constant for water solubility, was selected for the sake of comparison. 

PVP is quite soluble, and upon plastification by glycerol, the dissolution rate of the cast blend increased 

four-fold. After adding synthetic zeolite into the pPVP, the dissolution rate decreased from 1.86 ± 0.11 

min-1 to 1.63 ± 0.05 min-1. The blends containing LiS dissolved slightly slower than the pPVP/Z blend, 

at 0.77 ± 0.02 min-1 for 5% LiS, 1.01 ± 0.06 min-1 for 10% LiS and 1.08 ± 0.09 min-1 for 15% LiS. The mass 

concentration of lignosulfonate exerted no statistically significant effect on the water solubility of the 

blends. It is known that water solubility is related to the content of free hydroxyl groups in the polymer 

matrix. The decrease witnessed in the dissolution rates for pPVP/Z and pPVP/Z/LiS may have occurred 



through the presence of hydrogen bonding between PVP-zeolite and PVP-lignosulfonate. It could also 

be assumed that there was a gradual release of PVP from the porous structure of the zeolite. 

The tests conducted herein led to the authors concluding that the degree of hygroscopicity of the 

proposed blends could be regulated by adding LiS, broadening the scope for practical application of 

the material. 

 

3.7. Biodegradation and screening test on the growth of Sinapis alba 

Experiments investigating the biodegradation of prepared cast blends with LiS in a soil environment 

were expected to reveal a positive effect on the biodegradation of PVP of the enzymatic apparatus (lig-

ninolytic enzymes) formed when lignosulfonate degraded. Reference was made to the literature 

[56,57], wherein lignin biodegradation was reported as an oxidative process involving enzymatic and 

radical reactions. The free radicals of some fungal metabolites and lignin-derived products have the 

potential to act as natural redox mediators of lig-ninolytic oxidoreductases. The contribution made by 

these compounds would be especially noticeable in said fungi producing laccase as the main or sole 

ligninolytic oxidoreductase. 

A respirometric test was performed for two months, and the corresponding data are presented in Fig. 

10. The biodegradation curves adhered to a standard course, and it was possible to describe them by 

regression, applying an equation for first-order kinetics. A comparison of the limit values for the 

biodegradation of the blends is given in Table 4. 

As expected, glycerol and lignosulfonate were highly biodegradable and pure PVP was resistant to the 

process (Dmax < 1%). Table 4 shows that the degree of biodegradation for all blends was approximately 

11% and the lag phase was less than one day. However, the presence of synthetic zeolite in the blends 

exerted a significant effect on the rate of biodegradation. The biodegradation rate of the pPVP/Z 

blends almost doubled compared to pPVP, which was in agreement with Yapparov et al. [58], who 

wrote that zeolite improved the agrochemical properties of soil, which leads to increased 

microbiological activity and accelerated biomass growth of microorganisms. Adding LiS caused a 

reduction in the rate of biodegradation that varied depending on mass concentration, as follows: 0.244 

± 0.010 d-1 for 5% LiS, 0.173 ± 0.012 d-1 for 10% LiS and 0.183 ± 0.012 d-1 for 15% LiS, potentially due to 

the complex structure of the lignosulfonate. The findings indicated that the presence of LiS in the 

blends had a positive effect on biodegradation of the blends, and the optimal filling equalled a 5% mass 

concentration of LiS. The anticipated influence of LiS on the biodegradation of PVP proved not so 

significant, though. The results of biodegradation tests support the notion that the proposed 

pPVP/Z/LiS blends are suitable for application in a soil environment. 

Finally, a plant growth test (S. alba) was performed to assess the applicability of the blends as seed 

carriers for sowing purposes (as seed tapes - Fig. 11) or as a biocompatible coating for protecting a 

seed, as well as possibly aiding the germination process and improving crop yield. The blend with 5% 

of LiS was chosen for its demonstrably good biodegradability in soil. The first positive result comprised 

the fact that all of the ten encapsulated seeds under study actually germinated. At the end of the 

experiment, the weight of the wet biomass, and the lengths of the stems and roots were determined. 

Wet biomass weight as control samples constituted 108.5 ± 27.6 g, 105.7 ± 22.5 g for pPVP/Z and 109.1 

± 20.1 g for pPVP/Z/LiS. The length of the stems for the control samples equalled 6.0 ± 1.0 cm, 7.2 ± 

0.8 cm for pPVP/Z and 6.3 ± 1.0 cm for pPVP/Z/LiS. Notable results were observed for root length: 

control 3.7 ± 2.5 cm, 1.5 ± 0.3 cm for pPVP/Z and 5.3 ± 1.8 cm for pPVP/Z/LiS. The presence of LiS in 

the blend brought about significant increase in the length of the roots of Sinapis alba, compared to 



plants with seeds encapsulated in a cast blend filled solely with zeolite. Thus it could be concluded that 

the LiS or related biodegradation products released into the soil environment, probably humic 

substances, exerted a positive effect on the quality of the root system of the Sinapis alba plants [59,60]. 

Lignosulfonate may also have been a source of sulphur, which is an important element in the formation 

of the root system. However, it should be borne in mind that these are only screening tests and further 

experiments are necessary. 

 

 

 

Fig. 10. Biodegradation of the cast materials of PVP, pPVP, pPVP/Z and pPVP/ Z/LiS (n = 3, mean values). 

 

Table 4 Kinetic model parameters for the biodegradation of the cast materials of PVP, pPVP, pPVP/Z and pPVP/Z/LiS (n = 3, 

mean values ± standard deviation). 

 

 

 

 



 

Fig. 11. Sinapis alba seeds encapsulated in the cast blends. 

 

 

4. Conclusion 

The present study focussed onto the development of novel ternary polymer blends based on 

polyvinylpyrrolidone (PVP) as the matrix with lignosulfonate and synthetic zeolite. The following 

conclusions are founded on the discussion given above: 

- With reference to organoleptic characterization, it is clear that synthetic zeolite was necessary 

for preparing such cast blends on the base of PVP and LiS. Optical microscopy revealed that 

particles of the synthetic zeolite were quite evenly distributed throughout the polymer matrix 

and random networks were formed therein. 

- The FTIR spectra for the prepared polymer blends proved that hydrogen-bonding interaction 

occurred between the PVP/synthetic zeolite and PVP/lignosulfonate. 

- DSC analysis confirmed the good miscibility of the PVP and lignosulfonate. 

- TGA results indicated that combining lignosulfonate and synthetic zeolite enabled the thermal 

stability of PVP to be maintained. 

- Lignosulfonate reduced the adhesion of the polymer blends. Water solubility and water uptake 

was satisfactory from the point of view of handling and further use. 

- Respirometric biodegradation test confirmed that the ternary polymer blends were 

environmentally friendly materials. The screening plant growth test demonstrated that the 

polymer blends had a positive effect on the root growth and development of Sinapis alba. 

Optimization of the properties of PVP through blending it with synthetic zeolite and lignosulfonate is 

a viable, economic and good means for broadening the scope of practical application of the material. 

The developed ternary polymeric blends were found to be suitable for use in agricultural chemistry, 

for example, as seed carriers (as seed tapes) or as a biocompatible coating for protecting seeds. 
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