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Article 
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Abstract: Atmospheric particulate matter (PM) represents one of the most important air quality indicators due 

to its significant impact on human health and the environment. FTIR-ATR spectroscopy was employed to investigate the 
chemical composition of PM10 and PM2.5 aerosols collected at three air quality monitoring stations in Arad County, 
representative of urban traffic, industrial activities, urban background, and suburban environments, during both normal 
atmospheric conditions and Saharan dust intrusion events. Variations in filter characteristics and FTIR-ATR spectral 
features reflected the combined effects of seasonal conditions, local emission sources, and Saharan dust transport. The 
identified absorption bands corresponding to O–H, C–H, C=O, NO3

−, CO3
2−, SO4

2−, and Si–O functional groups 
indicated the presence of both natural and anthropogenic aerosol components. The natural fraction was dominated by 
silicates, aluminosilicates, quartz, hydrated clay minerals, and carbonates, whereas the anthropogenic fraction included 
carbonaceous compounds, hydrocarbons, and secondary aerosols such as nitrates and sulfates. Enhanced mineral 
signatures during Saharan dust episodes confirmed the contribution of long-range transported mineral aerosols rich in 
illite, smectite, palygorskite, calcite, and dolomite to PM composition. The FTIR-ATR findings demonstrate the combined 
influence of local emissions, seasonal variability, and Saharan dust transport on particulate matter composition in 
western Romania. 

 
Keywords: PM10 and PM2.5; FTIR-ATR spectroscopy; chemical composition; aerosol 

characterization; Saharan dust intrusion.  
 
 
INTRODUCTION  
Air pollution is one of the major environmental 
challenges of the 21st century, with significant 
impacts on human health, ecosystems, and 
climate. Among air pollutants, particulate matter 
(PM) is considered a key indicator of air quality 
due to its ability to penetrate the respiratory 
system and transport various chemical 
contaminants (Ofremu et al., 2025; Taha et al., 
2025). Atmospheric particles are classified 
according to their aerodynamic diameter, with 
PM10 and PM2.5 representing the fractions of 
greatest relevance for air quality and health 
assessments. 

The health effects of particulate matter 
depend on both particle size and chemical 
composition. PM10 particles are mainly 
deposited in the upper respiratory tract, whereas 
PM2.5 particles can reach the pulmonary alveoli 

and enter the bloodstream (Ofremu et al., 2025; 
Taha et al., 2025, Hamanaka and Mutlu, 2025). 
Numerous epidemiological studies have linked 
long-term PM exposure to respiratory and 
cardiovascular diseases and increased premature 
mortality (Ofremu et al., 2025; Taha et al., 
2025). Consequently, the World Health 
Organization (WHO) and the European Union 
have established air quality standards and 
guideline values for PM10 and PM2.5 
concentrations (WHO, 2025; WHO, 2024). 
Effective monitoring systems and continuous air 
quality assessment programs are therefore 
essential for identifying pollution episodes and 
supporting public health protection measures 
(EEA, 2024). 

Atmospheric particulate matter consists 
of a complex mixture of organic and inorganic 
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compounds, including sulfates, nitrates, 
ammonium salts, elemental carbon, organic 
matter, trace metals, metalloids, and mineral 
particles (Seinfeld and Pandis, 2016; Romano et 
al., 2022). Its composition is influenced by 
emission sources, meteorological conditions, 
and atmospheric transport and transformation 
processes, making PM characterization an 
important tool for source identification and  
environmental impact assessment (Harrison and 
Hester, 2009; Shankar et al., 2022; Mohandoss 
et al., 2025). 

In Central Europe, PM10 and PM2.5 
originate from both anthropogenic sources, such 
as traffic, industry, energy production, 
residential heating, and agriculture, and natural 
sources, including soil dust resuspension, 
wildfires, and long-range transport of mineral 
aerosols (EEA, 2025; EEA, 2024). Recent 
studies have highlighted the significant 
contribution of transboundary pollution to 
particulate matter levels across Europe 
(Velásquez-García et al., 2024; Oduber et al., 
2026; Basart et al., 2023). 

Particular attention has been given to 
Saharan dust transport events, during which 
large quantities of mineral aerosols originating 
from North Africa reach the Mediterranean 
Basin and subsequently Central and Eastern 
Europe. These episodes can substantially 
increase PM10 concentrations and modify 
aerosol composition and atmospheric optical 
properties (Querol et al., 2009; Gkikas et al., 
2021; Varrica et al., 2019). Recent studies 
indicate an increasing frequency and intensity of 
Saharan dust intrusions, affecting regions 
located hundreds or even thousands of 
kilometers from the source areas (Rodríguez et 
al., 2024; Varga, 2023). 

Arad County, located along Romania’s 
western border, is among the first regions 
affected by air masses originating from 
southwestern Europe. Its position on major 
European transport corridors and its proximity 
to important industrial and urban areas in 
Romania and Hungary expose the region to both 
local and transboundary sources of air pollution. 
Consequently, during Saharan dust intrusion 
events, Arad is often among the first areas in 
Romania to experience increased particulate 
matter concentrations due to the prevailing 

southwesterly air mass circulation 
(https://apmar.anpm.ro). 

The municipality of Arad represents the 
main urban and economic center of the county, 
characterized by intense road traffic, industrial 
and logistics activities, and a high population 
density. Major emission sources include traffic 
along the E68 and E671 European corridors, 
urban traffic, activities within the Arad-West 
industrial area, and centralized and residential 
heating systems, particularly during the cold 
season. In addition, the topographic 
characteristics of the Western Plain may favor 
the temporary accumulation of pollutants under 
stable atmospheric conditions. 

Air quality monitoring is performed 
through automatic stations integrated into the 
National Air Quality Monitoring Network 
(RNMCA), managed by the Arad 
Environmental Protection Agency (DJM Arad) 
(https://anmap.gov.ro/reteaua-nationala-de-
monitorizare-automata-a-calitatii-aerului-
rnmca/). In Arad County, monitoring is carried 
out at two stations located in the municipality of 
Arad (AR1 and AR2) and one station in the 
Nădlac area (AR3), providing continuous data 
on major atmospheric pollutants. These 
measurements support air quality assessment, 
the identification of pollution episodes, and 
studies on atmospheric aerosol dynamics and 
population exposure to air pollutants. The AR1 
monitoring station is situated in an urban area 
characterized by intense road traffic and 
industrial activities, including emissions 
associated with the CET-H electrothermal 
power plant, and is representative of pollution 
generated by these sources. The AR2 station is 
located within a residential area and is 
considered representative of the urban 
background conditions of Arad. In contrast, the 
AR3 station is situated near the Nădlac border 
crossing with Hungary and is representative of 
the combined influence of international road 
traffic and the resuspension of mineral particles 
from surrounding agricultural land and 
transportation corridors.  

PM10 and PM2.5 samples were 
collected in accordance with the SR EN 12341 
standard using automatic samplers equipped 
with size-selective inlets for the retention of 
particles with aerodynamic diameters below 10 

https://apmar.anpm.ro/
https://anmap.gov.ro/reteaua-nationala-de-monitorizare-automata-a-calitatii-aerului-rnmca/
https://anmap.gov.ro/reteaua-nationala-de-monitorizare-automata-a-calitatii-aerului-rnmca/
https://anmap.gov.ro/reteaua-nationala-de-monitorizare-automata-a-calitatii-aerului-rnmca/
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μm and 2.5 μm, respectively 
(https://www.mmediu.ro/app/webroot/uploads/f
iles/Ghid%20G1.pdf). Particles were collected 
on quartz fiber filters during 24-hour sampling 
periods under controlled operating conditions. 
PM concentrations were determined 
gravimetrically following filter conditioning and 
weighing procedures specified by the standard. 
After analysis, the filters were individually 
sealed and stored under controlled temperature 
and humidity conditions to preserve their 
physicochemical properties. 

The characterization of atmospheric 
particulate matter is essential for identifying 
emission sources and understanding aerosol 
transport and transformation processes. Among 
the available analytical techniques, FTIR-ATR 
spectroscopy has proven particularly useful for 
investigating the chemical composition of 
atmospheric particles, while complementary 
methods such as ICP-MS and SEM-EDS 
provide additional information on elemental 
composition and particle morphology (Varrica 
et al., 2019; Gupta et al., 2024; Radulescu et al., 
2017). 

FTIR-ATR enables the identification of 
functional groups and major chemical 
constituents in particulate matter using small 
sample quantities and minimal preparation 
(Radulescu et al., 2017; Mahmud et al., 2024; 
Maria et al., 2002; Coury and Dillner, 2008; 
Russell, 2003). Its rapid and non-destructive 
nature allows the simultaneous characterization 
of both organic and inorganic aerosol 
components, making it a valuable tool for 
atmospheric particle analysis. 

The aim of this study was to characterize 
the chemical composition of PM10 and PM2.5 
atmospheric particles collected at different air 
quality monitoring sites in Arad County, 
Romania, using ATR-FTIR spectroscopy, with 
a focus on assessing the influence of local 
emission sources, seasonal variability, and 
Saharan dust intrusion events on the chemical 
characteristics of atmospheric aerosols. 

 
MATERIALS AND METHODS 
Material: 

This study was based on the analysis of PM10 
and PM2.5 particulate matter samples collected 
on quartz fiber filters and selected from the 
archive of the Chemical Analysis Laboratory of 
the DJM Arad. The filters were obtained through 
routine monitoring activities carried out within 
the National Air Quality Monitoring Network 
(RNMCA) at the three automatic air quality 
monitoring stations AR1, AR2, and AR3.The 
sampling periods corresponding to the 
investigated filter samples are presented in 
Table 1, whereas Table 2 summarizes the coding 
mode. Figure 1 shows the PM10 and PM2.5 
filter samples selected for FTIR-ATR analysis 
 

 
Table 1. Sampling periods of the investigated filters 

Sampling 
period Type of samples 
February 2025 PM10 
March 2025 PM10 and PM2.5 
July 2025 PM10 
24–25 March 
2025 

PM10 –episode of 
Saharan dust 

March 2018 PM10 
April 17–18, 
2018 

PM10 –episode of 
Saharan dust 
 

Table 2. Sample identification codes 
Sample code Date Filter Saharan 

dust  
(PS) 

AR1 Location    
AR1-25-1 20.02.2025 PM10 NO 
AR1-25-2 20.03.2025 PM10 NO 
AR1-25-3 27.07.2025 PM10 NO 
    
AR1-25-PS 24.03.2025 PM10 YES 
AR1-18-1 16.03.2018 PM10 NO 
AR1-18-PS 17.04.2018 PM10 YES 
AR2 Location 
AR2-25-1 20.03.2025 PM10 NO 
AR2-25-2 20.03.2025 PM2,5 NO 
AR2-25-3 27.07.2025 PM10 NO 
AR2-25-PS 24.03.2025 PM10 YES 
AR2-18-PS 17.04.2018 PM10 YES 
AR3 Location 
AR3-25-1 19.03.2025 PM10 NO 
AR3-25-2 20.03.2025 PM10 NO 
AR3-25-3 27.07.2025 PM10 NO 
AR3-25-PS 24.03.2025 PM10 YES 
AR3-18-PS 17.04.2018 PM10 YES 

 

https://www.mmediu.ro/app/webroot/uploads/files/Ghid%20G1.pdf
https://www.mmediu.ro/app/webroot/uploads/files/Ghid%20G1.pdf
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Figure 1. Filter sample images. 

 
Method: 
Prior to spectroscopic analysis, the filters were 
visually examined using a magnifying glass in 
order to evaluate their general appearance, 
coloration, surface texture, particle distribution, 
and particulate matter loading. 

For FTIR-ATR analysis, representative 
fragments were collected from the particulate 
matter-loaded regions of each filter. The surface 
layer containing the deposited atmospheric 
particles was carefully isolated from the filter 
substrate using stainless-steel tweezers and 
subsequently used for spectral acquisition. 

FTIR-ATR analyses were performed 
using a Vertex 70 spectrometer (Bruker, 
Germany) equipped with a ZnSe ATR crystal. 
Spectra were recorded in the 4000–600 cm⁻¹ and 
1900–600 cm⁻¹ ranges at a resolution of 4 cm⁻¹, 
with 64 scans accumulated for each 
measurement. Representative fragments from 
the particulate matter-loaded areas of the filters 
were placed directly onto the ATR crystal. Prior 
to each analysis, a background spectrum was 
recorded using an unexposed portion of the 
same filter material to compensate for spectral 
contributions from the filter substrate. The ATR 
crystal was cleaned with isopropyl alcohol 
between successive measurements to prevent 
cross-contamination. Spectral acquisition and 
processing, including baseline correction, were 
performed using OPUS 6.3 software (Bruker). 
For each sample, three replicate measurements 

were carried out, and the results are presented as 
the average spectrum. 
 
RESULTS AND DISCUSSIONS 
According to Law No. 104/2011 on ambient air 
quality, the limit value for PM10 is 50 μg m⁻³ as 
a daily average, with no more than 35 
exceedances permitted per year, and 40 μg m⁻³ 
as an annual average. For PM2.5, the annual 
limit value is 25 μg m⁻³. 
(http://www.calitateaer.ro/export/sites/default/.
galleries/Legislation/national/Lege-nr.-
104_2011-calitatea-aerului-inconjurator.pdf_) 

Table 3 summarizes the PM10 and 
PM2.5 concentrations determined by the 
gravimetric method for the analyzed filter 
samples collected over a 24-hour sampling 
period and identifies the instances in which the 
regulatory limit values were exceeded. 

 
Table 3. Gravimetric PM values for filter samples (DJM 
Arad, Chemical Analysis Laboratory) 

Sample code PM value 
(μg/m³) 

PM10 limit value 
exceeded  

(50 μg/m³) 
AR1-25-1 55 YES 
AR1-25-2 47 NO 
AR1-25-3 26 NO 
AR1-25-PS 61 YES 
AR1-18-1 34 NO 
AR1-18-PS 65 YES 
AR2-25-1 51 YES 

https://www.calitateaer.ro/export/sites/default/.galleries/Legislation/national/Lege-nr.-104_2011-calitatea-aerului-inconjurator.pdf_
https://www.calitateaer.ro/export/sites/default/.galleries/Legislation/national/Lege-nr.-104_2011-calitatea-aerului-inconjurator.pdf_
https://www.calitateaer.ro/export/sites/default/.galleries/Legislation/national/Lege-nr.-104_2011-calitatea-aerului-inconjurator.pdf_
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AR2-25-2 17 NO * 
AR2-25-3 22 NO 
AR2-25-PS 60 YES 
AR2-18-PS 63 YES 
AR3-25-1 32 NO 
AR3-25-2 35 NO 
AR3-25-3 21 NO 
AR3-25-PS 68 YES 
AR3-18-PS 72 YES 

* For PM2.5 there is no daily limit value in the Romanian legislation; 
The comparison is made only as a guideline against the annual limit 
value of 25 μg/m³. 
 

The PM concentrations revealed 
variations among the three monitoring sites 
(AR1, AR2, and AR3), as well as between 
normal atmospheric conditions and Saharan dust 
intrusion events. The highest PM10 
concentrations were recorded during Saharan 
dust episodes, frequently exceeding the daily 
limit value of 50 μg m⁻³ established by national 
legislation. Maximum values were observed for 
samples AR3-18-PS (72 μg m⁻³), AR3-25-PS 
(68 μg m⁻³), and AR1-18-PS (65 μg m⁻³), 
highlighting the significant contribution of long-
range transported mineral aerosols. 

Among the investigated sites, AR1, 
influenced by both road traffic and industrial 
activities, generally exhibited the highest 
particulate matter concentrations, with PM10 
values ranging from 26 to 55 μg m⁻³ under non-
Saharan conditions. In contrast, AR2, 
representative of the urban background 
environment, recorded lower concentrations, 
reflecting a reduced influence of local 
anthropogenic sources. The substantial 
difference between samples AR2-25-1 (PM10 = 
51 μg m⁻³) and AR2-25-2 (PM2.5 = 17 μg m⁻³), 
collected on the same day, indicates a significant 
contribution of coarse particles (2.5–10 μm) to 
the total aerosol burden. AR3, showed 
intermediate concentration levels influenced by 
both traffic emissions and the resuspension of 
mineral particles from surrounding open areas. 

Lower particulate matter concentrations 
were generally recorded during the summer 
period, with PM10 values decreasing to 
approximately 21 μg m⁻³. Overall, 8 of the 16 
analyzed samples exceeded the daily PM10 limit 
value, most of them being associated with 
Saharan dust intrusion events. However, 
exceedances were also observed under non-

Saharan conditions at sites strongly affected by 
road traffic.  

These findings demonstrate the 
combined influence of local anthropogenic 
emissions and long-range transport of mineral 
aerosols on particulate matter levels in the Arad 
region. 
 
Preliminary characterization of the filtres 
During the warm season, atmospheric mineral 
particle concentrations generally increase due to 
soil drying, road dust resuspension, agricultural 
activities, and construction work (Harrison and 
Hester, 2009; Amato, 2018). In addition, 
Saharan dust intrusion events occur more 
frequently during spring and summer. 
Consequently, PM10 filters typically exhibit 
light gray to brownish shades associated with 
mineral deposits (Querol et al., 2009).  

During Saharan dust events, the filters 
often display yellowish-brown, reddish-brown, 
or grayish-brown coloration due to the increased 
contribution of mineral particles rich in silicates, 
carbonates, and iron oxides transported from 
North Africa (Seinfeld and Pandis, 2016; Querol 
et al., 2009).  

In the cold season, high soil moisture and 
snow cover reduce the resuspension of mineral 
particles, while emissions from residential 
heating and road traffic increase, leading to a 
greater contribution of combustion-derived 
compounds (Basart et al., 2023; Gkikas et al., 
2021). Consequently, PM10 filters collected 
during winter generally exhibit darker shades, 
ranging from dark gray to black, reflecting the 
increased presence of elemental carbon. 

The visual examination of the PM10 and 
PM2.5 filters (Fig.1) revealed noticeable 
differences in coloration and particle loading 
depending on the season, sampling location, and 
the occurrence of Saharan dust intrusion events. 
Filters collected during the cold season 
generally exhibited dark gray to black coloration 
and a high degree of particle loading, reflecting 
the increased contribution of carbonaceous 
aerosols associated with road traffic, residential 
heating, and other combustion processes. In 
contrast, filters collected during the warm 
season showed lighter gray, beige, or brownish 
shades, indicating a greater contribution of 
mineral particles originating from road dust 



 Scien. Tech. Bull-Chem. Food Sci. Eng., Vol. 22(XXIII), 2025, 3-17 
 

8 
 

resuspension, agricultural activities, and other 
natural sources. Samples associated with 
Saharan dust intrusion events were 
characterized by grayish-brown, beige-brown, 
or reddish-brown coloration. Differences were 
also observed among the monitoring sites, with 
filters collected in areas strongly influenced by 
traffic and anthropogenic activities displaying 
darker coloration and higher particle loading 
than those collected in locations with a greater 
contribution of mineral dust. Overall, the visual 
characteristics of the filters reflected the 
combined effects of seasonal conditions, local 
emission sources, and Saharan dust transport on 
the composition of atmospheric particulate 
matter. 

 
Interpretation of FTIR-ATR spectra 
In recent years, Fourier Transform Infrared 
Spectroscopy (FTIR) has become an important 
tool for the characterization of atmospheric 
aerosols, enabling the identification of both 
organic and inorganic constituents of particulate 

matter (Romano et al., 2022; Shankar et al., 
2022; Varrica et al., 2019). The combination of 
FTIR with Attenuated Total Reflectance (ATR) 
significantly expands its applicability to solid 
samples, allowing rapid, non-destructive 
analysis with minimal sample preparation 
(Mohandoss et al., 2025; Gupta et al., 2024; 
Mahmud et al., 2024). The study published by 
Varrica D. et al. (Varrica et al., 2019) 
demonstrates that ATR-FTIR analysis can be 
successfully used for the chemical 
characterization of PM10 and PM2.5 and for 
highlighting the influence of Saharan dust 
episodes on the composition and concentration 
of atmospheric particles. 

Figures 2–4 show the FTIR-ATR spectra 
of the PM10 samples collected on 20 March 
2025 at the AR1, AR2, and AR3 monitoring 
stations, whereas Table 4 presents the 
vibrational assignments of the principal 
absorption bands observed in the recorded 
spectra. 
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Table 4. Vibrational assignment of FTIR-ATR bands for PM10 samples collected on 20.03.2025 

Wavenumber 
(cm⁻¹) 

AR1-25-2 AR2-25-1 AR3-25-2 Vibrational 
assignment 

Probable 
compounds 

Ref. 

~3800–3200 3316 3754, 3228 3798, 
3289 

ν(O–H) 
stretching 

Adsorbed water, 
hydroxyl groups of 
clays, silicates and 
hydrated minerals 

 
 
 
 
 
 
 
 
(Coury and 
Dillner, 2008; 
Gupta et al., 
2024; 
Mahmud et 
al., 2024; 
Maria et al., 
2002; 
Mohandoss et 
al., 2025; 
Romano et 
al., 2022; 
Russell, 2003; 
Shankar et al., 
2022; Varrica 
et al., 2019) 

~2960–2915 2925 2959, 2916 2959, 
2919 

ν as(C–H) Aliphatic 
hydrocarbons, 
carbonaceous 

compounds from 
traffic and 

combustion 
~2855–2845 2854 2847 2850 νs(C–H) Aliphatic chains of 

hydrocarbons 
~1775–1690 1742 1768, 1704 1771, 

1697 
ν(C=O) 

stretching 
Esters, aldehydes, 

ketones, carboxylic 
acids and 

secondary organic 
aerosols 

~1655–1600 1651 1613 1612 δ(H–O–H), 
ν(C=C) 

Adsorbed water, 
oxidized organic 
matter, aromatic 

compounds 
~1550–1500 1549,  

1531 
1517 1538,  

1517 
ν(NO₃⁻), 
ν(C=C) 
aromatic 

Nitrates and 
aromatic 

compounds 
~1455–1370 1447,  

 
1373 

1370 1454, 
1431,  
1373 

ν₃(CO₃²⁻),  
 

δ(CH₃) 

Carbonates 
(calcite, dolomite), 

organic matter 
~1265– 

 
1100 

1262,  
 

1100 

– – ν (C–O),  
 

ν (SO₄²⁻) 

organic compounds 
Secondary 
sulphates  

~1030–980 985 1002 1007 ν(Si–O–Si), 
ν(Si–O) 

Quartz, silicates, 
aluminosilicates, 

clays 
~800–770 778 784 798, 786 ν(Si–O) Quartz and 

crystalline silicates 
~700–560 701, 675, 

609 
648, 616 643, 619, 

568 
δ(Si–O),  
Al–O–Si 

Aluminosilicates, 
clays, feldspars 

The FTIR-ATR spectra of samples AR1-
25-2, AR2-25-1, and AR3-25-2 (Figs. 2–4) 
exhibit similar spectral features, indicating the 
presence of both organic and inorganic 
constituents typical of atmospheric aerosols. 
The identified absorption bands suggest that 
PM10 particles collected at the three monitoring 
stations consist of a complex mixture of mineral 
phases, including silicates, quartz, 
aluminosilicates, and carbonates, together with 
organic compounds originating from 
combustion processes and secondary 
atmospheric transformations. These findings are 
consistent with previous studies on the chemical 
composition of atmospheric particulate matter 

(Romano et al., 2022; Shankar et al., 2022; 
Varrica et al., 2019; Gupta et al., 2024). The 
observed differences among the samples reflect 
the influence of local emission sources and site-
specific conditions, with a more pronounced 
mineral contribution in sample AR3-25-2 and a 
stronger anthropogenic influence in samples 
AR1-25-2 and AR2-25-1. 

The most intense absorption band, 
observed in the 986–1007 cm⁻¹ region, 
represents the dominant spectral feature of all 
analyzed samples. Although the sampling filters 
are composed of quartz fibers, their spectral 
contribution was compensated by recording the 
background spectrum using an unexposed 
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portion of the same filter material. As illustrated 
in Fig. 5, the quartz fiber filter exhibits 
characteristic absorption bands at approximately 
1027 and 802 cm⁻¹; however, these bands are 
effectively removed during background 

correction. Consequently, the remaining 
absorption band in the 986–1007 cm⁻¹ region 
can be attributed to particulate matter deposited 
on the filters, indicating a significant 
contribution of silicate-rich mineral particles. 

 
Figure 5. FTIR-ATR Spectrum of quartz fiber filter 

 
Table 5. Comparison of PM10 samples collected on 
20.03.2025 

Parameter AR1-25-2 AR2-25-1 AR3-25-2 

Station type Traffic and 
Industrial 

Urban 
Background 

Suburban 
Traffic 

PM10 (μg m⁻³) 47 51 35 
Dominant 
absorption band 
(cm⁻¹) 

985 1002 1007 

Organic 
signature  
(C–H, C=O) 

Pronounced Pronounced Moderate 

Nitrates  
Secondary 
aerosols 

Pronounced Moderate Pronounced 

Carbonates Moderate Weak Pronounced 
Silicates and 
alumino-
silicates 

High High Very high 

Predominant 
pollution 
sources 

Traffic and 
industry 

Mixed urban 
background 

Resuspended 
mineral 
particles and 
traffic 

 
In all three spectra, a broad band at 

3800–3200 cm⁻¹ is attributed to O–H stretching 
vibrations associated with hydroxyl groups and 
adsorbed water (Mohandoss et al., 2025; Varrica 
et al., 2019; Rodríguez et al., 2024). Bands in the 
2960–2850 cm⁻¹ region correspond to C–H 
stretching vibrations of aliphatic hydrocarbons, 

indicating contributions from combustion 
processes and road traffic (Shankar et al., 2022; 
Varrica et al., 2019). Absorption bands between 
1770 and 1600 cm⁻¹ are associated with 
carbonyl (C=O) groups and oxygenated organic 
compounds, suggesting the presence of 
secondary organic aerosols (Romano et al., 
2022; Mohandoss et al., 2025; Maria et al., 
2002), while bands at 1550–1500 cm⁻¹ indicate 
nitrates and other secondary inorganic species 
(Coury and Dillner, 2008; Russell, 2003). The 
most intense bands, observed in the 1030–980 
cm⁻¹ region, are attributed to Si–O–Si and Si–O 
vibrations characteristic of silicates, quartz, and 
aluminosilicates (Varrica et al., 2019; Coury and 
Dillner, 2008). Together with the bands detected 
at 800–600 cm⁻¹, they confirm a significant 
contribution of mineral particles derived from 
crustal materials and soil dust resuspension. The 
bands in the 1455–1370 cm⁻¹ range, assigned to 
CO₃²⁻ asymmetric stretching vibrations, indicate 
the presence of carbonate minerals such as 
calcite and dolomite (Varrica et al., 2019; 
Russell, 2003). Among the analyzed samples, 
AR3-25-2 exhibited the strongest mineral 
signature, evidenced by the higher intensity of 
silicate- and carbonate-related bands, whereas 
AR1-25-2 and AR2-25-1 showed a relatively 
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greater contribution of organic compounds and 
secondary aerosols associated with 
anthropogenic activities (Mohandoss et al., 
2025; Gupta et al., 2024; Mahmud et al., 2024; 

Romano et al., 2022). These findings are 
consistent with the gravimetrically determined 
PM10 concentrations and the characteristics of 
the monitoring sites summarized in Table5.

 
Figure 6. FTIR-ATR spectrum of sample AR2-25-2 (PM2.5) 

Table 6. Vibrational assignment of FTIR-ATR bands, sample AR2-25-2 (PM2.5) 
Wavenumber 

(cm⁻¹) 
Vibrational 
assignment 

Probable compounds Ref. 

~1640–1650 δ(H–O–H), ν(C=C) Adsorbed water, oxidized organic 
compounds, aromatic structures 

 
 

(Coury and Dillner, 
2008; Gupta et al., 2024; 
Mahmud et al., 2024; 
Maria et al., 2002; 
Mohandoss et al., 2025; 
Radulescu et al., 2017; 
Russell, 2003; Shankar et 
al., 2022; Varrica et al., 
2019) 

~1570–1550 ν(NO₃⁻), ν(C=C) 
aromatic 

Secondary nitrates and aromatic compounds 

~1530 ν (NO₃⁻) Inorganic nitrates and secondary aerosols 
~1460–1450 νs(CO₃²⁻), δ(CH₂) Carbonates (calcite, dolomite) and organic 

matter 
~1420 νas(CO₃²⁻) Carbonates and carbonate compounds of 

mineral origin 
~1000–1010 ν(Si–O–Si),  

ν(Si–O) 
Quartz, silicates, aluminosilicates 

~940 ν(Si–OH) Hydrated silicates and clays 
~835 δ(Si–O) Quartz and crystalline silicates 
~795–780 ν(Si–O) Quartz (α-quartz) 
~620–610 δ(Si–O), Al–O–Si Aluminosilicates and clays 

The FTIR-ATR spectrum of sample 
AR2-25-2 (PM2.5) is dominated by a very 
intense absorption band at approximately 1000–
1010 cm⁻¹, attributed to Si–O–Si and Si–O 
stretching vibrations characteristic of silicates, 
aluminosilicates, and other crustal mineral 
particles (Varrica et al., 2019; Coury and 
Dillner, 2008). The high intensity of this band 
indicates a substantial contribution of mineral 
material, likely associated with soil dust 
resuspension and mineral aerosol transport. 
Several low-intensity bands observed in the 

1650–1400 cm⁻¹ region are assigned to 
oxygenated organic compounds, carbonyl 
groups, and secondary inorganic species such as 
nitrates and carbonates (Shankar et al., 2022; 
Mohandoss et al., 2025; Varrica et al., 2019; 
Gupta et al., 2024; Radulescu et al., 2017; 
Mahmud et al., 2024; Maria et al., 2002; Russell, 
2003). Additional bands in the 800–600 cm⁻¹ 
range further confirm the presence of quartz and 
aluminosilicates (Mohandoss et al., 2025; 
Varrica et al., 2019; Gupta et al., 2024; Mahmud 
et al., 2024; Coury and Dillner, 2008). 

 C:\Andreea Marcu_Pulberi sedimentbile_licenta\Filtre PM iulie 2018\P5-1 Ar 2_27_07_PM2.5 cu background.0          P5-1 Ar 2_27_07_PM2.5 cu background          solid filtru09/04/2023
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The spectra of AR2-25-1 (PM10) and 
AR2-25-2 (PM2.5) display a similar mineral-
dominated profile, suggesting common sources 
of atmospheric particles at the AR2 station. 
However, the PM10 sample exhibits more 
pronounced bands associated with organic 
compounds and secondary aerosols, particularly 
at 1742, 1651, 1549, and 1531 cm⁻¹, indicating 
a more complex chemical composition. In 
contrast, the PM2.5 fraction is dominated by 
silicate-rich mineral particles. A similar pattern 
was reported by Radulescu et al. (Radulescu et  
al., 2017) for PM2.5 samples collected in 
Târgoviște. 

The comparative analysis of the FTIR-
ATR spectra of PM10 samples collected during 

the cold and warm seasons at the AR1, AR2, and 
AR3 monitoring stations revealed clear seasonal 
differences in aerosol composition (Figs. 7–9, 
Table 7). Samples collected during the cold 
season showed more pronounced bands 
associated with carbonyl compounds, nitrates, 
and secondary aerosols, reflecting the influence 
of combustion-related emissions and 
atmospheric conditions favorable to pollutant 
accumulation. In contrast, warm-season samples 
were characterized by stronger silicate- and 
carbonate-related bands, indicating an increased 
contribution of mineral particles derived from 
soil dust resuspension and regional dust 
transport. 
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Table 7. Comparison between stations 

Feature AR1 AR2 AR3 
Difference between Cold Season and Warm Season High Very high Moderate 
Organic signature in the cold season Pronounced Pronounced Moderate 
Nitrates/secondary aerosols in the cold season Highlights Highlights Highlights 
Carbonates in the warm season Moderate Moderate Pronounce 
Silicate-mineral component in the warm season High Very high Very high 
Annual crustal influence Moderate High Very high 

Among the three monitoring stations, 
AR2 exhibited the greatest seasonal 
variability, shifting from a relatively complex 
aerosol composition during the cold season to 
a profile dominated by mineral particles during 
the warm season. AR1 showed a stronger 
influence of anthropogenic sources in the cold 
season, consistent with the urban and industrial 
characteristics of the site. In contrast, AR3 
maintained the most persistent mineral 
signature throughout the year, indicating a 
continuous contribution of crustal particles and 
resuspended dust associated with both traffic-
related and natural sources. 
The Saharan dust intrusion events identified in 
2018 and 2025 significantly affected air 
quality in the municipality of Arad, leading to 
elevated PM10 concentrations and an 
increased contribution of crustal mineral 
particles, as shown in Table 3. The FTIR-ATR 
spectra recorded during the Saharan dust 
intrusion events (Figs. 10 and 11) exhibited a 
more pronounced mineral signature than those 
obtained under normal atmospheric 
conditions. A comparison of the FTIR-ATR 
spectra of samples AR1-18-PS and AR1-18-1 
presented in Fig. 10 reveals a broadly similar 
spectral fingerprint dominated by absorption 

bands characteristic of silicate compounds, 
while also exhibiting notable differences in the 
intensity and distribution of specific spectral 
features. The sample collected during the 
Saharan dust event (AR1-18-PS) was 
distinguished from the non-Saharan sample 
(AR1-18-1) by the presence of a distinct 
absorption band at approximately 1143 cm⁻¹ 
and a pronounced enhancement of the band at 
1624 cm⁻¹. The absorption band observed at 
1143 cm⁻¹ is associated with Si–O stretching 
vibrations in aluminosilicate minerals, 
including illite, smectite, and palygorskite, 
which are characteristic constituents of 
Saharan dust originating from Algeria, 
Tunisia, and Morocco (Caquineau et al.2002, 
Formenti et al.2011). The band at 1624 cm⁻¹ is 
attributed to hydrated clay minerals and water 
adsorbed onto their surfaces (Varrica et al., 
2019). In addition, the spectra exhibit a distinct 
absorption band at approximately 1423 cm⁻¹, 
assigned to carbonate minerals such as calcite 
and dolomite, which are frequently reported in 
association with illite, smectite, and 
palygorskite in Saharan dustransported from 
North Africa (Varrica et al., 2019.. The 
occurrence of these mineralogical markers 
confirms the significant contribution of long-
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range transported Saharan aerosols to the 
PM10 composition.  Similar spectral behavior 
during Saharan dust intrusion events was 
reported by Varrica et al. (Varrica et al., 2019) 
for atmospheric particulate matter collected in 
Palermo. 
 

 
Figure 10. Comparative FTIR-ATR spectra for PM10 
samples taken at the AR1 station in 2018 during an 
intense Saharan dust episode: (___) AR1-18-PS; during 
the normal period (___) AR1-18-1 

 
Figure 11. FTIR-ATR spectra for PM10 samples taken 
during periods of Saharan dust: (___) AR3-18-PS, (___) 
AR3-25-PS, (___) AR1-25-PS, (___) AR2-25-PS, 
(___) AR2-18-PS 

 
Figure 11 shows a consistent FTIR-

ATR spectral fingerprint for PM10 samples 
collected during the Saharan dust events of 
2018 and 2025. All spectra are dominated by 
mineral absorption bands associated with 

silicates, aluminosilicates, and carbonates, 
confirming the influence of Saharan mineral 
aerosols on PM10 composition in Arad 
County. 
Among the investigated sites, AR3 exhibited 
the highest intensity of the 1140 cm⁻¹ band 
during both Saharan dust events, consistent 
with the highest PM10 concentrations recorded 
at this station (72 µg/m³ in 2018 and 68 µg/m³ 
in 2025; Table 3.). These results indicate a 
stronger impact of long-range transported 
Saharan dust at the AR3 site. 
 
Limitations 
This study is based exclusively on FTIR-ATR 
spectroscopy; therefore, mineral phases such 
as illite, smectite, palygorskite, calcite, and 
dolomite were identified from characteristic 
absorption bands and literature correlations 
only. These assignments were not 
independently verified by complementary 
techniques such as XRD, SEM-EDS, or ICP-
MS. Future studies combining FTIR-ATR with 
these methods would provide a more reliable 
mineralogical and chemical characterization of 
atmospheric particulate matter. 
 
CONCLUSIONS  
PM10 and PM2.5 samples collected at three 
representative sites in Arad County were 
successfully characterized using FTIR-ATR 
spectroscopy, demonstrating the applicability 
of this technique for the rapid identification of 
major chemical components and potential 
aerosol sources. FTIR-ATR analysis identified 
characteristic absorption bands attributed to 
O–H, C–H, C=O, NO₃⁻, CO₃²⁻, SO₄²⁻, and Si–
O functional groups, indicating the presence of 
both natural and anthropogenic aerosol 
constituents. 

The analyzed particulate matter 
consisted of a complex mixture of natural and 
anthropogenic components. The natural 
fraction was dominated by silicates, 
aluminosilicates, quartz, hydrated clay 
minerals, and carbonates, whereas the 
anthropogenic fraction included carbonaceous 
compounds, aliphatic and aromatic 
hydrocarbons, carbonyl compounds, and 
secondary aerosols such as nitrates and 
sulfates. Seasonal variations were evident, 
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with a greater contribution of combustion-
related compounds during the cold season and 
enhanced mineral signatures during the warm 
season. 

Site-specific differences reflected the 
influence of local emission sources. The AR1 
station was predominantly affected by traffic 
and industrial activities, resulting in a stronger 
contribution of carbonaceous compounds and 
secondary aerosols. The AR2 site exhibited 
characteristics typical of an urban background 
environment, while the AR3 station showed a 
greater influence of mineral particles, 
indicating a stronger contribution of crustal 
material and Saharian dust. 

Saharan dust events significantly 
influenced both PM10 concentrations and 
aerosol composition, as evidenced by the 
enhanced FTIR-ATR absorption bands 
associated with aluminosilicates, carbonates, 
and hydrated clay minerals. The occurrence of 
characteristic absorption bands consistent with 
illite, smectite, palygorskite (1140 cm⁻¹), 
calcite, and dolomite (1423 cm⁻¹) suggests the 
contribution of long-range transported Saharan 
dust from North Africa. However, these 
mineral phase assignments are inferred from 
FTIR-ATR band positions and were not 
independently confirmed by XRD, SEM-EDS, 
or ICP-MS analyses. Overall, the results 
highlight the combined effects of local 
anthropogenic emissions, seasonal variability, 
and long-range atmospheric transport on 
particulate matter composition in Arad 
County. FTIR-ATR spectroscopy proved to be 
a valuable tool for identifying the major 
chemical constituents of atmospheric particles 
and assessing the impact of Saharan dust 
intrusions on regional air quality. 
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Abstract: The present paper reports the synthesis of a new phenanthroline-based ligand (phenIm_1) and its 
Zn(II) coordination compound (phenIm_Zn). Their chemical structure was determined by a combination of FT-IR and 
NMR spectroscopy, while their purity was confirmed by elemental analysis. Their photophysical properties were 
investigated in freshly prepared dichloromethane solutions. 
 

Keywords: heterocycles; N-donor ligand; hydrophilic ligand; coordination compounds 
 
 
INTRODUCTION  
Since antiquity, metals have been used to treat 
various infectious and chronic conditions, 
especially when plant-based remedies were not 
efficient (Abdallah et al. 2022, Ma et al. 2020). 
Although conventionally most of the synthetic 
drugs were based initially on organic molecules, 
the discovery of cis-platin anticancer properties 
by Rosenberg (Rosenberg et al. 1965, 
Rosenberg et al. 1969) shifted the researchers 
focus on the design of new drugs based on d-
block metal complexes (d-MCs). Nowadays, d-
MCs are currently finding applications in 
biomedical fields as advanced drugs (Arun et al. 
2025, Sodhi and Paul 2019, Zhang and Sadler 
2017), while specific properties deriving from 
the metal centre like luminescence are relevant 
for applications in different fields like 
photodynamic therapy, sensing and imaging 
(Monro et al. 2019, Mari et al. 2015). While d-
MCs are known for excellent therapeutic and 
luminescence efficiencies, several limitations 
like the poor solubility, lack of targeted and local 
delivery still need to be overcome (Zhuo et al. 
2024, Sanz Mendiguchia et al. 2013).  

Varying the ligand structure and its 
functionalisation is a key strategy for enhancing 

the solubility and, consequently, the 
bioavailability of d-MCs (Wani et al. 2016). It 
has been demonstrated that neutral lipophilic d-
MCs can passively diffuse through the lipid 
bilayer of biological membranes (Zhao et al. 
2016).  

Nowadays, non-platinum metallodrugs 
containing 3d metals like Cu and Zn are being 
investigated because of their biocompatibility 
and because they exhibit favourable toxicity 
profiles alongside potent DNA-binding, 
cleavage, and cytotoxic responses under 
physiological conditions (Khursheed et al. 
2022).  Among the biocompatible metals, zinc 
serves a wide range of essential biochemical and 
physiological functions, playing critical 
catalytic, structural, and regulatory roles in 
biological systems (Roohani et al. 2013), 
therefore making it a promising metal centre ion 
in medicinal bio-inorganic chemistry 
(Yoshikawa and Yasui 2012).  

Due to their low toxicity and minimal side 
effects, Zn(II) complexes are widely 
investigated as DNA-binding agents, tumour 
photosensitizers, and antimicrobial therapeutics 
(Porchia et al. 2020). Moreover, N-donor 
ligands are the key structural components in 
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biologically active Zn(II) complexes (Porchia et 
al. 2020). 

Therefore, in this present paper, we report 
the synthesis and characterization of a new 
ligand functionalized with amphiphilic  chains, 
phenIm_1 (2-(3,4-bis(2-ethoxyethoxy)phenyl)-
3b,7a-dihydro-1H-imidazo[4,5-
f][1,10]phenanthroline) obtained by the reaction 
of 1,10-phenanthroline-5,6-dione with a 
functionalized aromatic aldehyde and 
ammonium acetate (See experimental section) 
and its zinc coordination compound 
(phenIm_Zn, Figure 1).  

 
 
Figure 1. The proposed chemical structure of phenIm_Zn 
and the proton labelling. 
 
The structure of the intermediates and the 
phenanthroline derivative (phenIm_1) were 
assessed by No-D 1H-NMR spectroscopy, 
whereas the purity of the phenIm_1 ligand was 
confirmed by elemental analysis. The 
phenIm_Zn, complex was characterized by 
FT-IR, 1H-NMR and 13C-NMR spectroscopies. 
Moreover, the photophysical properties were 
investigated for the phenanthroline ligand and 
its corresponding zinc complex. 
 
MATERIALS AND METHODS 
All commercially available starting materials 
were used as received without further 
purification: 2-ethoxyethan-1-ol, 4-
methylbenzenesulfonyl chloride (p-TsCl), 3,4-
dihydroxybenzaldehyde, 1,10-phenanthroline 
hydrate (phen), ZnCl2, KBrO3, K2CO3, 
CH3COONH4, were purchased from Sigma 
Aldrich. NaOH, Na2SO4, H2SO4, Na2CO3, 
CH3COOH were from Chimreactiv. The 
solvents used for the current study were: N,N-
Dimethylformamide (DMF), ethyl acetate 
(AcOEt), tetrahydrofuran (THF), diethyl ether 

(Et2O), dichloromethane (DCM), acetonitrile 
(AcN) and were purchased from Honeywell. 
Infrared spectra (KBr pellets) were recorded in 
the range 4000-400 cm-1 on a Cary 630 FT-IR 
spectrophotometer. 

The formation of the ligand and the 
intermediates was assessed on a Fourier 80 MHz 
benchtop by Bruker using No-Deuterium 
Proton-NMR in DCM (CH2Cl2) as solvent, by 
solvent suppression technique.  

For the zinc complex, the 1H-NMR and 
13C-NMR spectra were recorded on Bruker 
Avance III HD – 500 MHz spectrometer in 
DMSO-d6.  

In order to confirm the purity of the 
samples, elemental analyses (C, H, N) were 
employed on an Elementar UNICUBE CHNS 
analyser with helium as the carrier gas. 

Molar electrical conductivity was 
measured with a Mettler Toledo FiveEasy plus 
(FP30) conductivity meter equipped with a Lab 
conductivity sensor LE740. 
Spectrofluorimetric grade DCM from VWR was 
used for photophysical investigations in the 
solution without further purification.  
Absorption spectra were recorded using an 
Agilent Cary 60 spectrophotometer. Emission 
spectra were recorded on a Perkin Elmer LS 55 
fluorimeter. For all measurements quartz 
cuvettes of a 1 cm path length were used.  

The luminescence quantum yields of the 
samples (phenIm_1 and phenIm_Zn) in solution 
were determined by the optical dilution method 
(Demas and Crosby 1971) using 2 -
aminopyridine in DCM solution as a reference 
standard ( = 0.33, Rusakowicz and Testa 1968) 
for the ligand, and [Ru(bpy)3]2+ in water ( = 
0.04, Suzuki et al. 2009) for the zinc complex. 

Absorbance values used for quantum-
yield measurements are 0.157 for Zn complex 
and for the ligand 0.140. The slits used for both 
excitation and emission were 4 nm and 4 nm, 
respectively speed of acquisition is 100nm/min.  
Integration ranges for ligand were 350 – 680 nm 
and for Zn complex 320 – 580 nm, nr of cycles 
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is 1. The refractive indexes for DCM is 1.4240, 
and for water is 1.3325. 
 
EXPERIMENTAL SECTION 
Synthesis of 2-ethoxyethyl 4-
methylbenzenesulfonate, 1 
Compound 1 was obtained following a reported 
procedure for similar derivatives (Zhang et al. 
2022): 

2-ethoxyethan-1-ol (2g, 0.0222 mol) was 
added over 10 mL NaOH (1.62 g, 0.0406 mol) 
solution in THF/H2O (V/V=1/1), cooled on an 
ice bath under inert atmosphere. The mixture 
was stirred for 15 min, then 10 mL of THF 
solution containing 4-methylbenzenesulfonyl 
chloride (4.23 g, 0.0222 mol) was added 
dropwise. The reaction mixture was allowed to 
reach room temperature, and stirred for 2 hours. 
Then THF was evaporated under reduced 
pressure and the aqueos phase was extracted 
with 50 mL Et2O (3x), the combined organic 
phase was dried over anhydrous Na2SO4, 
filtered and taken to dryness, to yield 1 as a 
colourless liquid. The compound was 
characterized by No-D NMR spectroscopy.  
(1): colourless liquid (3.7 g, 0.01514 mol, 
=68%). 
No-D 1H-NMR (80 MHz, CH2Cl2) δ-ppm 7.83 
(d, J = 7.9 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 4.40 
– 3.94 (m, 4H), 3.85 – 3.21 (m, 4H), 2.49 (s, 3H), 
1.16 (t, J = 6.9 Hz, 3H). 
 
Synthesis of 3,4-bis(2-
ethoxyethoxy)benzaldehyde, 2 
Compound 2 was obtained following a 
Williamson ether synthesis procedure (Percec et 
al. 2009):  
0.514 g of 3,4-dihydroxybenzaldehyde (0.00372 
mol) and 2.26 g of K2CO3 (0.01634 mol) in 25 
mL of DMF were added to a 100 mL single neck 
round-bottom flask; the reaction mixture was 
then stirred at 60°C for approximately 30 
minutes, then compound 1 (2 g, 0.008186 mol) 
dissolved in DMF was added. The temperature 
was raised to 80°C, and the reaction mixture is 
kept under stirring for 24 hours. Following, the 
reaction mixture was cooled to room 
temperature, filtered through Celite and washed 
thoroughly with DCM; the mother liquor was 
then taken to dryness using a rotary evaporator. 
The residue was dissolved in DCM and washed 

with brine. The organic phase was then dried 
over anhydrous sodium sulfate and evaporated 
to dryness on a rotary evaporator. The pure 
compound was obtained by column 
chromatography (SiO₂; Hexane:Ethyl acetate = 
7:4). 
(2): colorless oil (0.652 g, 0.002310 mol, 62.1%) 
The compound was characterized through No-D 

NMR. 
No-D 1H-NMR (80 MHz, CH2Cl2) δ-ppm: 9.84 
(s, 1H), 7.47 (overlapped peaks, 2H), 7.22 – 6.84 
(m, 1H), 4.24 – 3.92 (m, 4H), 3.90 – 3.73 (m, 
4H), 3.69 – 3.36 (m, 4H), 1.23 (t, J = 7.0 Hz, 
6H). 
 
Synthesis of 1,10-phenanthroline-5,6-dione, 3 
1,10-phenanthroline-5,6-dione was obtained 
following a reported procedure (Zheng et al. 
2010):  
10 g of 1,10-phenanthroline hydrate (0.0505 
mol) was added to a solution of 32 mL H2SO4 
60%, cooled on an ice bath, then KBrO3 (11 g, 
0.0658 mol) was added in portions avoiding the 
rise of temperature above 20oC. After the 
addition of KBrO3 the reaction mixture was 
stirred at room temperature overnight, then, the 
mixture was poured over ice and was carefully 
neutralized to pH= 5.5 using a saturated solution 
of sodium carbonate (Na2CO3). The formed 
precipitate was filtered out and the mother liquor 
was extracted with 100 mL DCM (2x). The 
combined organic layer was washed with H2O, 
dried over anhydrous Na2SO4, filtered and taken 
to dryness. 1,10-phenanthroline-5,6-dione was 
isolated after recrystallizations from hot EtOH 
as a yellow powder (2 g, 0.00952 mol, =18.9 
%). The compound was characterized through 
1H-NMR NMR. 
1H-NMR (80 MHz, DMSO-d6) δ-ppm: 8.99 (dd, 
J = 4.7, 1.8 Hz, 2H), 8.39 (dd, J = 7.8, 1.8 Hz, 
2H), 7.67 (dd, J = 7.8, 4.7 Hz, 2H). 
 
Synthesis of 2-(3,4-bis(2-ethoxyethoxy)phenyl)-
3b,7a-dihydro-1H-imidazo[4,5-
f][1,10]phenanthroline, phenIm_1 
The ligand was obtained adapting a procedure 
reported for similar phenanthroline-imidazole 
compounds (Cardinaels et al. 2005) 
0.310 g of 1,10-phenanthroline-5,6-dione 
(compound 3, 0.001475 mol) and 0.909 g of 
ammonium acetate (0.0118 mol) were added to 
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a single neck 100 mL round-bottom flask 
containing 40 mL of glacial acetic acid, and the 
reaction mixture was brought to reflux. Initially, 
the dione (3) did not appear to dissolve 
completely, but upon reaching 100°C, it formed 
a clear, yellow solution. Once the reaction 
mixture reached 100°C and the dione was fully 
dissolved, the aldehyde (2, 0.500 g, 0.00177 
mol) dissolved in 15 mL of warm acetic acid was 
added dropwise to the reaction mixture. The pale 
orange reaction mixture was stirred overnight at 
125°C. Following, the reaction mixture was 
cooled to room temperature and poured into a 
large Berzelius flask containing ice; the pH was 
adjusted to 7 with ammonia solution and then 
extracted with DCM (4x). The organic layer was 
dried over anhydrous Na2SO4, filtered and 
concentrated under reduced pressure. The final 
product was recrystallized by DCM/Et2O, and 
isolated as a pale orange powder. The compound 
was characterized by FT-IR and No-D NMR 
spectroscopy and its purity was confirmed by 
elemental analysis. 
(phenIm_1): pale orange powder (0.389 g, 
0.000820 mol, =56%). 
FT-IR (KBr, cm-1): 2969, 2934, 2869 (C-H);1 
607, 1559 ( (C=C)), ( (C=N)); 1123 (C-O-
C);  
No-D 1H-NMR (80 MHz, CH2Cl2) δ-ppm: 9.56 
– 8.36 (broad, 4H), 7.88 (d, J = 9.9 Hz, 2H), 7.34 
(broad, 2H), 6.81 (d, J = 7.9 Hz, 1H), 4.14 – 3.93 
(m, 8H), 3.44 (ddt, J = 17.7, 13.9, 6.3 Hz, 8H), 
1.09 (dt, J = 8.8, 6.9 Hz, 6H, Hd). 
Anal. Calcd. for C27H30N4O4 (474.561 gmol-1): 
C, 68.34; H, 6.37; N, 11.81%. Found: C, 68.81; 
H, 6.08; N, 12.27% 
 
Synthesis of phenIm_Zn 
A clear solution of ZnCl2 (0.129 g, 0.0009523 
mol) in 10 mL of MeOH was added to an orange 
solution of phenIm_1 (0.300 g, 0.0006349 mol) 
in 25 mL of MeOH. The resulting orange 
reaction mixture was stirred at room temperature 
for 4 hours. Following, the solvent was 
evaporated and the pure produce was obtained 
after precipitation from DCM/Et2O, followed by 

filtration and washings with small volumes of 
Et2O and AcOEt. 
(phenIm_Zn): pale yellow solid (0.290 g, 
0.000476 mmol, 75%) 
FT-IR (KBr, cm-1): 2969, 2934, 2869 (C-H); 
1607, 1581 ( (C=C)) and ( (C=N)); 1123 (C-
O-C); 427 (Zn-N) 
1H NMR (500 MHz, DMSO-d6) δ: 14.00 (s, 1H, 
H4), 9.16 (d, J = 33.3 Hz, 2H, H1), 8.77 (broad, 
2H, H3), 8.04 (broad, 2H, H2), 7.86 (d, J = 30.8 
Hz, 2H, H5,H7), 7.18 (d, J = 7.9 Hz, 1H, H6), 
4.22 (dt, J = 35.1, 4.0 Hz, 4H, Ha), 3.76 (dt, J = 
17.9, 4.7 Hz, 4H, Hb), 3.55 (dq, J = 10.6, 7.0 Hz, 
4H, Hc), 1.15 (td, J = 6.9, 5.3 Hz, 6H, Hd). 
13C NMR (126 MHz, DMSO-d6) δ 152.30, 
150.72 148.93, 133.49, 125.90, 125.75, 120.53, 
114.30, 112.74, 69.18, 68.88, 68.78, 66.28, 
40.56, 40.39, 40.22, 40.06, 39.89, 15.61, 15.59. 
Anal. Calcd. for C27H30Cl2N4O4Zn (610.841 
gmol-1): C, 53.09; H, 4.95; N, 9.17%. Found: C, 
53.68; H, 4.80; N, 9.28% 
 
RESULTS AND DISCUSSIONS 
To induce solubility in polar solvents for the 
targeted complex we have designed a 2-
phenylimidazo [4,5-f],[1,10]phenanthroline 
(phenIm_1) ligand functionalized with 
ethoxyethoxy chains as depicted in the reaction 
Scheme 1.  

In order to obtain the phenanthroline 
derivative phenIm_1, firstly we isolated 3,4-
bis(2-ethoxyethoxy)benzaldehyde (compound 2 
in Scheme 1) in two steps. First, we converted 
the    hydroxyl group of ethoxyethanol to a 
tosylate. Then, a Williamson etherification 
reaction between the isolated tosylate and 3,4-
dihydroxybenzaldehyde was carried out (Percec 
et al. 2009). 1,10-phenanthroline-5,6-dione 
(compound 3) was obtained under mild reaction 
conditions at r.t. from 1,10-phenanthroline 
hydrate using potassium bromate (KBrO3) and 
60% sulfuric acid (H2SO4) as oxidant, according 
to a published procedure (Zheng et al. 2010). 
Then, the phenIm_1 ligand was obtained 
through a Debus-Radziszewski reaction in a 
single step from three components: compound 2, 
compound 3 and CH3COONH4 in acetic acid 
(Cardinaels et al. 2005).  
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Scheme 1. Reaction pathway for the synthesis of phenIm_1. Reagents and conditions: (i) NaOH, THF/H2O, r.t, 2h, inert 
atmosphere; (ii) K2CO3, DMF, 80oC, 24 h, inert atmosphere; (iii) H2SO4 60%, KBrO3, r.t, overnight; (iv) CH3COONH4, 
CH3COOH, 125oC, overnight. 
 

 
Scheme 2. Reaction pathway for the synthesis of phenIm_Zn. Reagents and conditions: (i) MeOH, r.t, 4 h. 
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The reaction of the phenIm_1 with an 
excess of ZnCl2 favoured the formation of the 
neutral complex phenIm_Zn (Scheme 2) with 
the metal  
centre tetracoordinated by the bidentate 
phenanthroline derivative and two monodentate 
chlorine ligands. 

The targeted complex resulted to be 
scarcely soluble in water, but presented a good 
solubility in polar solvents (DMSO, methanol, 
acetonitrile) and non-polar solvents 
(dichloromethane, tetrahydrofuran). 
Figure 2 presents the FT-IR spectra of the 
complex phenIm_Zn plotted against phenIm_1 
ligand. The FT-IR spectra of the ligand and its 
corresponding complex presents the  
characteristic absorption bands related to the 
functional groups present in the molecule. Thus, 
the absorption bands at 2969, 2934 and 2869 cm-

1 are characteristic for the C-H bond stretching 
vibration while C-O-C bonds, originating from 
the ethoxyethoxy chains are observed at 1125 
cm-1 (Chen et al 2021). 

The successful coordination of the ligand 
to the metal centre is proven by the shift with 
about 20 cm-1 of the C=N characteristic band 
(Burger et al. 2001). The formation of the Zn(II) 
complex is further supported by the presence of 
the absorption band at 427 cm-1 which is 
characteristic for metal-nitrogen stretching 
(Pook 2023).  

The 1H-NMR spectra of complex 
phenIm_Zn, recorded in DMSO-d6 revealed the 
presence of the protons corresponding to the 
phenanthroline ligand. The purity of the 
compounds is confirmed by elemental analysis 
(see Experimental Section). 
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Figure 2. FT-IR spectra of Zn(II) (phenIm_Zn – blue) 

complex plotted against the phenanthroline ligand 
(phenIm_1 – black) 

The experimental conductivity value for 
phenIm_Zn measured for 10-3 molL-1 solution 
in acetonitrile at room temperature, falls in the 
range for non-electrolytes, confirming the 
neutral character of the complex (Geary 1971).  
The photophysical studies (absorption and 
emission spectra) for the ligand and the Zn(II) 
complex were carried out. The spectra were 
recorded in diluted DCM solutions, at a 
concentration of 510-6 molL-1 in order to 
minimize concentration-dependent artifacts. 
Figures 3 and 4 present the absorption and 
emission spectra of the analysed samples, while 
their data is summarized in Table 1. 

The absorption bands between 260 – 300 
nm, present in the spectrum of both the ligand 
and the complex are characteristic for  – * 
transitions (Zhong et al. 2016). Moreover, the 
absorption bands centred at 311 nm and 328 nm 
for phenIm_1 and 307 nm for phenIm_Zn 
respectively, were assigned to an intramolecular 
charge transfer from the fused imidazole to the 
phenanthroline core (Devi et al. 2020, Zhong et 
al. 2016)  
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Figure 3. UV-Vis spectra of Zn(II) (phenIm_Zn – blue) 
complex plotted against the phenanthroline ligand 
(phenIm_1 – black) recorded in DCM at 510-6 molL-1 
 

Regarding the emission spectra (Figure 
4, Table 1), phenIm_1 presents an emission 
band centred at 439 nm, which originates from 
the π→π* singlet excited state, which upon 
complexation to phenIm_Zn suffers a 
bathochromic shift to 539 nm. Also, a large 
Stokes shift ( = max,em- max,abs) of 232 nm 
is observed for Zn(II) complex. 
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The increase of the Zn(II) complex 
emission quantum yield with respect to the 
ligand is due to the stabilisation of the excited 
states of the ligand following coordination to the 
metal centre, suggested by the red shift of the 
emission maxima of the complex with respect to 
the emission maxima of the ligand. (Szerb et al. 
2022)  
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Figure 4. Emission spectra of Zn(II) (phenIm_Zn – blue) 
complex plotted against the phenanthroline ligand 
(phenIm_1 – black) recorded in DCM at 510-6 molL-1 
 
Table 1. Photophysical data of phenIm_1 and phenIm_Zn 
complex in DCM at 510-6 molL-1.  

Sample  Abs, 
λmax/nm 
(ε/M−1 
cm−1) 

Em, λmax/nm 
 

 QY 
(%) 

phenIm_1 263(36400), 
269(40600), 
281(38600), 
311(28400), 
328(27600) 

439  
(λex=325 nm) 

1 

phenIm_Zn 279(31800) 
307(31600) 

539  
(λex=305 nm) 

24.13  

 
 
CONCLUSIONS  
A new ligand functionalised with lipophilic 
chains and its Zn(II) coordination complex were 
designed, synthesized and characterized.  
Although insoluble in water, the complex 
resulted highly soluble in organic solvents, 
especially in DMSO which renders it proper for 
biological studies. Moreover, while the ligand 
emits modestly, with an emission centred at 439 
nm, the coordination to Zn(II) centre stabilises 
the excited states of the ligand and thus 24 fold 
increase of the emission quantum yield is 
obtained. Also, the large Stokes shift value 

observed for the complex makes it suitable for 
bioimaging applications, where it is important to 
avoid the scattered light from the excitation 
beam overlapping with emission signal. 
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Abstract: Preparing future teachers to teach science plays an essential role in developing scientific literacy and 
promoting educational approaches based on investigation and active learning. This study aims to analyze students' 
methodological preferences in the Primary and Preschool Education Pedagogy specialization and their perceptions of 
the usefulness of different categories of teaching resources used in science education activities. The research was 
conducted with a sample of 44 students, using a questionnaire structured on a 5-point Likert scale. The frequency of 
intention to use didactic experiments, systematic observation, didactic games, the project method, heuristic conversation, 
and discovery learning was investigated, as well as the perceived usefulness of digital resources, multimedia, worksheets, 
recyclable materials used in experiments, and manipulative materials. Statistical analysis was performed using XLSTAT, 
including descriptive statistics, Cronbach's alpha, the Spearman correlation coefficient, and the nonparametric Friedman 
test. The results revealed excellent internal consistency for the teaching methods scale (Cronbach's α = 0.912) and good 
consistency for the usefulness of teaching resources scale (Cronbach's α = 0.773). At the same time, moderate and strong 
positive correlations were identified between active-participatory methods and educational resources, suggesting a 
pedagogical profile oriented toward interactive and investigative approaches. The conclusions support the need to 
strengthen initial teacher training by integrating strategies and resources specific to STEM education and inquiry-based 
learning. 
 

Keywords: STEM; inquiry-based learning; didactic experiment; active-participatory strategies; 
pedagogical competencies 
 
 
INTRODUCTION 
In recent decades, science education has become 
a priority in educational policy, given the need 
to develop scientific literacy, problem-solving, 
and critical thinking skills from the early years 
of schooling. Roy et al.'s study identified some 
gaps in the area. Considerations related to the 
legislation in the field or the implications for 
parents could contribute to improving domain 
performance (Roy et al., 2025). In this context, 
the specialized literature points out the 
importance of promoting teaching strategies that 
emphasize investigation, experimentation, and 
active participation, allowing students to 
construct knowledge through direct interaction 
with the phenomena and processes under study 
(Kim et al., 2019). The tendency is to promote 
active learning (AL) and inquiry-based learning 
(IBL) (Rezai et al., 2025, Morris, 2025, Thomas et 
al., 2025). The methodology used could be 
influenced by the teacher's practical experience 
(Photo, 2025, Kotsis, 2024), gained during the 

study period or as an employee. Another aspect 
that may impact educational outcomes is the 
educator's ability to connect with students and to 
set realistic goals (Zhang et al., 2024). 

For preschool and primary education, these 
principles are embodied in methods such as the 
didactic experiment, systematic observation, the 
project method, heuristic conversation, and 
discovery learning, all of which have the 
potential to facilitate the understanding of 
scientific concepts and the development of 
investigative skills. Besides the professor's 
expertise, the children's prior knowledge in a 
field can also influence the level of acquisition 
(Grenell et al., 2024). 

However, the effectiveness of these 
methods depends closely on the use of 
appropriate teaching resources. Manipulative 
and concrete materials, digital and multimedia 
resources, worksheets, and recyclable materials 
used in experimental activities can transform the 
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learning process into an authentic experience 
and support the development of students' 
practical and cognitive skills. Consequently, the 
initial training of future teachers must include 
not only the development of methodological 
skills but also the ability to select and effectively 
integrate teaching resources into teaching and 
learning activities (Ochogboju and Díez-Palomar, 
2025, Furner and Worrell, 2017). 

The motivation for this study stems from 
the need to understand how students in the 
Primary and Preschool Education specialization 
perceive the relationship between teaching 
strategies and the educational resources used to 
teach science. Although much research 
examines the effectiveness of different teaching 
methods, fewer studies simultaneously analyze 
future teachers' methodological preferences and 
how these preferences correlate with 
perceptions of the usefulness of teaching 
resources. Such an approach can provide 
relevant information to optimize the university 
curriculum and develop initial training programs 
focused on STEM education and inquiry-based 
learning. 

In this context, three research hypotheses 
were formulated. The first hypothesis (H1) to 
confirm that methodological preferences and 
appreciation of teaching resources configure a 
coherent pedagogical profile of future teachers, 
a result compatible with constructivist 
perspectives on science teaching. The 
substantiation of this hypothesis is based on the 
fact that methods such as the didactic 
experiment, the project method, or discovery 
learning typically integrate material and digital 
resources that facilitate the observation, 
exploration, and validation of results obtained in 
the learning process. 

The second hypothesis (H2) presumes there 
are significant differences in prospective 
teachers' stated preferences for different 
teaching methods in science education. 

The third hypothesis (H3) postulates that 
there are notable variations in the perceived 
usefulness of different categories of teaching 
resources used in science education. 

The study addresses a theme at the 
intersection of scientific education and initial 
teacher training. Although the research has a 

pronounced psychopedagogical character, it is 
directly relevant to the science fields, as it 
analyzes the factors that can influence the 
implementation of teaching practices that 
facilitate understanding of phenomena specific 
to the natural sciences and support the 
development of the skills necessary for future 
citizens in a knowledge-based society. The 
results provide empirical data on the readiness 
of future teachers to use methods and resources 
compatible with STEM education and modern 
inquiry-based learning approaches, thereby 
strengthening the link between science research 
and its transfer into educational practice. 

Based on these considerations, the research 
aims to investigate students' methodological 
preferences and perceptions of the usefulness of 
the teaching resources used in science 
instruction, as well as to determine whether pre-
service teachers exhibit different levels of 
preference for inquiry-oriented instructional 
methods in the field. To this end, responses were 
analyzed using descriptive and inferential 
statistics in XLSTAT, including Cronbach's 
alpha to assess the instrument's internal 
consistency (Tavakol and Dennick, 2011, Taber, 
2018), the Spearman correlation coefficient to 
examine relationships among variables (Rebekić 
et al., 2015), and nonparametric Friedman tests to 
assess possible differences between the 
dependent measurements. This approach 
provides a rigorous methodological basis for 
characterizing the methodological profiles of 
future teachers and for formulating 
recommendations to optimize initial training in 
science education. 

Unlike many studies that examine 
methodological preferences or the use of 
teaching resources separately, the present study 
analyzes the relationship between these two 
dimensions. It highlights how they shape the 
pedagogical profile of future science teachers. 
The integration of internal consistency analyses, 
Spearman correlations, and comparisons using 
the Friedman test offers an exploratory 
perspective on the coherence between 
methodological orientations and the selection of 
teaching resources. 
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MATERIALS AND METHODS 
Participants and Data Collection Procedure 
The research consisted of collecting pedagogical 
preferences in science teaching among students 
in the field of psychopedagogy of primary and 
preschool education. The survey was conducted 
in May 2026 and was administered to second-
year students, towards the end of the science and 
science didactics course. Respondents' 
anonymity was ensured, with no personal data 
collected. Participation was voluntary and 
involved completing an online Google Forms 
questionnaire. 

The questionnaire was specifically 
developed for this study based on the learning 
objectives of the Sciences and Science Teaching 
course, prior literature on inquiry-based science 
education (Strat et al., 2024, Ganajová et al., 2025), 
and the methodological competencies expected 
of pre-service primary teachers. It was 
conceived as a feedback instrument to explore 
students' perceptions of science teaching 
methodologies and instructional resources. The 
conceptual framework comprised two 
complementary dimensions. The first one, 
methodological preferences, assessed 
respondents' stated intention to use selected 
science teaching methods in their future 
professional practice. The second, perceived 
usefulness of instructional resources, evaluated 
respondents' perceptions of the educational 
value of various instructional materials 
commonly used in science teaching. The 
methods was choses to reflect respondents' self-
reported inclination toward learner-centered 
instructional approaches, which are considered 
essential in contemporary science education 
(Erhabor and Reis, 2026, Vidal-Esteve and Martín-
Gómez, 2023, Prajoko et al., 2017, Janštová et al., 
2023). The second component was intended to 
reflect respondents' evaluation of the 
pedagogical usefulness of different instructional 
resources that support inquiry-based science 
teaching. 

In this analysis, six items evaluated 
methodological preferences and five evaluated 
the perceived usefulness of instructional 
resources. Particular attention was paid to 
ensuring that each item captured a distinct 
aspect of the construct under investigation while 

maintaining conceptual coherence within each 
dimension. 

The participation rate among those 
enrolled in the mentioned course this academic 
year was around 37%. The respondents were 
informed that their responses would be used 
exclusively for academic and scientific research. 

The questions used to determine students' 
priorities for the methods applied were designed 
using a Likert scale (1-never, 2-rarely, 3-
sometimes, 4-often, 5-very often). The range for 
determining the perceived usefulness of the 
different teaching resources was as follows: 1-
very low, 2-low, 3-moderate, 4-high, 5-very 
high. 
Statistical Analysis 

The data were evaluated using XLSTAT 
2025.2.0 software. To establish the degree of 
correlation between the frequency of using 
active methods and the concrete resources, 
Spearman's correlation coefficient was used. 
The Friedman test was utilised to assess 
differences among six methods and within the 
five instruments treated as dependent variables. 
The approach was considered given the study's 
preliminary characteristics. To assess the 
internal reliability of the results, Cronbach's 
Alpha was applied. The statistical coefficients 
were selected considering the sample size at the 
time of data processing. 
 
RESULTS AND DISCUSSIONS 
The study aimed to analyze respondents' 
methodological preferences and their 
perceptions of the usefulness of different 
resource categories. The analysis was based on 
participants' responses to a Likert-type (Vagias et 
al., 2006) questionnaire that assessed both the 
frequency with which they would use certain 
teaching methods and the usefulness of 
resources commonly encountered in science 
education activities. 

Because developing specific science skills 
requires teaching strategies focused on 
investigation, exploration, and active student 
involvement, preferences for methods such as 
the didactic experiment, systematic observation, 
didactic game, project, heuristic conversation, 
and discovery learning were analyzed. In 
addition, students' perceptions of the usefulness 
of various teaching resources were investigated, 
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ranging from concrete, reusable materials used 
in didactic experiments to digital and 
multimedia resources. 

The degree of correlation and its meaning 
between the frequency of use of active methods 
(experiment, discovery, project) and concrete 
resources (recyclable materials and worksheets) 
were determined using Spearman's coefficient 
(Schober et al., 2018). From the correlation matrix 
(Table 1), moderate and strong positive 
relationships are observed between active-
investigative methods and teaching resources 
perceived as useful. The strength of the 
relationship between the elements considered 
determines the most relevant values supporting 
the acceptance of the first hypothesis. 
Additionally, the consideration is sustained by 
the fact that most associations between methods 
and resources are statistically significant 
(p<0.001) (Table 2). 

Almost all correlations among the six 
methods are statistically significant (most 
p<0.001) (Table 2). Such a result suggests that 
students who report they would frequently use 
an active method also report frequently using 
other similar ones. The result could suggest that 
methodological preferences are not independent 
but form a relatively coherent pedagogical 
profile. 

This conclusion aligns with Cronbach's 
alpha values (≈0.91). 

Results, such as observation↔worksheets 
(p=0.206), observation↔multimedia (p=0.094), 
concrete materials↔digital resources (p=0.081), 
and concrete materials↔worksheets (p=0.242), 
indicate that not all resources are perceived as 
equally relevant across all teaching strategies. 

The correlation analysis revealed a strong 
positive association between the preference for 
systematic observation and the perceived 
usefulness of manipulative/concrete materials 
(0.62). The result is consistent with the 
specificity of this method, which involves the 
direct investigation of objects and phenomena 
through material supports that facilitate 
exploration and the formulation of conclusions 
based on observation. A strong positive 
association was also identified between heuristic 
conversation and the use of recyclable materials 
in experiments (0.60), suggesting that students 
perceive heuristic dialogue and experimental 

activities using accessible materials as 
complementary elements of interactive 
teaching. Both results support the existence of 
an orientation toward didactic practices that 
center on students' active involvement and the 
valorization of concrete resources in early 
science education. Sowmya and Rani underlined 
the positive effects of studying science from an 
early age (Sowmya and Rani, 2025). The design 
and implementation of exploratory activities are 
also suggested by the results of Dejonckheere et 
al.'s study (Dejonckheere et al., 2016). 

Several situations with moderate to strong 
correlations (0.56-0.58) and moderate ones 
(0.40-0.53) were observed. The moderate-to-
strong positive association identified between 
the project method and the perceived usefulness 
of digital, multimedia, and recyclable materials 
used in experiments (0.58) suggests that 
students who value project-based learning 
strategies tend to view these resources as 
essential supports for investigation and practical 
application activities. Such a result could be 
seen as consistent with the project method's 
specificity, which involves documentation, 
collaboration, the creation of educational 
products, and the integration of concrete 
learning experiences. Naseer et al.'s study 
provides additional data that underscore the 
benefits of project learning (Naseer et al., 2025). 
Such an approach appears to impact learners' 
future development, independent of the 
educational levels they were involved in. Thus, 
the preference for projects appears to be 
associated with an orientation toward active, 
interdisciplinary didactic approaches, 
characteristic of contemporary science and 
STEM education. A path to encourage the 
transition to project-based learning 
implementation was suggested in Martin-Garcia 
et al.'s study (Martín-García et al., 2024). Their 
research focused on implementing this approach 
in learning clubs. An observed limitation of such 
a procedure could be related to the teachers' 
experience in the field.  

The moderate correlation between 
didactic experiment and concrete resources 
(0.53) shows that students associate 
experimental activities with the use of material 
supports. They perceive practical materials as 
essential for learning sciences. The result could 
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be seen as a natural relationship in experimental 
didactics (Oliveira and Bonito, 2023, Kranz et al., 
2023). The manipulative materials also show a 
moderate correlation with discovery learning 
(0.54). Such a result suggests that students value 
exploratory learning contexts, and supports the 
orientation towards constructivist pedagogies 
and inquiry-based learning. The worksheets 
seem to present less important correlations, with 
most coefficients falling in the weak association 
range. 

It could be considered that students who 
prefer active, participatory methods also find 
concrete teaching resources useful. As the 
frequency of preference for methods based on 
investigation and active involvement increases, 
so does the perception of the usefulness of 
practical and applicative resources. 

Correlation analysis revealed a coherent 
pedagogical profile in which a preference for 
active teaching methods is associated with a 
positive appreciation of a diverse range of 
teaching resources. However, the lack of 
significant associations between systematic 
observation and worksheets or multimedia 
resources suggests that participants distinguish 
between resources appropriate for observation-
based activities and those used primarily to 
organize or present information. 

The scale's internal consistency was 
evaluated using Cronbach's alpha (Table 3). 

 
Table 3. Consistency global coefficient 

 Methods Materials 
Cronbach's 

alpha 0.912 0.773 

Standardized 
Cronbach's 

Alpha 
0.914 0.778 

Split-Half 1 

didactic 
experiment 

concrete/manipulative 
materials 

didactic game digital resources 
heuristic 

conversation worksheets 

Split-Half 2 

systematic 
observation multimedia resources 

project 
method 

recyclable materials 
used in experiments 

discovery 
learning  

 
Reliability analysis shows excellent 

internal consistency for the scale measuring the 
frequency of use of didactic methods 

(Cronbach's α=0.912) and good internal 
consistency for the scale measuring the 
perceived usefulness of didactic resources 
(Cronbach's α=0.773). These results support the 
instrument's internal consistency (Dorsah, 2026). 

The methodological preferences aspect 
highlights higher internal homogeneity than the 
perceived usefulness of teaching resources 
(Table 4). This result is expected because the 
investigated teaching methods represent 
complementary pedagogical strategies used in 
science teaching. In contrast, teaching resources 
include more heterogeneous categories (digital, 
multimedia, and concrete and recyclable 
materials), which may lead to greater variability 
in responses. 

 
Table 4. Corrected Item-Total Correlation Values 

Variable Item-total 
correlation 

 

Interpretation 
correlation 

 

Methodological preferences 
Didactic 

experiment 0.807 Very strong 

Systematic 
observation 0.744 Strong 

Didactic game 0.672 Strong 
Project 
method 0.709 Strong 

Heuristic 
conversation 0.786 Very strong 

Discovery 
learning 0.828 Very strong 

Perceived usefulness of materials 
Concrete 
materials 0.454 Moderate 

Digital 
resources 0.609 Strong 

Worksheets 0.435 Moderate 
Multimedia 
resources 0.699 Strong 

Recycled 
materials 0.562 Moderate–strong 

 
Internal consistency was evaluated using 

Cronbach's alpha and item-level statistics. For 
the methodological preferences scale, corrected 
item-total correlations ranged from 0.672 to 
0.828, indicating strong associations between 
each item and the overall construct. The highest 
correlations were observed for discovery 
learning (0.828) and didactic experiments 
(0.807), while didactic games showed the 
lowest, yet still high, correlation (0.672). 
Furthermore, Cronbach's alpha did not improve 
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after deleting any item, supporting the retention 
of all six items. 

The perceived usefulness of the different 
instruments scale also indicate satisfactory 
internal consistency. Corrected item-total 
correlations ranged from 0.435 to 0.699, 
exceeding the commonly accepted threshold of 
0.30. Multimedia resources (0.699) and digital 
resources (0.609) showed the strongest 
relationships with the total score, whereas 
worksheets had the lowest correlation (0.435), 
which was still acceptable. No improvement in 
Cronbach's alpha was observed after deleting 
individual items. 

Friedman's test suggests the existence of 
global differences between teaching methods, 
but does not identify pairs of methods that differ 
significantly (Table 5 and 6). 

 
Table 5. Friedman's test results for the methods 

considered 
Q (Observed value) 23.220 
Q (Critical value) 11.070 

DF 5 
p-value (one-tailed) 0.000 

alpha 0.05 
An approximation has been used to compute the p-value. 

 
Table 6. Methods summary statistics 

Variable Mean 
Median 
O1-Q3 

didactic experiment 4.21±0.73 4(4-5) 
systematic 
observation 4.36±0.72 

4.5(4-5) 

didactic game 4.57±0.70 5(4-5) 
project method 4.23±0.80 4(4-5) 
heuristic conversation 4.43±0.70 5(4-5) 

discovery learning 4.52±0.66 5(4-5) 

 
Descriptive analysis indicates that all 

investigated teaching methods were evaluated 
favorably, with means ranging from 4.205 to 
4.568 on a five-point Likert scale. The highest 
scores were recorded for the didactic game 
(4.568 ± 0.695). The didactic experiment (4.205 
± 0.734) and the project method (4.227 ± 0.803) 
recorded slightly lower values, but remained 
above the level of frequent use. All data 
considered have an IQR of 1, indicating that the 
responses are concentrated between ”Frequent” 
and ”Very frequent”. Medians consistently 
indicated high preferences for all instructional 
methods. The didactic game, heuristic 

conversation, and discovery learning reached a 
median score of 5 (Q1–Q3: 4–5), indicating that 
at least half of respondents reported using these 
methods frequently or very frequently. The 
didactic experiment and project method had 
slightly lower median values of 4 (Q1–Q3: 4–5), 
although their mean scores were also generally 
favorable. 

To assess whether these differences are 
statistically significant, the Friedman test for 
repeated measures was applied. The results 
revealed significant differences among the six 
methods investigated (Q=23.220, df=5, 
p<0.001), indicating that participants do not 
intend to use all teaching methods with the same 
frequency. This result suggests a hierarchy of 
methodological preferences, with a stronger 
orientation toward active, student-centered 
strategies. However, the Friedman test does not 
identify which pairs of methods differ 
significantly. Post hoc analyses would be 
necessary to identify the specific differences. 

Therefore, the null interpretation of the 
second hypothesis, according to which all 
methods are evaluated similarly, is rejected, and 
the alternative form, which specifies that at least 
one teaching method is evaluated differently 
from the others, is accepted. 

Regarding the instruments used, the 
Friedman test results indicate that the 
differences between the means are not 
statistically significant at the α = 0.05 threshold 
(Tables 7 and 8). 

 
Table 7. Friedman's test results for the instruments 

considered 
Q (Observed value) 9.328 
Q (Critical value) 9.488 

DF 4 
p-value (one-tailed) 0.053 

alpha 0.05 
An approximation has been used to compute the p-value. 

 
Table 8. Instruments summary statistics 

Variable Mean 
Median 
O1-Q3 

concrete/manipulative 
materials 4.43±0.87 5(4-5) 

digital resources 4.16±0.71 4(4-5) 
worksheets 4.14±0.80 4(4-5) 
multimedia resources 4.11±0.78 4(3.75-5) 
recyclable materials used 
in experiments 

4.34±0.74 4.5(4-5) 



Scien. Tech. Bull-Chem. Food Sci. Eng., Vol. 22(XXIII), 2025, 27-40 
 

33 
 

 
Participants rated all categories of 

educational resources investigated favorably, 
with averages ranging from 4.114 to 4.432. 
Concrete/manipulative materials (4.432 ± 
0.873) and recyclable materials used in 
experiments (4.341 ± 0.745) had the highest 
values, while multimedia resources (4.114 ± 
0.784) and worksheets (4.136 ± 0.795) had 
slightly lower values. 

The only variable that is somewhat more 
dispersed is multimedia resources (IQR=1.25). 
Perceived usefulness of instructional resources 
was similarly high. Concrete/manipulative 
materials had the highest median score 
(Median=5; Q1-Q3:4-5), whereas digital 
resources, worksheets, and multimedia 
resources all had a median of 4 and relatively 
narrow interquartile ranges, suggesting a 
generally consistent appreciation across 
participants. For the variable ”multimedia 
resources”, Q1=3.75 indicates the use of an 
interpolation method for calculating quartiles. 

The Friedman test did not reveal 
statistically significant differences among the 
evaluations of the five resource categories 
(Q=9.328; df=4; p=0.053). Although the result 
is close to the conventional significance 
threshold, it does not provide sufficient evidence 
to conclude that participants systematically 
prioritize certain resources over others. These 
results suggest a relatively balanced 
appreciation of the various teaching resources 
used in science education. In this case, the null 
formulation of the third assumption is accepted. 

The median results (Q1-Q3) support the 
Friedman data, with differences detected for the 
methods used and being less significant for the 
instruments.  

Spearman correlations indicated moderate 
to strong associations between active-
participatory methods and didactic resources. 
Overall, the results suggest a coherent 
pedagogical profile oriented toward interactive, 
investigative, and specific approaches to STEM 
education. Independent of the didactic methods 
and materials used, the teaching activity's 
success could be considered highly dependent 
on the educator's professional and personal 
capacities to adapt and implement appropriate 

strategies to the educable's capacities and 
interests (Kucharčíková and Tokarčíková, 2016). 
 
CONCLUSIONS 
The results suggest that future teachers are 
oriented toward interactive teaching strategies. 
Inquiry-based methods are conceptualized 
alongside practical resources. There are 
favorable conditions for integrating STEM and 
inquiry-based approaches into initial teacher 
education. Combined interpretation of 
Spearman correlation coefficients and Friedman 
results revealed a statistically coherent pattern of 
methodological preferences among pre-service 
teachers. Strong positive associations were 
found between inquiry-based teaching methods 
and the perceived usefulness of practical and 
digital instructional resources, and the Friedman 
test confirmed significant variations in stated 
preferences for different teaching methods in 
science education (p<0.0003). These findings 
suggest an educational orientation toward 
interactive, student-centered, and resource-
supported science teaching practices. Successful 
results regarding future teachers' capacities to 
implement different didactic approaches are 
linked to both their theoretical studies and 
practical experience (Sizer et al., 2021). 

The results support the finding that 
prospective teachers have a favorable 
orientation toward teaching methods that 
promote active student engagement and 
knowledge construction through direct learning 
experiences. The high scores for didactic games, 
discovery learning, and heuristic conversation 
are consistent with current science-teaching 
guidelines, which recommend active strategies 
to develop critical thinking, investigation, and 
problem-solving skills. 

In contrast, the lack of significant 
differences across the teaching resource 
categories suggests that respondents view these 
resources as complementary instead of 
competing. This perspective aligns with 
contemporary approaches to science education, 
which promote integrating concrete materials, 
digital resources, and recyclable materials based 
on teaching objectives and the context of 
learning activities (Park et al., 2023). 

The preferences for discovery learning 
and heuristic conversation can be interpreted in 
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light of constructivist perspectives on learning, 
which hold that knowledge is actively 
constructed through exploration, hypothesis-
making, and reflection on learning experiences. 
From this perspective, the teacher's role shifts 
from transmitting information to facilitating 
investigation and argumentation. 

The favorable orientation toward active 
methods aligns with numerous studies on 
science teacher education, which have shown 
that inquiry-based university experiences 
increase acceptance of student-centered 
teaching strategies (Jerrim et al., 2022, Aidoo, 
2024). At the same time, our results indicate that 
the didactic experiment does not rank first in the 
hierarchy of preferences, which may reflect 
perceived constraints on organizing 
experimental activities or students' confidence 
in managing them. 

The results are based on self-reported 
preferences, instead of observations of teaching 
practice. Therefore, it cannot be concluded that 
participants will actually use the methods and 
resources evaluated in their professional work. 
Additionally, the small sample size (44 students 
from the same specialization) limits the 
generalizability of the conclusions. 

The data obtained suggest the need to 
strengthen university activities through 
investigation, projects, and the integrated use of 
digital resources and concrete materials. The 
development of methodological skills should be 
achieved through authentic activities of 
designing and implementing science lessons, 
which allow students to directly experience the 
relationship between teaching strategies and the 
resources used. 

The preference for active strategies is 
consistent with recent research on initial teacher 
education, which shows that inquiry-based 
university experiences foster the acceptance of 
student-centered methods. At the same time, our 
study complements these results by highlighting 
the relationships between methodological 
preferences and the appreciation of specific 
teaching resources. 

The association between the project 
method and digital resources can be explained 
by the characteristics of educational projects, 
which involve documentation, collaboration, 
and information organization. Digital resources 

facilitate these processes and become natural 
supports for the implementation of project-
based learning. 

The correlation between systematic 
observation and concrete materials aligns with 
the principles of inquiry-based learning, as the 
observation of natural phenomena involves the 
use of real objects and manipulable materials. 

 
LIMITATIONS AND FUTURE 
PERSPECTIVES 
The results of the study highlight a tendency 
among future teachers toward active-
participatory teaching methods and the use of 
various teaching resources in science education 
activities. The high internal consistency of the 
research instrument (Cronbach's α=0.912 for the 
methodological preferences scale), along with 
the positive associations identified between 
teaching methods and educational resources, 
supports the need to strengthen these dimensions 
in initial training programs. A person's innate 
abilities along with acquired competencies form 
their personality. Independent of the future field 
of activity, shaping will begin in the initial 
stages of the educational process. Designing and 
implementing participatory activities in which 
learners, regardless of their level of education, 
are integral to the process can help shape their 
future professional development by increasing 
the stimulation of acquisitions, dynamic and 
conscious persons (Cortes, 2025, Ma, 2023, Jakob 
et al., 2026, Gáspár et al., 2021). 

Training programs could include more 
applied activities in which students design, 
implement, and evaluate teaching sequences 
based on experimentation, systematic 
observation, and discovery learning. Practicing 
these methods in authentic contexts contributes 
to the development of professional skills and 
facilitates their transfer to teaching practice. 

The research results suggest that 
investigative-exploratory methods are perceived 
as complementary. Therefore, the initial training 
curriculum could be built on pedagogical 
models centered on questioning, hypothesis 
development, data collection, and result 
interpretation, in line with international 
recommendations for science education. 

The correlations identified between the 
project method and digital and multimedia 
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resources indicate the need to develop future 
teachers' digital skills. University activities 
might include lesson design using educational 
platforms, interactive simulations, data-
collection applications, and digital presentation 
and collaboration tools, more than just general 
technical training. 

Direct contact with real teaching situations 
can facilitate the development of skills in 
selecting and appropriately using teaching 
methods and resources. Declared preferences 
are not equivalent to actual teaching practices. 
The questionnaire measures intentions and 
perceptions, not observed classroom behaviors. 
Therefore, even if participants declare a 
preference for active methods and for certain 
resources, it cannot be concluded that these will 
actually be used in professional activity. 

The training of future teachers could 
encourage the design of interdisciplinary 
activities that connect the natural sciences with 
technology, engineering, and mathematics. The 
project method and the didactic experiment 
provide favorable contexts for developing such 
approaches and integrating digital resources. 
Experimental materials can support the use of 
authentic, relevant problems for students. 

Initial training might not be limited to 
presenting teaching methods. Still, it should also 
include systematic activities for developing 
learning scenarios, selecting resources for 
argumentative purposes, and constructing 
assessment tools appropriate to the 
competencies under investigation. Such an 
approach can help increase coherence among 
curricular objectives, teaching strategies, and 
the assessment of learning outcomes. 

The associations observed between 
systematic observation and manipulative 
materials, and between heuristic conversation 
and recyclable materials used in experiments, 
highlight the importance of concrete learning 
experiences. It could be recommended that 
university practical activities include workshops 
on the design and implementation of 
experiments using accessible, reusable 
materials, in line with the principles of education 
for sustainable development (Levina et al., 2025, 
Arnab et al., 2025, Botella et al., 2022). 

Statistical analyses of methodological 
preferences and student perceptions can provide 

valuable information for revising school 
curricula. Introducing periodic feedback 
collection and analysis can help adapt training 
content and strategies to the real needs of future 
teachers. 

The recommendations support developing 
an initial training model that combines 
theoretical training with practical experience 
and promotes the integrated use of active, 
participatory methods and diversified teaching 
resources. Such an approach can help prepare 
teachers to design and implement science 
education activities that are adapted to students' 
current needs in preschool and primary 
education, and to facilitate the development of 
investigative skills and scientific literacy (Halimi 
et al., 2024). In the Gahrizsangi et al. study, the 
importance of adapting teaching approaches to 
current technological developments was 
highlighted. Transdisciplinarity could increase 
scientific knowledge and interest in science 
from early ages (Salehi Gahrizsangi et al., 2026). 
Future post hoc analyses are recommended to 
identify which methods differ after a significant 
Friedman result is obtained. 

The findings should be interpreted in light 
of several limitations. First, the study relied on a 
relatively small sample (N=44) from a single 
teacher education program, limiting the 
generalizability of the results. The response rate 
(37%) represents an additional limitation of the 
study. Although similar response rates are 
frequently reported in voluntary surveys 
conducted in higher education, the possibility of 
non-response bias cannot be ruled out. 
Consequently, the findings should be interpreted 
as reflecting the characteristics of the 
participating students, not the entire population 
of pre-service primary teachers. 

A subsequent limitation concerns the data, 
which were collected via self-reported Likert-
scale responses and therefore reflect 
participants' perceived preferences, not the 
observed teaching practices. All variables 
exhibit a ceiling effect, as most responses cluster 
around values 4 and 5. This limits variability and 
may reduce the ability of statistical tests to 
detect more subtle differences between methods 
or resources. 

Also, the cross-sectional design does not 
allow causal inferences or the examination of 
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changes in methodological preferences over 
time. Although the statistical analyses revealed 
significant associations between teaching 
methods and instructional resources, these 
relationships might be better interpreted as 
correlational instead of causal. Future research 
should include larger, more diverse samples, 
longitudinal designs, and complementary 
observational methods to provide a more 
comprehensive understanding of pre-service 
teachers' science teaching practices. 
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Table 1. Correlation matrix (Spearman) 

Variables 

Methods Materials 

didactic 
experiment 

systematic 
observation 

didactic 
game 

project 
method 

heuristic 
conversation 

discovery 
learning 

concrete/manipulative 
materials 

digital 
resources 

worksheets multimedia 
resources 

recyclable 
materials 
used in 

experiments 
didactic experiment 1 0.74 0.55 0.69 0.68 0.66 0.53 0.56 0.32 0.43 0.53 

systematic observation 0.74 1 0.55 0.49 0.65 0.53 0.62 0.31 0.19 0.26 0.50 
didactic game 0.55 0.55 1 0.48 0.47 0.72 0.48 0.38 0.33 0.50 0.40 
project method 0.69 0.49 0.48 1 0.68 0.68 0.37 0.58 0.55 0.58 0.58 

heuristic conversation 0.68 0.65 0.47 0.68 1 0.61 0.52 0.48 0.31 0.45 0.60 
discovery learning 0.66 0.53 0.72 0.68 0.61 1 0.54 0.56 0.39 0.57 0.40 

concrete/manipulative materials 0.53 0.62 0.48 0.37 0.52 0.54 1 0.27 0.18 0.45 0.52 

digital resources 0.56 0.31 0.38 0.58 0.48 0.56 0.27 1 0.52 0.72 0.35 

worksheets 0.32 0.19 0.33 0.55 0.31 0.39 0.18 0.52 1 0.48 0.41 

multimedia resources 0.43 0.26 0.50 0.58 0.45 0.57 0.45 0.72 0.48 1 0.42 

recyclable materials in experiments 0.53 0.50 0.40 0.58 0.60 0.40 0.52 0.35 0.41 0.42 1 

Values in bold are different from 0 with a significance level alpha=0.05        

Table 2. p-values (Spearman) 

Variables 

Methods Materials 

didactic 
experiment 

systematic 
observation 

didactic 
game 

project 
method 

heuristic 
conversation 

discovery 
learning 

concrete/manipulative 
materials 

digital 
resources 

worksheets multimedia 
resources 

recyclable 
materials 
used in 

experiments 

didactic experiment 0 <0.0001 0.000 <0.0001 <0.0001 <0.0001 0.000 <0.0001 0.037 0.003 0.000 

systematic observation <0.0001 0 0.000 0.001 <0.0001 0.000 <0.0001 0.044 0.206 0.094 0.001 

didactic game 0.000 0.000 0 0.001 0.001 <0.0001 0.001 0.010 0.030 0.001 0.008 

project method <0.0001 0.001 0.001 0 <0.0001 <0.0001 0.013 <0.0001 0.000 <0.0001 <0.0001 

heuristic conversation <0.0001 <0.0001 0.001 <0.0001 0 <0.0001 0.000 0.001 0.044 0.003 <0.0001 

discovery learning <0.0001 0.000 <0.0001 <0.0001 <0.0001 0 0.000 <0.0001 0.010 <0.0001 0.007 

concrete/manipulative materials 0.000 <0.0001 0.001 0.013 0.000 0.000 0 0.081 0.242 0.002 0.000 

digital resources <0.0001 0.044 0.010 <0.0001 0.001 <0.0001 0.081 0 0.000 <0.0001 0.020 

worksheets 0.037 0.206 0.030 0.000 0.044 0.010 0.242 0.000 0 0.001 0.006 

multimedia resources 0.003 0.094 0.001 <0.0001 0.003 <0.0001 0.002 <0.0001 0.001 0 0.005 

recyclable materials in experiments 0.000 0.001 0.008 <0.0001 <0.0001 0.007 0.000 0.020 0.006 0.005 0 
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Abstract: The increasing interest and demand for low-alcohol and alcohol-free beverages has encouraged wine 
producers to invest in the development of processes able to reduce ethanol content while preserving the main 
characteristics of wine. This study evaluated the effect of dealcoholisation by rotary evaporation under reduced pressure 
on the antioxidant, phenolic and chromatic properties of two experimental red wine blends, designated as Rubra Nova 
and Armony. Antioxidant activity was determined by the DPPH assay, total phenolic content by the Folin–Ciocâlteu 
method, while colour characteristics and visible absorption profiles were evaluated by UV–Vis spectrophotometry. 
Dealcoholisation caused only a slight decrease in DPPH radical inhibition in both wines, while total phenolic content 
showed a small increase. More evident changes were observed in the chromatic parameters, particularly in colour 
intensity and hue. However, the overall shape of the UV–Vis spectra remained similar before and after treatment. These 
results indicate that rotary evaporation under reduced pressure largely preserved the antioxidant and phenolic 
characteristics of the analysed wines, although some minor changes in their colour properties were observed. 

 
Keywords: dealcoholised wine; rotary evaporation; antioxidant activity; total phenolic content; 

chromatic characteristics. 
 
INTRODUCTION  
Wine is conventionally defined as the product 
obtained exclusively through the partial or 
complete alcoholic fermentation of fresh grapes, 
either crushed or not, or grape must. Both the 
International Organisation of Vine and Wine 
and the European Union regulatory framework 
establish a minimum actual alcoholic strength of 
8.5% vol. for products classified as wine (EU 
Regulation No 1308/2013, 2013; Kumar et al., 
2024; Wine, 2026).  

Wine, and particularly red wine is known 
for being a complex mixture of phenolic 
compounds, flavonoids, anthocyanins (El 
Rayess et al., 2024; Muñoz-Bernal et al., 2023), 
all which contribute to its antioxidant properties, 
colour and flavour, while several studies 
associate light-moderate drinking of red wine 
with the possibility of reducing the risk of 
cardiovascular diseases (Baxevanis and 

Kanellos, 2024; Cândido et al., 2026; Castaldo 
et al., 2019; Monagas et al., 2005). 

In recent years, interest in low-alcohol 
and alcohol-free beverages (beer, wine) has 
increased considerably, mainly due to changing 
consumer preferences toward products 
perceived as more compatible with a healthy 
lifestyle and moderate alcohol consumption 
(Catarino and Mendes, 2011; Desk, 2026; 
Oshima et al., 2022). In Great Britain an increase 
in the consumption of alcohol-free drinks was 
observed from 35.0% to 43.9% during 2020 and 
2024, and from 25.5% to 38.8% in the attempt 
to cut down on overall alcohol consumption 
(Buss et al., 2025). 

Demand for these products is also 
supported by consumers who try to limit or 
avoid alcohol for health, safety, religious, or 
other lifestyle reasons, as well as by the need for 
responsible behaviour in situations such as 
driving (Kumar et al., 2024; Piornos et al., 2020; 
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Ruggeri et al., 2026). In this context, 
dealcoholised wines represent a growing 
product category aimed at preserving, as closely 
as possible, the sensory and compositional 
characteristics of conventional wine while 
reducing its ethanol content. Some alternatives 
available to wine producers for obtaining low-
alcohol wines include pre-fermentation 
strategies, such as using grapes with a lower 
sugar content or reducing the concentration of 
fermentable sugars in the must by dilution, as 
well as fermentation-stage approaches, such as 
interrupting fermentation or using selected or 
modified yeast strains. Although these methods 
can effectively reduce ethanol formation, they 
may negatively affect the sensory characteristics 
of the final product. Consequently, post-
fermentation techniques, including reverse 
osmosis, osmotic distillation, vacuum 
distillation, spinning cone column, 
pervaporation, and diafiltration, are often 
preferred when the aim is to obtain 
dealcoholised wines while preserving overall 
product quality (Akhtar et al., 2025). 

In parallel with these consumer-driven 
trends, recent climate changes and overall 
increase of annually temperatures, especially 
during grape ripening season, can result in a 
higher sugar accumulation in grapes and 
therefore lead to wines with a higher alcohol 
content (Parker et al., 2020), further increasing 
the interest in alcohol-reduction technologies. 

In this context, evaluating the effect of 
dealcoholisation on wines produced from 
traditional Romanian grape varieties may 
provide useful information on the preservation 
of their phenolic and chromatic characteristics. 
 Therefore, the aim of this study was to 
investigate the effect of dealcoholisation by 
rotary evaporation under reduced pressure on 
the antioxidant activity, total phenolic content, 
and chromatic characteristics of red wines, with 
particular emphasis on the preservation of these 
properties after ethanol removal.  
 
MATERIALS AND METHODS 
Wine samples and abbreviations 
Two experimental red wine blends, designated 
as Armony and Rubra Nova, were prepared for 
this study from local commercially available 
wines. They were produced as a blend of 
Cadarcă and Fetească Neagră grapes in the 

following proportions: 50-50 for Armony and 
20-80 for Rubra Nova.  

Cadarcă is a traditional red grape variety 
strongly associated with the Miniș wine-
growing region, producing wines typically 
characterized by a ruby-red colour and 
distinctive aroma and flavour (Geza et al., 
2023), while Fetească Neagră is an 
autochthonous Romanian variety known for 
producing deeply coloured wines with a rich 
phenolic profile and good anthocyanin content 
(Yao et al., 2026). 

Each blend was analysed both in its 
original form and after dealcoholisation by 
rotary evaporation under reduced pressure.  
Table 1. Abbreviations 

Wine name Original wine Dealcoholised 
wines 

Rubra Nova RN RND 
Armony A AD 

 
Dealcoholisation by rotary evaporation 
Dealcoholisation of both wine blends was 
performed using a rotary evaporator equipment 
IKA RV 10 controller and HB 10 heating bath 
(IKA-Werke GmbH & Co. KG, Staufen, 
Germany). The samples were processed using 
the automatic distillation mode with ethanol 
selected as solvent, a rotation speed of 100 rpm, 
a heating bath temperature of 60 ℃, and an 
automatically regulated vacuum. The distillation 
was continued until the automatic endpoint was 
reached. After dealcoholisation, the samples 
were restored to their initial volume using 
distilled water.  
 
Antioxidant activity 
The antioxidant activity of the samples was 
determined using the DPPH radical scavenging 
assay, according to the method described by 
(Moisă et al., 2018), with minor modifications. 
Briefly, 100 μL of wine sample was mixed with 
3 mL of freshly prepared 0.2 mM DPPH 
solution in ethanol and incubated in the dark for 
30 minutes at room temperature. Absorbance 
was measured at 517 nm using a Specord 200 
UV-Vis spectrophotometer (Analytik Jena, 
Germany). The antioxidant activity was 
expressed as DPPH radical inhibition (%) and 
was calculated as follows: 
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DPPH inhibition (%) = [(A0-As)/A0] x 100 
Where A0 is the absorbance of the DPPH 
solution and As is the absorbance of the sample.  
 
Total phenolic content 
The total phenolic content (TPC) of the wine 
samples was determined using the Folin-	
Ciocâlteu method described by (Moisă et al., 
2018), with minor modifications. Briefly, 1 mL 
diluted wine sample 1:25 with distilled water, 
was mixed with 0.5 mL Folin-Ciocâlteu reagent, 
2 mL of 20% Na2CO3 solution, and 5 mL of 
distilled water. The mixture was incubated for 
45 minutes at room temperature in the dark, and 
the absorbance was measured at 765 nm using a 
Specord 200 UV-Vis spectrophotometer 
(Analytik Jena, Germany). Total phenolic 
content was calculated using a gallic acid 
calibration curve and expressed as mg gallic 
acid equivalents per liter (mg GAE/L).  
 
UV-Vis spectral and chromatic characteristics 
of wine 
The UV-Vis spectra of the original and 
dealcoholised wine samples were recorded in 
the 400-650 nm range using a Specord 200 UV-
Vis spectrophotometer (Analytik Jena, 
Germany). The resulting spectra were overlaid 
to evaluate changes in the absorption profile 
following dealcoholisation.  

The chromatic characteristics were 
determined spectrophotometrically according to 
the method described by (Glories, 1984) and 
subsequently applied in wine colour studies 
(Gambuti et al., 2022). The absorbance was 
measured at 420, 520 and 620 nm using a UV-
Vis spectrophotometer. Colour intensity (CI) 
was calculated as the sum of the absorbance 
values at the three wavelengths (A420 + A520 + 
A620), while hue was expressed as the 
A420/A520 ratio. The relative contributions of 
the yellow, red and blue components were 
calculated as percentages of the total colour 
intensity. The dA% parameter that represents 
the contribution of the red component associated 
with flavylium forms of free and combined 
anthocyanins, was calculated according to 
Glories method. 

 

RESULTS AND DISCUSSIONS 
The impact of dealcoholisation by rotary 
evaporation was assessed by comparing each 
dealcoholised wine with its corresponding 
original sample in terms of antioxidant activity, 
total phenolic content and chromatic 
characteristics (Figure 1). 

 
Figure 1. Schematic representation of the experimental 
workflow used for wine dealcoholisation and analysis 
(image generated using AI) 
 
Antioxidant activity and phenolic content 
Antioxidant activity, expressed as DPPH radical 
inhibition, remained high in all analysed 
samples, with values ranging from 83.04 to 
87.08% (Table 2). Following dealcoholisation, 
only a slight decrease was observed for both 
wines, from 87.08% to 86.40% in Rubra Nova 
and from 83.77% to 83.04% in Armony. In 
contrast, total phenolic content showed a slight 
increase after treatment, from 1723.40 to 
1743.59 mg GAE/L for Rubra Nova and from 
2373.78 to 2425.80 mg GAE/L for Armony 
(Table 2). Overall, Armony exhibited a higher 
phenolic content than Rubra Nova, whereas 
Rubra Nova showed slightly higher DPPH 
radical inhibition. 
 
Table 2. DPPH radical inhibition and total phenolic 
content of original and dealcoholised wines 

Sample DPPH 
Inhibition (%) 

TPC 
(mg GAE/L) 

RN 87.08 ± 0.14 1723.40 ± 7.24 
RND 86.40 ± 0.10 1743.59 ± 5.58 

A 83.77 ± 0.36 2373.78 ± 27.74 
AD 83.04 ± 0.34 2425.80 ± 3.12 

Values are expressed as mean ± SEM (n = 3). 
 

According to (Belisario-Sánchez et al., 
2009) the antioxidant activity expressed as 
DPPH radical inhibition remained high and was 
similar after dealcoholisation with minor 
decreases observed for the analysed samples. In 
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the present study, the same variations were 
observed after rotary evaporation: both wine 
blends preserved their antioxidant capacity with 
minor decreases under 1%. In the case of 
phenolic compounds, several studies (Belisario-
Sánchez et al., 2009; Motta et al., 2017) present 
a slight increase in total phenolic content after 
dealcoholisation, an effect associated with 
ethanol removal and a part of the volatile 
fraction.  

These results suggest that rotary 
evaporation had only a limited effect on the 
antioxidant capacity of the wines, while the 
small increase in total phenolic content (20-50 
mg GAE/L) may be related to changes in sample 
concentration or matrix composition during 
dealcoholisation or even variations of the Folin–
Ciocâlteu assay. 

 
UV-Vis spectral and chromatic characteristics 
of wine 
The chromatic parameters showed clear 
differences between the two wines and between 
the original and dealcoholised samples (Figure 
2). Armony exhibited a higher colour intensity 
than Rubra Nova both before and after 
dealcoholisation. Following rotary evaporation, 
colour intensity increased from 1.6342 to 2.0281 
in Rubra Nova and from 3.3222 to 3.9553 in 
Armony, corresponding to increases of 
approximately 24% and 19%, respectively 
(Table 3). Changes were also observed in the 

relative contribution of the individual colour 
components. In Rubra Nova, dealcoholisation 
slightly increased the red component from 
44.55% to 45.61% and dA from 61.89% to 
66.15%, while hue decreased from 1.0032 to 
0.9348 (Table 3). In contrast, Armony showed a 
decrease in the relative red contribution from 
48.22% to 44.51% and in dA from 69.53% to 
65.36%, accompanied by an increase in hue 
from 0.8417 to 0.9696. The blue component 
increased slightly after dealcoholisation in both 
wines. 

Previous studies on dealcoholised wines 
observed a colour increase for red wines 
subjected to vacuum distillation, literature data 
indicating an increase ranging between 17 to 
98%, depending on the type of wine and 
processing conditions. This behaviour was 
mainly attributed to concentration effect 
associated with ethanol removal (Motta et al., 
2017; Sam et al., 2021). More recently, (Kumar 
et al., 2025) reported an increased colour 
intensity in red dealcoholised wine. The 
increases observed in the present study, 
approximately 24% for Rubra Nova and 19% for 
Armony fall within the range previously 
reported for dealcoholised wines.  

For hue differences, a slight decrease is 
reported (Kumar et al., 2024), Rubra Nova has a 
similar trend while Armony presented the 
opposite behaviour. These differences indicate 
that the initial pigment composition and wine 
matrix are important.  

 
Table 3. Chromatic characteristics of original and dealcoholised red wines determined by the Glories method. 

 
 
 
 
 
 

Figure 2. UV–Vis absorption spectra of red wines before and after dealcoholisation: (a) Rubra Nova; (b) Armony 

Sample Colour 
intensity Hue Yellow 

(%) 
Red 
(%) 

Blue 
(%) 

dA 
(%) 

RN 1.6342 1.0032 44.70 44.55 10.75 61.89 
RND 2.0281 0.9348 42.64 45.61 11.75 66.15 

A 3.3222 0.8417 40.58 48.22 11.20 69.53 
AD 3.9553 0.9696 43.16 44.51 12.32 65.36 

a) b) 
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The chromatic changes observed after 
dealcoholisation were also reflected in the 
UV–Vis spectral profiles (Figure 2). In both 
wines, the dealcoholised samples showed 
higher absorbance over most of the 400–650 
nm range, while the overall shape of the 
spectra remained similar to that of the 
corresponding original wines. This behaviour 
is consistent with the increase in colour 
intensity calculated using the Glories 
parameters and suggests that dealcoholisation 
mainly affected the scale of visible absorption 
rather than producing major changes in the 
overall spectral profile.  

 
CONCLUSIONS  
Dealcoholisation by rotary evaporation under 
reduced pressure had a limited effect on the 
antioxidant properties of the analysed red wine 
blends. DPPH inhibition showed only a slight 
decrease, while total phenolic content slightly 
increased after treatment. More evident 
changes were observed in the chromatic 
parameters, particularly in colour intensity and 
hue, with the magnitude and direction of some 
changes depending on the wine blend. 
Nevertheless, the overall UV–Vis spectral 
profiles remained similar before and after 
dealcoholisation. Overall, within the 
parameters evaluated in this study, rotary 
evaporation under reduced pressure largely 
preserved the antioxidant and phenolic 
characteristics of the wines, while inducing 
moderate and wine-dependent changes in their 
colour properties. 
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Abstract: The pressing need for new antimicrobial drugs has been highlighted by the growing problem 
of antimicrobial resistance (AMR). The quick creation of efficient medicines is hampered by the time-
consuming and expensive nature of traditional drug discovery techniques. Artificial intelligence (AI) 
has recently surfaced as a potentially useful technology to speed up the discovery of novel 
antimicrobials. From anticipating chemical interactions to improving drug candidates, artificial 
intelligence (AI) technologies including machine learning, deep learning, and natural language 
processing have been used at different phases of antimicrobial development. AI can find previously 
undiscovered chemicals and forecast their effectiveness against resistant infections by examining 
enormous datasets of chemical structures, biological activity, and genomic data. This study examines 
the use of AI in antimicrobial drug discovery, emphasizing how it can expedite the drug development 
process, increase target identification precision, and encourage the creation of new compounds with 
improved potency and selectivity. We also go over the drawbacks and difficulties of incorporating AI 
into antimicrobial research, such as the requirement for interdisciplinary cooperation, data quality, 
and model interpretability. Finally, AI-driven strategies present a promising opportunity to tackle the 
worldwide AMR epidemic and quicken the creation of critically required antibiotic treatments. As an 
alternative to traditional antibiotics, antimicrobial peptides (AMPs) show promise as agents against 
antimicrobial resistance. AMP discovery was transformed by artificial intelligence (AI) using both 
generation and discrimination techniques. The vast field of drug discovery is always looking for new 
and creative ways to find and create peptide-based medicines. The development of novel peptide 
medications has undergone a radical change since the introduction of artificial intelligence (AI). A 
variety of computer tools and algorithms provided by AI allow researchers to expedite the 
development of therapeutic peptides.  
 
Keywords: artificial intelligence, antimicrobial peptides, antibiotics, machine learning  
 
 
INTRODUCTION  
In recent years, the rise of antimicrobial 
resistance (AMR) has emerged as a global 
health crisis, threatening our ability to treat 
infections effectively. As traditional 
antimicrobial discovery faces increasing 
challenges, artificial intelligence (AI) is 
stepping in as a transformative tool in the search 
for new antimicrobial agents. Since its recent 
technological advancement, AI has been quickly 
used into medication research, significantly 

increasing the effectiveness of finding new 
antibiotics (Liu et al., 2024b). 
This narrative review explores how AI is being 
utilized in the discovery of new antimicrobials, 
the possible benefits it offers, as well as future 
prospects, with particular attention to 
antimicrobial peptides. 
Antibiotics have emerged as the mainstay of 
contemporary medicine since the discovery of 
penicillin. However, because antibiotic-
resistance determinants are spreading 
throughout the world, it is unknown if these 
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necessary medications will remain effective 
(Stokes et al., 2020). 
Antibacterial peptides (ABPs) are a family of 
peptides found in nature that play a crucial role 
in the innate immune systems of organisms. 
These ABPs offer several advantages over 
widely used antibiotics. As a result, they have 
recently received a lot of attention as potential 
replacements for currently available antibiotics. 
But it is expensive and time-consuming to 
identify ABPs from natural sources, AI-based 
approaches could facilitate screening and 
optimization of AMP candidates (Sharma et al., 
2024). 
In reaction to environmental challenges, 
pathogens undergo various changes in their 
genomes, resulting in AMR. As a consequence 
of AMR, these pathogens become unresponsive 
to antibiotics (Sharma et al., 2024). 
AI has significantly sped the development of 
novel antibiotics in recent years (Cesaro et al., 
2023; Stokes et al., 2020; Wong et al., 2023). 
New AI-based antibiotic candidates can now be 
discovered in hours due to computational 
screening, compared to conventional discovery 
workflows that take years. Millions of 
individuals still pass away from infections every 
year despite these scientific and technological 
advancements (Murray et al., 2022; Naghavi et 
al., 2024). More than 4 million people died in 
2019 alone as a result of pan-drug-resistant 
bacteria that have emerged because of the 
overuse and abuse of antibiotics. However, 
antibiotic-resistant genes are not the only reason 
why antimicrobial treatments fail to successfully 
cure people and eradicate infections. Antibiotic 
failure is caused by a variety of circumstances, 
including intricate systems underpinning serious 
clinical situations like sepsis (Cesaro et al., 
2023). This complex problem is becoming a 
major worldwide concern. 
Since its recent technological advancement, AI 
has been quickly used into medication research, 
significantly increasing the effectiveness of 
finding new antibiotics (Liu et al., 2024b). 
 
1.Artificial Intelligence in Drug Development 
AI is anticipated to streamline and expedite 
pharmaceutical development in the future. By 
using robotics and models of genetic targets, 
medications, organs, diseases and their course, 
pharmacokinetics, safety, and efficacy, AI can 

transform the labour-intensive process of drug 
development into one that requires capital and 
data (Naik et al., 2022). The drug discovery and 
development process can be accelerated and 
made more economical and efficient with the 
application of AI. AI was previously used to find 
possible Ebola virus medications, but like with 
any pharmacological study, finding a lead 
compound does not ensure the creation of a safe 
and effective treatment (Stephenson, 2021). 
AI has the ability to close gaps in rural 
communities and resource-poor nations, 
increasing access to healthcare services. AI 
could be used to conduct screening and 
evaluation in settings with limited resources if 
insufficient medical expertise is available, a 
common challenge in many resource-poor 
settings (Stephenson, 2021). 
Using algorithms that can produce and assess a 
huge number of peptide sequences according to 
desired characteristics, like target affinity, 
selectivity, and bioavailability, is known as AI-
driven peptide design. Compared to 
conventional techniques, these algorithms are 
more thorough and effective at exploring vast 
chemical regions (Nissan et al., 2024). 

 
Figure 1. Schematic representation of AI in drug 
development. 



Scien. Tech. Bull-Chem. Food Sci. Eng., Vol. 22(XXIII), 2025, 47-54 

 49 

2. Machine learning (ML) 
With its many uses in computer vision, language 
processing, gaming, and computational biology, 
machine learning (ML), a subfield of artificial 
intelligence, has advanced significantly. Some 
machine learning models make use of deep 
learning (DL), a technique that uses deep 
networks (DNNs) to predict outcomes and 
extract hidden features from complicated 
datasets, such as biomolecular structures and 
photographs (Liu et al., 2024b; Stokes et al., 
2020; Wan et al., 2024a). 
In addition to producing medicines, machine-
learning (ML) models have been used to 
forecast antimicrobial resistance, haemolysis, 
and antimicrobial activity (Wan et al., 2022). 
ML can be used to predict macromolecular 
structures and therapeutic features, including 
antibiotic activity and absorption, distribution, 
metabolism, excretion, and toxicity (ADMET) 
(Wan et al., 2024b). 

 
Figure 2. Schematic representation of ML. 
 
The use of AI in the development of novel 
peptide drugs has bright future prospects and has 
the potential to completely transform the peptide 
drug discovery process. To fully realize the 
potential of AI-driven techniques and guarantee 
their successful incorporation into the drug 

development pipeline, a number of obstacles 
must be overcome. Expanding and improving 
AI models through the use of more extensive 
and varied datasets is one of the fundamental 
prerequisites (Bilal et al., 2025). 
For example, machine learning has identified 
genetic traits associated with antibiotic 
sensitivity in Escherichia coli across various 
sequence types (STs) (Bilal et al., 2025). These 
genetic markers help elucidate how STs evolve 
and spread within populations that are likely to 
facilitate dissemination (Shaik et al., 2022). 
Similarly, it was used to predict Streptococcus 
pneumoniae susceptibility to β-lactam 
antibiotics by correlating penicillin-binding 
protein (PBP) sequences with minimum 
inhibitory concentrations (MIC) values (Zhang 
et al., 2019). 
Intricate patterns in a variety of data can be 
found using AI/ML methods, which can shed 
light on the processes behind the emergence of 
drug resistance (Liu et al., 2024a). An AI-based 
tool called PathogenWatch makes it possible to 
analyze and visualize microbial genome 
sequences in real-time in both geographical and 
phylogenetic settings, which enhances the 
tracking and monitoring of pathogen outbreaks  
(Vashisht et al., 2023). Real-time monitoring 
enabled by AI/ML helps to promptly modify 
containment and treatment plans (Vashisht et al., 
2023). 
Using a dataset of 312 antibiotics and 936 non-
antibiotic medications, researchers trained eight 
distinct algorithms—including extreme gradient 
boosting, random forest, deeper neural 
networks, and gradient boosting classifier—to 
predict novel antimicrobial compounds. With 
five-fold cross-validation, the top four 
classifiers obtained over 80% accuracy in both 
test and blind data (Jana et al., 2024). 
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Table 1. A list of antimicrobial agents and peptides discovered or designed using artificial intelligence (AI) 
and machine learning (ML) 
Antimicrobial 
Agent 

Methods Used Properties References 

SPR206 Structure-activity 
relationship (SAR) 
models 

Reduced nephrotoxicity, high efficacy (Hazrat et al., 
2025; Zhang 
et al., 2020) 

QPX9003 
 

AI-guided structure 
optimization 

Improved safety profile, effective at lower doses (Castanheira 
et al., 2019) 

MRX−8                                   
 

Predictive modeling Lower toxicity, enhanced pharmacokinetics (Duncan et 
al., 2022) 

Murepavadin Iterative 
peptidomimetic 
design 

High specificity, effective in biofilms  (Sader et al., 
2018) 

IB−367  
 

AI peptide design Safe but limited efficacy in clinical settings (Mosca et al., 
2000) 

SCH−79797 
 

ML based dual 
mechanism profiling 

Broad-spectrum efficacy (Martin et al., 
2020; Mosca 
et al., 2000) 

Bactenecin Machine-learning 
classifer 

Broad-spectrum efficacy (Wu et al., 
1999) 

DP7 AI-driven sequence 
optimization 

Low cytotoxicity, strong biofilm activity (Wu et al., 
2014) 

Lead AMPs PanCleave random 
forest modeling 

Low toxicity, high specificity (Maasch et 
al., 2023) 

3. Deep Learning 
Deep learning models have shown promise in 
predicting molecular properties and biological 
activities of compounds. Deep-learning 
approaches applied to antibiotic discovery 
include graph neural networks (GNN) and 
message-passing neural networks (MPNN) for 
molecular activity prediction, convolutional 
neural networks (CNNs) and transformers for 
compound or antimicrobial peptide 
classification, and generative architectures 
such as autoencoders and variational 
autoencoders (VAEs), generative adversarial 
networks (GANs), diffusion models, and 
reinforcement-learning frameworks for the de 
novo design and optimization of antibacterial 
molecules. By training on datasets that include 
chemical structures and their associated 
biological responses, these models can suggest 
novel compounds that may not have been 
previously considered. HydrAMP is a deep-
learning model that learns the main structural 
features of peptides together with their 
antimicrobial properties, allowing it to 
generate new peptide sequences or improved 
analogues of known peptides. By combining 
this design process with computational 
screening and molecular dynamics 

simulations, HydrAMP can prioritize 
promising candidates for experimental testing 
and improve the chances of identifying active 
antimicrobial peptides. This approach was 
used to obtain Hydraganan-1, an analogue of 
pexiganan and showed strong activity against 
E. coli (Szymczak et al., 2023). DeepAMP is a 
peptide language-based deep generative 
framework designed to discover potent, broad-
spectrum antimicrobial peptides. It was 
successfully used to generate 18 candidates 
with strong activity against both Gram-positive 
and Gram-negative bacteria, reduced potential 
for resistance development, and three of them 
demonstrated efficacy in an in vivo wound 
infection model (Li et al., 2024). AMP-
Diffusion is a generative AI platform that 
combines latent diffusion modeling with 
protein language embeddings to design novel 
antimicrobial peptides. By using this model the 
authors obtained a high experimental success 
rate of the AMPS tested against both 
susceptible and multidrug-resistant bacteria, 
with low toxicity and promising in vivo 
efficacy for two peptides, comparable to 
clinically used antibiotics (Torres et al., 2025). 
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4. Challenges and Future Directions  
While the use of AI in antimicrobial discovery 
is promising, several challenges remain. Data 
quality, accessibility, and the need for 
interdisciplinary collaboration are all crucial 
for advancing this field. Additionally, 
regulatory and ethical considerations must be 
addressed as AI-driven solutions become more 
prevalent in drug development. The use of AI 
in the development of novel peptide drugs has 
bright future prospects and has the potential to 
completely transform the peptide drug 
discovery process. To fully realize the 
potential of AI-driven techniques and 
guarantee their successful incorporation into 
the drug development pipeline, a number of 
obstacles must be overcome. Expanding and 
improving AI models through the use of more 
extensive and varied datasets is one of the 
fundamental prerequisites (Nissan et al., 
2024).  
CONCLUSIONS  
AI is revolutionizing and overall, increasingly 
contributing to the discovery of new 
antimicrobials, offering efficient, accurate, and 
innovative approaches to combat antimicrobial 
resistance. As researchers continue to leverage 
AI technologies, the hope for effective 
solutions to tackle resistant infections becomes 
increasingly attainable. Embracing this 
interdisciplinary approach may hold the key to 
safeguarding public health against the ever-
evolving threat of resistant pathogens. 
However, all AI-generated predictions still 
require an experimental validation process.   
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