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Lignin, an abundant renewable biopolymer in nature, contains specific structural 
limitations affecting its application strategies. So, a favoured strategy is to use it into 
the manufacturing of composite materials with other natural or synthetic polymers. 
This study examines the impact of controlled accelerated solvent removal (pre-
evaporation), a subject that is still not thoroughly explored, on the structural, 
morphological, and thermal characteristics of Na-lignosulfonate (LS) and polyvinyl 
alcohol (PVA) composite films. Aqueous solutions containing LS, PVA, glycerol 
and urea were formulated for the casting of composite films.  A pre-evaporation at 
85-90 °C for 0 to 240 min was employed to solution enhancing its concentration prior 
to being poured into moulds.  The 13C-NMR and FTIR used for structural 
characterisation validated the specific aromatic and aliphatic structure of LS. FTIR 
analysis identified interactions between LS and PVA in the films, indicating changes 
in the ether bond peaks (~1039 cm⁻¹). TGA demonstrated that LS enhanced the 
thermal stability of the composites and facilitated carbonisation above 450°C. 
Examination by SEM of the composite films indicated that the pre-evaporation 
duration significantly affected the morphology. A 5–14% decrease in film thickness 
and an increase in pore size and number, particularly on the exposed surface, were 
observed, but the change did not occur uniformly. LS/PVA films were effectively 
produced without internal stress during pre-evaporation durations of up to 150 min. 
At times exceeding 150 min, excessive solvent loss and increased solution viscosity 
resulted in significant morphological defects such as internal stresses, large pores, 
and structural integrity failure, leading film casting impossible at 240 min. The study 
determined that the 150 min pre-evaporation procedure is an essential limit for the 
production of composite films from these polymers. The results obtained are crucial 
for improving the processing parameters of lignin-based composites intended for 
packaging or carbon precursor applications. 

 
1. Introduction 
 
A considerable portion of biopolymer research 
focuses on biomass components, including 
cellulose, hemicellulose, and lignin, which are 
some of the most abundant polymers in nature. 
Lignin, a natural aromatic polymer, is a crucial 
structural component, providing rigidity and 
strength to plant cell walls, and serves as a 
renewable feedstock. It is found heterogeneously 
distributed in the middle lamella within the cell 
wall and between cells. However, lignin is found 

in the middle lamella or cell walls in a complex 
mixture with other plant polymers, which 
complicates its pure extraction and direct 
utilization. 
 
The diversity of plant sources from which lignin 
is obtained, and delignification methods enable 
the production of different types of lignin 
suitable for various application areas. In addition 
to traditional lignin types such as kraft lignin and 
lignosulfonates, new-generation lignin variants 
obtained through methods such as steam 
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explosion, organosolv, deep eutectic solvents, or 
dilute acid treatments are also available [1].  
The fact that the pulping (or delignification) 
method directly affects the physical and chemical 
properties of lignin significantly expands and 
diversifies the application areas of this valuable 
biopolymer. Historically, lignin was considered a 
waste product, especially for the paper industry, 
and until recently, it was generally disposed of by 
burning for energy production. 
 
In recent years, research into the use of this 
valuable biopolymer and its composites as 
carbon precursors for graphene production has 
attracted considerable attention [2-9]. However, 
the limited film-forming capabilities of lignin 
and its derivatives limit their direct application. 
Therefore, the evaluation in combination with 
other polymers is essential for applications such 
as film production.  
 
Due to its water solubility, biodegradability 
potential, and compatibility with natural 
polymers [10, 11], polyvinyl alcohol (PVA) is a 
widely used polymer such as lacquers, adhesives, 
surface coating materials, films, and plastic 
materials [12]. While lignin/PVA composite 
films have been successfully produced, the 
studies investigating the effects of process 
parameters on film properties during film 
production are relatively limited in the literature. 
 
In this study, the effects of increasing the 
lignin/PVA solutions concentration before the 
film casting process on film properties were 
investigated. It was anticipated that film 
characteristics would rise to a specific threshold 
with increasing concentration, subsequently 
declining thereafter. To this end, a controlled 
accelerated solvent removal process was applied 
to increase the concentration of solutions 
prepared at a specific initial concentration. The 
solutions obtained at different concentrations 
were cast into molds of the same volume and size 
to produce films, and the structural, thermal and 
morphological properties of these films were 
thoroughly investigated. 
 
 
 
 
 

2. General Methods 
 
2.1. Materials 
 
Sodium lignosulfonate (LS, Pars Kimya, Mw: 
500-2000 g/mol), polyvinyl alcohol (PVA, 
Merck, ≥98% hydrolzed, Mw: 60000 g/mol), 
glycerol (Balmumcu Kimya, USP grade, Mw: 
92.09 g/mol), and urea (Merck, Mw: 60.06 g/mol, 
purity ≥99%) were used for film production 
without any purification procedure. Deionized 
water (DI) was utilized throughout all production 
and characterization phases.  
 
2.2. Production of lignin-PVA films 
 
Approximately 2.00 g of PVA was dissolved in 
20 ml of DI water. The dissolution was 
conducted in an oil bath at 85-90°C, with 
magnetic stirring maintained at a constant speed 
of 500 rpm. In another container, approximately 
2.00 g of LS, 0.20 g of urea, and 4.00 ml of a 25 
wt% glycerol solution were dissolved in 20 ml of 
DI water using a stirring rod. The solution was 
thereafter allowed to heat at 85-90°C. After 15 
min, the LS solution (20 ml) was incorporated 
into the PVA solution (20 ml). The container was 
covered and the LS-PVA mixture was continued 
to be stirred at 85–90°C and 500 rpm for 60 min. 
At the end of the 60 min mixing period, the cover 
of the reaction container was removed to 
facilitate the preliminary evaporation of the 
solvent. The preliminary evaporation of water 
occurred for 0, 30, 60, 90, 105, 120, 135, 150, 
180 or 240 min.  
 
The prepared LS-PVA mixture was poured into 
two silicon casting molds with an inner diameter 
of 10 cm and allowed to cure at 28°C for 
approximately 12-16 hours in a climate-
controlled setting. Upon completion of the drying 
period, the films were removed from the molds 
and preserved in zip-sealed bags. 
 
2.3. Characterization methods 
 
2.3.1. Wet chemistry analysis 
 
The lignin and ash contents of sodium 
lignosulfonate were determined according to 
TAPPI standards (T222 om-11 and T211 om-02, 
respectively). 
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2.3.2. NMR analysis 
 
NMR studies were performed to evaluate the 
structure of LS. Samples were dissolved to make 
20 g/L solutions in DMSO-d6 for analysis on a 
Bruker Ascend high-resolution digital 500 MHz 
nuclear magnetic resonance (NMR) 
spectrometer. 
 
2.3.3. Thermogravimetric (TGA) analysis 
 
A Mettler Toledo TGA 2 model 
thermogravimetric analyser was used for thermal 
analysis. Approximately 8.00 mg of sample was 
accurately weighed for each test. The tests were 
conducted under a nitrogen atmosphere at a 
heating rate of 10°C/min within a temperature 
range of 30°C to 900°C.  
 
2.3.4. Fourier transform infrared 

spectroscopy  
 
A Bruker Optik GMBH Tensor 37 instrument 
was used for the measurements. Operating range 
was from 4000 to 400 cm-1 and the spectral 
resolution was set to 2 cm-1.  
 
2.3.5. Scanning Electron Microscopy (SEM)  
 
Images from a scanning electron microscope 
(SEM) were obtained to analyze the 
morphological properties of the films. The 
images were captured from both surfaces of the 
films: the open (exposed) surface where 
evaporation occurred unimpeded and the closed 
surface in contact with the mold. Prior to starting 

the imaging process, the films were cut into small 
pieces for the morphological imaging. The 
samples were subsequently coated with gold-
palladium before measurement. Imaging was 
conducted utilizing a Thermo Scientific Axia 
device at magnification levels of 100x, 1000x, 
2500x, and 5000x. All tests were performed 
under vacuum conditions at an acceleration 
voltage of 15 kV. 
 
3. Results and Discussion 
 
3.1. Characterization of neat lignosulfonate 
 
The structural characteristics of LS obtained 
commercially from a local provider were 
determined using wet chemical and instrumental 
analysis methods. The lignin content of LS was 
determined to be 93.92%, while the ash content 
was found to be 5.86%. The spectrum obtained 
from the 13C-NMR analysis is presented in 
Figure 1. 
 
The aliphatic carboxyl groups in LS were 
observed at 172.54 ppm [13-15]. The absence of 
distinct signals in the 90–102 ppm range 
indicates that the sample contains a low amount 
of residual wooden carbohydrates [15]. In the 
161.43–112.33 ppm range, aromatic moieties of 
lignin were detected in accordance with previous 
studies [14, 16-18]. In this region, strong signals 
indicating p-coumaric ester for C-4 were 
identified around 159 ppm [15], while similarly 
strong signals for aromatic C–H of C5 were 
present between 114.63 and 116.93 ppm [18].

 

 
Figure 1. 13C-NMR spectrum of neat Na-lignosulfonate 
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Relatively weaker signals observed at 112.33 and 
119.23 ppm indicate aromatic C–H bonds in C2 
and C6, respectively [18]. Aliphatic oxygen-
containing groups are present in the 60–90 ppm 
region [19]. The signals indicating the carbon in 
the methoxy group were detected at 56.31 ppm 
[13-14, 18]. The strong signal in the 40 ppm 
region is attributed to DMSO-d6, which was used 
to dissolve the sample. 
 

The FTIR patterns of neat LS in Figure 2 reveal 
that peaks associated with C=C stretching 
vibrations from the aromatic ring structure of the 
lignin, detected at 1440–1594 cm-1 [18, 20-22]. 
 

 
Figure 2.  The FTIR spectrum of neat PVA and LS 

with their films 
 

Very weak absorptions indicating methylene and 
methyl groups of side chains and aromatic 
methoxy groups were observed in the 2800–3000 
cm⁻¹ range, and hydroxyl groups were indicated 
in the 3000–3600 cm⁻¹ range [23]. A shoulder at 
1047 cm⁻¹ indicates S＝O stretching and 
sulfonate group (SO3) absorption vibrations [18, 
20-21]. 
 

The vibrations observed in the 900–750 cm⁻¹ 
region are attributed to bending vibrations from 
aromatic component C-H bonds, and the 
vibrations observed in the 1280–1030 cm⁻¹ 
region are attributed to stretching vibrations from 
C-O bonds of various alcohols, phenols, esters, 
and ethers [24]. The vibration observed around 
688 cm⁻¹ is thought to originate from the out-of-
plane bending of C–H bonds [18]. 
 

3.2. Characterization of lignosulfonate-PVA 
films 

 

3.2.1. FTIR analysis 
 
The FTIR pattern of neat PVA presented in 
Figure 2 exhibits some characteristic bands. The 

PVA skeletal band was observed at 836 cm⁻¹ 
[25]. In the 3000-3600 cm⁻¹ region, stretching 
vibrations indicating O–H from intermolecular 
and intramolecular hydrogen bonds can be 
clearly observed compared to the LS pattern [26]. 
However, the magnitude of this peak is small 
rather than that of LS-PVA films, as explained 
later. Furthermore, the bending vibration of OH 
groups can be seen in the 1423-1242 cm⁻¹ band 
range [27]. 
 
In the same figure, the stretching vibration of C–
H from alkyl groups was detected in the 2810–
2927 cm⁻¹ band range [28, 29] while C-O 
stretching vibrations were observed around 1134 
cm⁻¹ [27, 29]. Additionally, the vibrational band 
in this region is attributed to the crystallinity of 
PVA [26]. Weak shoulders observed in the 
1000–1200 cm⁻¹ band range were detected at 
1082 cm⁻¹ in this study and are attributed to ether 
bonds [30]. The vibrations observed in the form 
of shoulders at 1710 cm⁻¹ are attributed to 
stretching vibrations originating from C=O [29]. 
 
Upon comparing the FTIR spectra of LS-PVA 
films, it was observed that the peak intensity 
corresponding to OH groups, which are 
indicative of neat LS and PVA, increased in the 
3000–3600 cm⁻¹ range. In contrast, according to 
Su & Fang [27], the vibration peaks in the 
relevant region decreased compared to neat 
polymers. A possible explanation for this is that 
water evaporation without a thermal process was 
carried out during film formation, resulting in a 
large amount of remaining water in the film.  
 
The peak observed at 1030 cm⁻¹ has been 
identified by previous researchers as indicating 
an ether bond (C-O-C), and it has been 
determined that the magnitude of this peak is 
related to the extent of the aldol reaction between 
lignin and PVA [31]. In the present study, the 
relevant peak was observed at 1039 cm⁻¹, but it 
is slightly affected by the peak at 1108 cm⁻¹, 
which belongs to the stretching vibrations of the 
C-O functional groups of LS. However, the same 
peak was observed with a shift to 1097 cm⁻¹, and 
its intensity decreased. Additionally, the sulfur-
containing compounds present in LS also vibrate 
in a region very close to this point. As a result of 
these interactions, both a slight change in peak 
intensity and a slight shift in the expected 
wavenumber have occurred. However, despite all 
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this, it is clear that there is an interaction between 
LS and PVA. 
 
3.2.2. TGA and DTG analysis 
 
The effects of different pre-evaporation times (0–
240 min) on the thermal behaviour of LS/PVA 
films derived from solutions were investigated 
using TGA and DTG curves presented in Figures 
3 and 4. 
 
In the initial analysis of the TGA curves (Figure 
3), common trends were identified. A multi-step 
and gradual thermal degradation was observed in 
both neat PVA and all LS/PVA films between 
30°C and 900°C. A distinct mass loss starting at 
30°C and ending around 120°C was also 
observed in all samples, which is generally 
associated with the removal of free and bound 
water from the polymers [32, 33]. DTG curves 
(Figure 4) also show peaks of varying sizes in 
this region. Notably, neat PVA demonstrates the 
lowest mass loss compared to other samples in 
this specific region, which is consistent with the 
FTIR patterns presented in Figure 2. 
 
The mass loss of neat PVA accelerated around 
300°C, reached 50% at about 350°C and 90% 
around 430°C. The complete decomposition of 
PVA mass observed at approximately 494°C. All 
these stages were reported in previous studies 

describing the degradation and dehydrogenation 
of the PVA main chain [33]. In films containing 
lignosulfonate, it was observed that at least 30% 
of the mass was retained at the temperature at 
which PVA was completely degraded.  
 
The degradation of LS/PVA composite films 
follows a three-stage process (Figures 3 and 4). 
The initial region, beginning around 180°C and 
extending to approximately 250°C, indicates 
certain reactions resembling, yet occurring at 
lower temperatures compared to, the degradation 
process of neat PVA. The DTG curves (Figure 4) 
distinctly exhibit peaks associated with these 
modifications. It is hypothesized that the main 
degradation mechanism of PVA is affected and 
occurs at lower temperatures due to the 
degradation of low molecular weight and 
unstable lignosulfonate components and side 
chains attached to the aromatic ring of lignin in 
this region [34].  
 
The more stable aromatic structure and higher 
molecular weight components of lignosulfonate 
degrade at higher temperatures compared to the 
lower molecular weight lignin chains. Given that 
neat PVA is expected to completely degrade 
above 450°C, the significant amount of residual 
mass detected above this temperature in LS/PVA 
films is explained by their char formation 
tendency [34].   

 

  
Figure 3. Thermal decomposition graphs of neat PVA and LS/PVA films 

 

  
Figure 4. DTG curves for LS/PVA films 
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The thermal decomposition results suggest that 
the stepwise degradation observed in LS/PVA 
films holds promise for graphene production 
without the need for a substrate. Extensive 
research on this topic is planned for subsequent 
studies. 
 
3.2.3. SEM analysis 
 
The morphological structures of the films were 
examined using SEM with the previously 
described method and the film images were 
presented in Figures 5 and 6. This enabled a 
topographical comparison between the open 
(top) surfaces (contact with atmosphere) and the 
closed (bottom or mold-contacting) surfaces 
(contact with the filming mold) of films.  
 
Increasing the pre-evaporation time during film 
formation caused significant structural changes 
in the morphology and surfaces of films. The 
most critical effect observed was the evolution of 
porosity. As the pre-evaporation time extended 
from 150 to 240 min, the increased solvent 
removal led to a higher viscosity of the lignin-
PVA solution. This led to disorders in the film 
matrix and the larger pores.  
 
It was found that the film-forming ability of the 
samples cast from solutions applied above 150 
min of pre-vaporization is significantly reduced. 
The situation can be clearly recognized from the 
macroscopic images of the films depicted in 
Figures 7. This phenomenon can be attributed to 
the increase in viscosity of solution resulting 
from the evaporation of more than half of the 
solvent, leading to the formation of a thicker, gel-
like matrix. The gelation prevents the solution 
from spreading uniformly in the mold, inhibiting 
the formation of a continuous, smooth film layer. 
Changing the evaporation rate is known to raise 
the internal tension during high film 
development [35]. Conversely, the research by 
Feng et al. [36] revealed that films produced from 
higher concentration solutions had superior 
surface morphology.  
 
Extended pre-vaporization reduced the drying 
time, but it probably increased internal stresses, 
leading to the deterioration of film morphology. 
Excessive solvent loss makes it difficult for 
polymer chains to rearrange and form a stable 

network structure, leading to microstructural 
defects, which in turn reduce the integrity and 
morphological quality of the films. 
 
SEM images of the films with higher 
magnifications such as 2500 and 5000x revealed 
a network structure morphology as a network 
structure up to 150 min. However, this network 
structure appears to be layered, especially for 
some films. A noticeable colour difference can 
be observed between the closed and open 
surfaces of the films. The bottom surfaces that 
encounter the mold surface of the films take on a 
distinct light color, while the upper surfaces are 
darker in tone (Figure 7).   
 
The chemical incompatibility between 
lignosulfonate and PVA can be seen in film 
morphology as polymer aggregates and 
microphase separation [37]. It was shown that at 
elevated lignin concentrations, additional lignin 
does not interact uniformly with the PVA matrix, 
functioning just as a filler [38]. This results in a 
heterogeneous morphology that decreases the 
film's structural integrity and adversely affects its 
mechanical properties. This kind of behaviour is 
quite similar to the idea of microphase 
separation, which describes how two parts of a 
film might generate separate phases at the 
molecular level 
 
4. Conclusion 
 
This study investigated the effects of pre-
evaporation time on the properties of Na-
lignosulfonate (LS)/PVA composite films, 
identifying a critical processing threshold for 
successful film fabrication. 
 
Structural characterization analyses revealed the 
high purity of the lignin used in the study and the 
details of its aromatic structure. FTIR 
spectroscopy indicated the characteristic 
vibrations of both neat LS and PVA. The 
presence of an ether bond vibrations around 1039 
cm⁻¹, indicating aldol reactions between LS and 
PVA, demonstrates the successful production of 
composite films. However, in the films, the peaks 
located at 3000-3600 cm⁻¹ were larger than those 
of both polymers, suggesting that the drying 
conditions chosen for film production were 
insufficient for solvent removal.  



Sakarya University Journal of Science, 29(5) 2025, 580-59 

586 
 

a)  

b)  

c)  

d)  

e)  
Figure 5. SEM images of lignin-PVA films’ surfaces recorded at magnifications of 100, 1000, 2500, and 

5000x (a: 0 min., b: 30 min., c: 60 min., d: 90 min., e: 105 min.) 
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a)  

b)  

c)  

d)  
Figure 6. SEM images of lignin-PVA films’ surfaces recorded at magnifications of 100, 1000, 2500, and 

5000x (a: 120 min., b: 135 min., c: 150 min., and d: 240 min.)
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Figure 7. Macroscopic images of lignin-PVA films 

 
A thermal treatment step at a higher temperature 
is needed to reduce the water content in the films. 
The remaining water content in the films was 
confirmed by thermogravimetric analysis. The 
most significant conclusion is the influence of 
pre-evaporation time on film morphology. A 
distinct point was found at 150 min. The pre-
evaporation process created films with a 
continuous network structure. The process 
successfully increased the solution concentration 
without causing catastrophic consequences. 
Prolonged pre-evaporation led to the removal of 
excessive amounts of solvent, creating a highly 
viscous, gel-like solution. It resulted in a solution 
that was not spread evenly across the mold, 
creating a lot of internal stress in the film.  
 
Thermogravimetric investigations demonstrated 
that the addition of LS enhanced the thermal 
stability of neat PVA and promoted 
carbonisation in the composites at elevated 
temperatures (>450°C). This, along with the 
mentioned enhancements in film structure, 
increases the possible uses of these composites 
for applications requiring heat resistance or as 

precursors to carbon-based materials like 
graphene.  
 
Consequently, the pre-evaporation process must 
be carried out with considerable precision. It 
saves time by removing excess solvent from the 
casting solution, but the time must be carefully 
optimized within a narrow range (≤150 min 
under these specific conditions) to avoid 
morphological defects. Future research should 
focus on removing residual solvent from the 
films and exploring opportunities for 
improvement in interfacial adhesion and 
microphase separation. 
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