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Abstract 

Low-temperature plasma treatments are increasingly explored to stimulate seed germination and 
early plant development. In this study, barley seeds were exposed to dielectric barrier discharge 
(DBD) plasma generated in air with controlled oxygen or nitrogen admixtures to elucidate surface 
chemical and structural modifications. X-ray photoelectron spectroscopy (XPS) showed a 
pronounced increase in oxygen-containing functional groups (C–O, C=O, O–C=O) and the emergence 
of nitrogen functionalities after plasma exposure, indicating oxidative activation and partial surface 
amination. SEM-EDX analysis revealed slight oxygen enrichment and nitrogen incorporation at the 
near-surface region, while backscattered electron images confirmed that the plasma treatments did 
not induce measurable morphological damage. Raman and ATR-FTIR spectra demonstrated that the 
molecular backbone of polysaccharides and proteins remained intact, although bands associated with 
–OH and –NH vibrations intensified, confirming increased surface hydrophilicity. Water absorption 
kinetics, modeled using the Peleg equation, showed that plasma-treated seeds absorbed water more 
rapidly than untreated controls, evidencing improved wettability and hydration efficiency. Overall, 
the combined results indicate that plasma exposure primarily induces surface oxidation and mild 
nitrogen incorporation without compromising seed integrity, thereby enhancing water uptake. 

Keywords: low-temperature plasmas; Barley seeds; XPS; SEM; Raman spectroscopy; ATR-FTIR; seed 
water imbibition 
 

1. Introduction 

The use of non-thermal plasmas (NTPs) for treating seeds has emerged as a promising strategy 
to enhance the physical and chemical characteristics of seed surfaces, directly impacting germination, 
initial vigor, and resistance to external agents (see for instance the recent reviews  [1,2] and 
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references therein); as well as shelf life  [3]. Cold plasmas in air or similar gas mixtures generate a 
variety of reactive oxygen and nitrogen species (ROS and RNS), UV photons, micro-discharges, and 
electric effects that can modify both the morphology and surface chemistry of biological materials  
[4,5]. In the case of malt barley seeds, these changes can have a direct impact on grain quality, 
germination rate, and the efficiency of malting processes  [6]. However, understanding the precise 
physical and chemical modifications that occur on malt seed surfaces when exposed to oxygen- and 
nitrogen-enriched plasmas requires detailed characterization and control of the treatment 
parameters. 

At the morphological level, non-thermal plasma treatments can cause etching, partial removal 
of epicuticular waxes, formation of pores or surface roughness, and alterations in topography. These 
physical effects, commonly observed by scanning electron microscopy (SEM) or atomic force 
microscopy (AFM), increase surface wettability and decrease water contact angle, facilitating faster 
water uptake and promoting germination  [7]. Such changes are often correlated with enhanced 
permeability and reduced microbial contamination, two factors of major industrial relevance. 

X-ray photoelectron spectroscopy (XPS) and Fourier-transform infrared spectroscopy (FTIR) 
have demonstrated that air plasma treatments enrich the outermost layers with oxygen and nitrogen 
functionalities, increase surface polarity, and remove waxy components  [8]. These modifications 
influence surface energy, water absorption kinetics, and microbial adhesion. Furthermore, plasma 
exposure can induce redistribution of several ions in the outer seed coat, influencing the 
electrochemical environment and potentially modulating biochemical signaling pathways related to 
germination  [9]. 

The differences between oxygen and nitrogen plasmas are notable. Oxygen plasmas 
predominantly generate oxidative species (atomic oxygen, ozone, etc.), which favor oxidation and 
functionalization of surface compounds. Nitrogen plasmas, in contrast, promote the incorporation of 
nitrogen functionalities, leading to amination and formation of nitrated structures. Mixed-gas 
plasmas can balance these effects, achieving surface activation without excessive damage when 
properly tuned  [10]. 

These surface-level transformations translate into measurable improvements in seed 
performance. Numerous studies have reported increased germination rate and vigor, enhanced 
enzymatic activity, and improved water uptake in barley and other cereals following cold plasma 
exposure  [11]. However, excessive plasma power or prolonged exposure can lead to deleterious 
effects such as oxidative stress, surface erosion, or DNA damage  [12]. Consequently, optimization 
of plasma parameters—gas composition, exposure time, discharge power, and electrode 
configuration—is critical to achieve beneficial modifications while maintaining structural integrity. 

Despite the growing number of studies on cereal seeds, systematic analyses focusing on malt 
barley remain scarce. Few works (e.g.,  [6]) have correlated nanoscale surface composition (via XPS 
and FTIR) with parameters directly relevant to malting, such as germination uniformity, water 
absorption kinetics, and enzymatic activation. The characterization of the plasma-induced 
modifications on malt seed surfaces is therefore essential for establishing cause–effect relationships 
between plasma chemistry, surface physics, and biological performance. 

In this context, this work aims to characterize the morphological and chemical changes occurring 
on malt barley seed surfaces after exposure to oxygen- and nitrogen-enriched non-thermal plasmas. 
Through combined use of XPS, scanning electron microscopy with energy-dispersive X-ray 
spectroscopy (SEM-EDX), Raman spectroscopy analyses, and attenuated total reflectance–Fourier 
transform infrared spectroscopy (ATR-FTIR), the study seeks to clarify how plasma parameters 
influence surface functionality, wettability. This knowledge provides a basis for the rational design 
of plasma-assisted processing technologies for sustainable malting and agricultural applications  
[12]. 
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2. Materials and Methods 

2.1. Plasma Source 

The non-thermal plasma was generated using a dielectric-stabilized streamer-corona discharge. 
A flat-wire electrode geometry was used, consisting of an array of multiple 0.2 mm diameter wires 
(covering an area of 1000 x 500 mm) over a grounded flat counter electrode. The flat electrode was 
covered with a 2 mm thick glass sheet. A 12 mm gas gap was used. A quasi-steady sinusoidal voltage 
signal (50 Hz) with an amplitude of 30 kV was applied. The discharge was generated in ambient air, 
but the gas composition of the active zone of the discharge (i.e., where the plasma is generated) was 
locally varied by injecting oxygen and nitrogen (of industrial purity) as carrier gases, with a 
(measured) gas flow of about 28 Nl/min. The electrical characteristics of the discharge were 
monitored during the experiments by using a 4–channel oscilloscope (Tektronix TBS2204B with a 
sampling rate of 2 GS/s and an analogical bandwidth of 200 MHz). The discharge voltage was 
measured by using a high-impedance voltage probe (Tektronix P6015A, 1000X, 3pf, 100 M). The 
discharge power density (i.e., the ratio of power to active electrode area) under the experimental 
conditions was calculated to be 0.13 W/cm2. 

2.2. Seeds Treatment 

Commercial Hordeum vulgare (barley) seeds were used in this study. For each experimental 
group, a 60 g sample of seeds was subjected to treatment, while non-treated seeds served as the 
control group. Seeds were exposed to a uniform 10-minute plasma application. The treatments were 
defined by the gas composition: PNT70 (oxygen plasma) and PNT71 (nitrogen plasma). 

2.3. Raman Spectroscopy 

Raman microscopy analyses were performed on a LabRAM HR Raman system (Horiba Jobin 
Yvon), equipped with two monochromator gratings and a charge-coupled device detector (CCD). An 
800 g/mm grating and 100 µm aperture resulted in a 1.5cm−1 spectral resolution. A He-Ne laser line 
at 632.8 nm was used as an excitation source. Laser power was adjusted in order to avoid overheating 
on the sample (around 3 mW). The spectrograph is coupled to an imaging microscope with 10×, 50×, 
and 100× magnifications. Typically, the laser spot on the sample was about 10 and 3 µm diameter for 
a 10× and 50× magnification, respectively. An advantage of the microscopic facility is the possibility 
of analyzing different regions on the seeds. 

2.4. X-Ray Photoemission Spectroscopy (XPS) 

XPS measurements were carried out using a PHI 5000 VersaProbe II system equipped with a 
monochromatic aluminum Kα X-ray source (1486.6 eV) and a spherical capacitor analyzer. The 
analysis chamber was maintained at a base pressure in the lower range of 10−10 Torr. Experimental 
parameters for the X-ray source included a spot size of 200 µm, X-ray power set at W, and a bias 
voltage of 15 kV. Prior to sample analysis, the resolution of the system was verified using an Ar-
etched, polished fine-grained silver sample, with the full width at half maximum (FWHM) of the Ag 
3d5/2 peak measured at 0.69 eV. Data analysis was performed using CasaXPS software version 2.3.18. 

Due to the insulating nature of the samples, charging effects were observed during the XPS 
measurements. The widespread practice to overcome the complication associated with the charging 
effect is using an electron flood gun; however, the traditional method of electron flood gun charge 
neutralization proved to be ineffective in neutralizing the localized positive charge induced by the X-
ray beam, as the static charge of the sample interfered with the low-energy electron beam. Instead, a 
dual beam charge neutralization method patented by PHI was utilized. This method combines a low-
energy Ar+ ion beam and a low-energy electron beam to effectively neutralize the localized positive 
charge caused by the X-ray beam. Additionally, the dominant component of adventitious carbon 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 November 2025 doi:10.20944/preprints202511.0225.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.0225.v1
http://creativecommons.org/licenses/by/4.0/


 4 of 23 

 

(AdC), specifically (C-C/C-H) in the C 1s energy region at 285 eV, served as a reference point for 
energy calibration of the XPS spectra. 

2.6. Attenuated Total Reflectance–Fourier Transform Infrared Spectroscopy (ATR-FTIR) 

The sample was analyzed by Fourier Transform Infrared Spectroscopy (FTIR) using a Shimadzu 
IRPrestige-21 spectrometer equipped with a horizontal attenuated total reflectance (ATR-8200H) 
accessory. Spectra were acquired in ATR mode using a zinc selenide prism. Prior to sample 
measurement, a background spectrum was recorded. Each spectrum resulted from 40 co-added scans 
at a resolution of 4 cm−1 over the 4000–700 cm−1 spectral range. 

2.5. Scanning Electron Microscopy 

SEM-EDS measurements and BS imaging in this study were conducted using an FEI Quanta 200 
SEM operated in low vacuum mode. The system is equipped with Everhardt–Thornley and solid-
state detectors. The samples were not coated with any conducting thin film; however, the low-
vacuum SEM capabilities allowed for charge-free imaging and analysis of the uncoated samples. 
Spectral data were analyzed using Edax Genesis Apollo X software under standard less 
approximation, indicating that the chemical composition measurements should be considered as 
semi-quantitative. 

2.6. Seed Water Imbibition 

Seeds from each treatment and control group were weighed (p0) and placed in Petri dishes 
containing two filter papers moistened with 4 mL of distilled water. Four replicates of ten seeds each 
were prepared. At 0.5, 1, 2, 4, 5, and 6 hours, the seeds were removed from the Petri dishes and 
weighed (pt). The experiment was repeated three times. The percentage of water uptake at each time 
point was calculated and used to construct imbibition curves, which represent the temporal 
dependence of average water absorption normalized to the initial seed mass: 𝑊𝑒𝑖𝑔ℎ𝑡𝑔𝑎𝑖𝑛ሺ%ሻ = ሺ𝑝௧ − 𝑝଴ሻ𝑝଴ × 100. (1)

3. Results 

3.1. Raman Spectroscopy Results 

Raman spectroscopy has emerged as a powerful, non-destructive technique for investigating the 
chemical and structural properties of plant seeds. It allows the identification of key bio-molecules 
such as starch, proteins, lipids, carotenoids, and phenolic compounds, providing valuable insights 
into seed composition. Beyond compositional analysis, Raman spectroscopy has been applied to 
assess seed viability and aging, monitor structural and chemical changes induced by treatments such 
as plasma or thermal processes, and detect the presence of contaminants or pathogens. Owing to its 
rapid acquisition, minimal sample preparation, Raman spectroscopy can represent a versatile tool to 
study seeds [13,14]. 

3.1.1. Exterior Part of the Seeds 

The Raman spectra (Figure 1) of the external part of the barley seed (1000–1800 cm−1) shows 
several characteristic peaks associated with organic and biopolymeric structures. The spectral profile 
is dominated by a strong band near 1600 cm−1, with additional features observed at around 1200–1250 
cm−1 and ~1350–1400 cm−1. 

The Raman spectra revealed distinct differences between the untreated control and the plasma-
treated samples (PNT 70, oxygen plasma; PNT 71, nitrogen plasma). In the control spectrum, broad 
but identifiable bands were observed at 1170–1200 cm−1 (C–O–C stretching of polysaccharides), 1260–
1300 cm−1 (amide III vibrations from proteins and lignin-related modes), and a dominant feature at 
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~1600 cm−1, attributed to aromatic C=C stretching of lignin and phenolic structures, with a weaker 
shoulder at ~1650 cm−1 corresponding to amide I (C=O stretching) of proteins. Plasma treatment 
produced sharper and more intense peaks, indicating effective removal of surface contaminants such 
as hydrocarbons and enhanced exposure of the underlying biopolymers. Oxygen plasma (PNT 70) 
caused the strongest modifications, with a well-defined carbohydrate band at 1170 cm−1, a clear amide 
III/lignin contribution at 1260 cm−1, and a sharp, dominant peak at 1600 cm−1 reflecting enhanced 
aromatic and phenolic structures. Additionally, the amide I shoulder at 1630 cm−1 was more distinct 
than in the control, suggesting an increased contribution from protein vibrations. Table 1 presents 
main biomolecules of the coat seed with the corresponding functional group vibrations. 

Nitrogen plasma treated seed (PNT 71) also enhanced the signals compared to the control, but 
the peaks were broader and less intense than those observed with oxygen plasma. While the main 
vibrational modes at 1170, 1260, 1600, and 1630 cm−1 were present, their lower intensity suggests that 
N-plasma induces a milder surface modification, potentially introducing subtle nitrogen 
functionalities, although these are not clearly resolved in the Raman fingerprint region. Overall, 
oxygen plasma treatment appears to be more effective in enhancing surface oxidation and exposure 
of lignin- and protein-related structures, while nitrogen plasma leads to less pronounced but 
detectable modifications. 

The differences between the spectra shown in Figure 1 can be attributed not only to the distinct 
chemical reactivity of the plasmas but also to their effect on surface cleanliness. Oxygen plasma is 
highly oxidative and known for its strong cleaning ability, effectively removing surface hydrocarbons 
and exposing the underlying biopolymer structures (cellulose, lignin, proteins). This results in 
stronger Raman scattering from intrinsic seed components. In contrast, nitrogen plasma is less 
effective in cleaning but may introduce amine functionalities, leading to weaker enhancement of the 
Raman active biopolymers  [15–19]. 

Although nitrogen plasma treatment could, in principle, introduce nitrogen-containing 
functional groups such as amines and amides onto the surface biopolymers of the seed coat, the 
Raman spectra obtained in the 1000–1800 cm−1 region do not display distinct new bands attributable 
exclusively to nitrogen-related vibrations. This is partly because N–H and C–N vibrations often 
overlap with existing polysaccharide and protein modes, and partly due to the relatively low 
concentration of incorporated nitrogen functionalities. As a result, Raman spectroscopy alone may 
not clearly reveal nitrogen incorporation. To confirm the presence and chemical nature of nitrogen 
species we carried out XPS and Attenuated Total Reflectance (ATR) and Fourier Transform Infrared 
(FTIR) measurements on the control and plasma treated seeds, see below. 

Table 1. Main chemical bonds of coat seed with the corresponding functional group vibrations. 

Raman shift 
(cm-1) 

Assignment Biomolecules References 

1150-1200 
C-O-C stretching;  

C-C/C-N stretching 
Cellulose, proteins  [15–17] 

1260-1300 
Amide III band (C-N 

stretching, 
N-H bending) 

Proteins  [16–18] 

1330-1370 
CH2/CH3 deformation 

vibrations 
Lignin, proteins  [17–20]  

1595-1610 Aromatic C=C stretching 
Lignin, phenolic 

compound 
 [15,17,20] 

1640-1660  
Amide I band (C=O 

stretching)  
Proteins  [16,18] 
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Figure 1. Raman spectrum of the external surface of a barley seed of control and after plasma treatment, recorded 
in the 1000–1800 cm−1 region. The spectrum shows characteristic vibrational modes of biopolymers present in 
the seed coat, including polysaccharides, proteins, and lignin compounds. 

3.1.2. Interior Part of the Seeds 

The interior of the seeds was analyzed by Raman spectroscopy to assess whether the plasma 
treatment produced any alterations in their internal structure or composition. The Raman spectra 
obtained from the interior part of the barley seeds (control, PNT70, and PNT71) are shown in Figure 
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2. The spectra exhibit distinct bands corresponding to starch (C6H10O5) and carotenoid components, 
as confirmed by the reference spectra plotted in the top panel (control sample). The most prominent 
features include strong starch-associated peaks at ~480 cm-1 (skeletal C–O–C bending), ~940–960 cm−1 
(C–O stretching of the glycosidic linkages), a strong band at ~1045–1060 cm−1 (C–O and C–C 
stretching). The high-wavenumber region (2850–2930 cm−1) exhibits strong CH2/CH3 stretching 
bands, which are characteristic of polysaccharides but also overlap with lipid and protein 
contributions  [21]. Beyond starch-related modes, the barley seed spectrum contains additional 
features absent in the pure starch reference. A band near 1265–1300 cm−1 corresponds to amide III 
vibrations, while a broad feature at ~1650 cm−1 is assigned to the amide I band, both arising from 
protein backbone vibrations  [17,22]. A pronounced feature around 1450 cm−1 originates from 
CH2/CH3 deformation modes, typically associated with lipids and proteins  [21]. Carotenoid-related 
signals, such as the bands around 1150 and 1520 cm−1, are also evident in the spectra, which are 
associated with C–C and C=C stretching vibrations of the conjugated polyene chain, respectively  
[19]. Main chemical bonds detected from the interior part of the seed with the corresponding 
functional group vibrations are presented in Table 2. 

Even though, the spectra of the plasma-treated seeds PNT71 and PNT 70 show reduced band 
intensities, (which is related to the experimental conditions), the characteristic starch peaks remain 
visible, particularly in the low-wavenumber region (400–1200 cm−1) and near 2930. The carotenoid 
bands become less pronounced but also visible. Considering the experimental conditions, we 
conclude that no significant shifts in peak positions are observed, suggesting that plasma exposure 
does not alter the organic composition of the seed interior. This stability implies that the fundamental 
molecular structures, including polysaccharides and carotenoid frameworks, remain largely intact 
after treatment. 

Table 2. Main chemical bonds of the interior part of the seeds with the corresponding functional group 
vibrations. 

Raman shift 
(cm−1) 

Assignment Biomolecules references 

480 
Skeletal deformation of glucopyranose 

ring 
Starch 

(amylose/amylopectin) 
 [14,18,23] 

865–940 C–O–C stretching, C–C stretching Starch 
 
[14,18,23] 

1000–1005 C–C stretch of carotenoids Carotenoids / proteins  [16,19,24] 
1045–1055 C–O stretching in polysaccharides Starch  [18,23,25] 

1080 C–O/C–C stretching Starch  [18,23,25] 
1115–1125 C–O–C glycosidic stretch Starch  [18,23,25] 
1155–1160 C–H rocking Carotenoids  [16,19] 

1260–1270 =C–H in-plane bending 
Unsaturated lipids / 

carotenoids 
 [16,19,21] 

1440–1450 CH2 scissoring/bending Polysaccharides & lipids  [18,21] 
1512–1525 ν1 C=C stretch of polyene chain Carotenoids  [16,19] 
1655–1665 C=C (cis) stretch / Amide I / C=O Lipids / proteins  [20,21] 
2840–3000 CH/CH2/CH3 stretching Organic matrix  [18,19,21] 
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Figure 2. Raman spectrum of the internal of a barley seed of control and after plasma treatment, recorded in the 
200–3200 cm−1 region. The spectra show characteristic vibrational modes of starch and cartonide present in the 
seed. 
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3.2. XPS Results 

XPS provides a powerful means to investigate the surface chemistry of plant seeds, delivering 
quantitative and chemical-state information from only the outer few nanometers of the seed coat. 
This high surface sensitivity is especially important since the seed coat governs key processes such 
as water absorption, germination, and defense against environmental stresses. XPS has been 
employed to analyze natural surface components, including waxes, lignin, and polysaccharides, and 
to track chemical alterations induced by plasma or other treatments. When combined with 
complementary spectroscopic and microscopic approaches, XPS becomes a valuable tool for 
establishing direct connections between seed surface chemistry, biological function performance  
[9,26]. 

3.2.1. O1s-Region 

High-resolution XPS spectra of the O 1s region are shown in Figure 3A for the control and 
plasma-treated seeds. The spectra were deconvoluted into two main components: a peak at ~532–533 
eV corresponding to hydroxyl oxygen species (O–H), typically associated with surface hydroxyl 
groups, adsorbed water, and a smaller contribution at ~530–531 eV attributed to oxidized oxygen 
species (O–O), such, carbonyl oxygen, or surface contaminations. In the control sample, the (O–
H):(O–O) integrated area ratio was approximately ~7:3. After nitrogen plasma treatment (PNT 71), 
the O–H peak became more prominent, increasing the ratio to almost ~4:1, while in the oxygen plasma 
treatment (PNT 70) the (O–H) contribution dominated even further, with an estimated ratio of ~9:1. 
The relative concentration of (O-O) and (O-H) peaks for control and plasma treated seeds are listed 
in Table 3. These results clearly demonstrate that plasma treatment enhances hydroxylation of the 
seed surface, thereby increasing surface hydrophilicity, which may facilitate water uptake. 

A noticeable shift of approximately 1 eV toward higher binding energy was also observed in the 
(O-H) peak after plasma treatment compared to the control sample. This shift can be primarily 
attributed to the increased proportion of hydroxyl-rich species generated by plasma exposure, as 
hydroxyl oxygen typically appears at higher binding energies (~532.5–533.5 eV) relative carbonyl 
oxygen (~530–531 eV)  [27]. 

Plasma treatment likely oxidizes surface hydrocarbons and polysaccharides, enriching hydroxyl 
functionalities and reducing the relative contribution of lower-energy (O–O) species. Overall, the 
shift reflects the chemical restructuring of the seed coat surface induced by plasma, with 
hydroxylation emerging as the dominant modification of the on surface. 

Table 3. Relative concentration of O-O and O-H peaks for control and plasma treated seeds. 

Components Sample control Sample 71 Sample70 
(O-O) ~30% ~18% ~10% 
(O-H) ~70% ~82% ~90% 

3.2.2. C1s and K2p Regions 

Figure 3B presents high-resolution XPS C 1s spectra of the control barley seed surface (top 
panel), PNT71, (middle panel), andPNT70, (bottom panel). The main contributions were identified in 
the control spectrum (top panel) and used for fitting all spectra. The dominant peak at (284.8±0.1) eV 
corresponds to C–C/C–H bonds, commonly associated with adventitious carbon contamination. 
Additional components were assigned to C–O (286.2±0.1) eV, C=O (287.8±0.1) eV, and minor 
contributions at lower binding energy (282–283 eV), which are formally attributed to carbide-like 
species. However, in biological samples such as seeds, these low-energy signals are more likely to 
arise from interactions of carbon with inherent mineral constituents (e.g., potassium or calcium), 
rather than true metal carbides. In addition, K 2p3/2 and K 2p1/2 signals are observed between 292–
296 eV, reflecting the presence of inherent seed mineral constituents. 
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(A) (B) 

Figure 3. (A): High-resolution XPS spectra of the O 1s region for barley seed surfaces: (top) control sample, 
(middle) nitrogen plasma-treated (PNT 71), and (bottom) oxygen plasma-treated (PNT 70). (B): High-resolution 
XPS C 1s spectra of control, nitrogen plasma-treated (PNT 71), and oxygen plasma-treated (PNT 70) barley seeds. 

A clear reduction of the C–C/C–H contribution is observed after plasma treatment, particularly 
in the oxygen-treated sample (PNT 70), consistent with the removal of adventitious carbon through 
oxidative cleaning. This process involves the conversion of surface hydrocarbons into volatile CO 
and CO2, leading to an overall decrease in the carbon signal and a relative enrichment of oxygen 
species. In the nitrogen-treated sample (PNT 71), this effect is less pronounced, reflecting the lower 
oxidative potential of nitrogen plasma compared to oxygen plasma. These findings corroborate the 
compositional analysis shown in the O/C ratio (Figure 4), where oxygen plasma treatment 
significantly enhances surface oxygen concentration while depleting carbon. Such changes in surface 
chemistry are expected to alter the physicochemical properties of the seed coat, including 
hydrophilicity, permeability, and interaction with water during germination. 

The bar graph (Figure 4) illustrates the relative surface concentrations of oxygen and carbon on 
barley seeds obtained by X-ray photoelectron spectroscopy (XPS) before and after plasma treatment. 
In the control sample, the carbon content is dominant 88±5%, while oxygen accounts for only 9± 5%. 
Upon nitrogen plasma treatment (PNT71), the surface oxygen content increases slightly to 13± 5%, 
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accompanied by a decrease in carbon concentration to 85± 5%. A more pronounced modification is 
observed in the oxygen plasma-treated seeds (PNT70), where oxygen concentration rises significantly 
to 24 ± 5%, with a corresponding reduction in carbon content to 76± 5%. These results indicate that 
plasma treatment effectively alters the surface chemical composition of the seed coat, with oxygen 
plasma being more efficient in incorporating oxygen species and reducing surface carbon compared 
to nitrogen plasma. The reduction of carbon after oxygen plasma exposure can be partly attributed 
to the removal of adventitious carbon contamination, which is oxidized and desorbed as volatile CO 
and CO2 during treatment. Therefore, the observed increase in oxygen concentration reflects both the 
introduction of oxygen-containing functional groups and the cleaning effect of plasma on the seed 
surface. 

 

Figure 4. XPS-derived surface concentrations of oxygen and carbon for untreated seeds (Control), nitrogen 
plasma-treated seeds (PNT 71), and oxygen plasma-treated seeds (PNT 70). 

3.2.3. N1s Region 

The N 1s spectra (Figure 5A) reveal distinct differences between treatments. In the control seed, 
two components are observed: a dominant peak at ~400.8 eV, attributed to N3− environments such as 
amine or amide groups, and a smaller contribution at ~397.8 eV, associated with N2− (N-C) 
functionalities including imines or nitriles. Following N-plasma treatment (PNT71), the N3− (N-H) 
component becomes strongly dominant, indicating efficient incorporation of nitrogen species from 
the plasma. In contrast, the spectrum of the O-plasma treated seed (PNT70) exhibits only a weak 
signal, preventing a reliable distinction of nitrogen oxidation states. This suggests that oxygen plasma 
preferentially modifies or removes labile nitrogen functionalities, potentially leaving behind more 
stable, lower oxidation state nitrogen species. 

3.2.3. Ca2p Region 

The Ca 2p spectra (Figure 4B) of the control and plasma-treated seeds show the characteristic 
doublet of Ca2+, with Ca 2p3/2 (347.8±0.1) eV and Ca 2p1/2 (351.4±0.1) eV. In the control seed, the Ca 2p 
doublet is intense and well resolved, indicating the presence of native calcium salts such as oxalates 
or carbonates in the seed coat. After N-plasma treatment (PNT71), the Ca 2p signal intensity 
decreases, suggesting either partial sputtering/etching of surface calcium compounds or coverage by 
newly incorporated nitrogen-rich species. By contrast, after O-plasma treatment (PNT70), the Ca 2p 
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signal remains relatively strong, consistent with oxidative cleaning of adventitious surface 
contaminants rather than removal of calcium compounds. 

(A) (B) 

Figure 5. (A) High-resolution XPS N 1s spectra of control, O plasma-treated (PNT 70), and N plasma-treated 
(PNT71) seeds. (B) High-resolution XPS Ca 2p spectra of control, O plasma-treated (PNT 70), and N plasma-
treated (PNT 71) barley seeds. 

3.3. ATR-FTIR Results 

The ATR-FTIR spectra of the barley seed coats from the control sample, oxygen plasma–treated 
(PNT70), and nitrogen plasma–treated (PNT71) samples are shown in Figure 6. All three spectra 
display the typical vibrational bands of seed biopolymers, including a broad O–H/N–H stretching 
band between 3200–3600 cm−1, C–H stretching vibrations near 2920 and 2850 cm−1, amide I (~1650 
cm−1) and amide II (~1540 cm−1) bands associated with proteins, and strong carbohydrate-related 
absorptions in the 1200–1000 cm−1 region  [28,29]. These features confirm that the main biochemical 
constituents of the seeds—starch, proteins, and lipids—remain intact after plasma treatment, 
confirming the Raman results. 

Notably, the oxygen plasma treatment (PNT70) enhances the relative intensity of the O–H/N–H 
stretching region (3200–3600 cm−1), indicating an increase in surface hydroxylation and 
hydrophilicity. Whereas, the nitrogen plasma–treated sample (PNT71) exhibits a more pronounced 
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increase across both the O–H/N–H and amide regions (1400–1600 cm−1), suggesting nitrogen 
incorporation and modification of surface nitrogen functionalities. Subtle intensity differences in the 
carbohydrate region (1200–1000 cm−1) also suggest surface rearrangements, but no new absorption 
bands are observed, indicating that plasma primarily modifies surface chemistry without altering the 
bulk molecular structure. 

A distinct doublet feature at ~2350 cm−1, most evident in the oxygen plasma–treated sample, is 
assigned to the asymmetric stretching vibration of atmospheric CO2. This band typically appears as 
two adjacent absorptions due to vibrational–rotational splitting in the gas phase and does not 
originate from seed constituents. Its prominence after plasma treatment may be attributed to 
enhanced adsorption of CO2 on more polar, oxygenated surfaces or to variation in background 
conditions during spectral acquisition  [30,31]. 

In summary, the spectral comparison reveals that while both plasma treatments alter the surface 
chemical environment—oxygen plasma enhances hydroxyl groups, and nitrogen plasma introduces 
nitrogen-containing functionalities—the fundamental molecular composition of the seed coats is 
preserved, in line with XPS results. 

Table 4. Main biomulecules of the coat seeds detected by ATR-FTIR with corresponding functional group 
vibrations. 

Wave number 
(cm-1) 

Assignment Biomolecules References 

3600-3200 Broad O-H/N-H stretching 
Carbohydrates, proteins, 

adsorbed water 
 [30–33] 

3000-2800 C-H stretching Lipids, CH2/CH3 groups  [30] 

~2350 Atmospheric CO2  
adsorbed CO2, not seed 

related biopolymers 
 [30] 

1700-1600 Amide I (C=O stretching) Proteins  [30] 

1560-1500 
Amide II band (N-H bending 

/C-N stretching) 
Proteins  [22,31] 

1200-1000 C-O-C and C-O stretching 
Polysaccharides (starch, 

cellulose) 
 [31,33] 

<900 Skeletal modes 
Complex carbohydrate 

vibrations 
 [30,33] 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 November 2025 doi:10.20944/preprints202511.0225.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.0225.v1
http://creativecommons.org/licenses/by/4.0/


 14 of 23 

 

 

Figure 6. ATR-FTIR spectra of control, O plasma-treated (PNT 70), and N plasma-treated (PNT 71) seeds span 
from 700 to 4000 cm-1. 

3.4. SEM Results 

In the following, the elemental compositions of the seeds measured by SEM-EDX are presented. 
It is important to emphasize that SEM-EDX probes a much greater depth (typically 1–5 µm, 
depending on accelerating voltage and sample density) and is therefore not surface-sensitive in the 
same way as XPS (5–10 nm) or ATR-FTIR (hundreds of nanometers to a few micrometers, depending 
on the crystal and contact quality). This has significant implications for data interpretation. 

The O- and N-containing functional groups at the outermost surface (such as –OH, –C=O, or –
NH2) introduced by plasma treatment cannot be directly resolved by SEM-EDX, since their signal is 
masked by the bulk composition of the seed, which is a complex biological matrix. Furthermore, EDX 
lacks chemical-state sensitivity—it provides elemental information but does not distinguish between 
different bonding environments. 

SEM-EDX can, however, indicate overall elemental enrichment, such as an increase in oxygen 
content if plasma oxidizes or removes hydrocarbon layers, exposing oxygen-rich carbohydrates or 
lignin. It may also reveal whether nitrogen incorporation is sufficiently high to alter the near-surface 
(micrometer-scale) composition, or whether plasma etching exposes inorganic elements (e.g., Ca, K, 
Si) that were previously covered by organic material. 

Nevertheless, SEM-EDX data must be interpreted with caution. Several factors can influence 
accuracy, including surface contamination (e.g., adsorbed carbon or environmental residues) and 
charging effects, which are common in non-conductive biological samples. These can lead to signal 
distortion, local beam drift, or misestimation of light-element content. 

Figure 7 presents the SEM-EDX spectra and corresponding backscattered electron (BSE) images 
of the control seed (panels A and D), the O-plasma-treated sample PNT70 (panels B and E), and the 
N-plasma-treated sample PNT71 (panels C and F). The quantitative elemental compositions are 
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summarized in Table 5. The table is based on ten measurements taken from five different seeds in 
each treatment group and the control sample, and the reported values represent the averages with 
their corresponding standard deviations. 

The table includes the major elements detected (C, O, Si, K, and N), while traces of Mg, Al, P, S, 
and Ca were also observed at some measurement points, see insets in panel B and C. The control 
sample is dominated by carbon and oxygen, consistent with the organic nature of the seed surface. 
After plasma exposure, the O-plasma-treated sample (PNT70) shows a similar C/O ratio, whereas the 
N-plasma-treated sample (PNT71) exhibits a slight reduction in carbon and an increase in oxygen 
and nitrogen contents, indicating mild oxidation and possible nitrogen incorporation at the near-
surface region. This is in good agreement with the results obtained by XPS. However, it should be 
borne in mind that nitrogen detection by EDX is inherently difficult because of its weak X-ray 
emission and spectral overlap with carbon peaks, resulting in substantially lower sensitivity 
compared to XPS. 

The backscattered electron images reveal no apparent morphological changes, or surface 
roughness variations among the samples, confirming that the plasma treatments primarily influence 
surface chemistry without significantly affecting the physical structure of the seed coat. The small 
bright particles visible on the surface correspond to fine sand grains, attributed to environmental 
contamination during sample handling. The surface of the barley seeds exhibits characteristic 
longitudinal rows and ridge-like structures, corresponding to the natural morphology of the seed 
coat (lemma and palea)  [34,35]. These features arise from the arrangement of epidermal cells and 
silica bodies along the grain surface and are typical of barley and other cereal grains. Such patterns 
are part of the seed’s protective outer layer and facilitate mechanical strength and water regulation. 
The presence of these natural rows confirms that the plasma treatment did not disrupt the native 
microstructure of the seed surface. 

 
(A) (D) 

(B) (E) 
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(C) (F) 

Figure 7. SEM-EDX characterization of barley seeds. Panels (A–C) show the SEM-EDX spectra of the control 
seed, O-plasma-treated seed (PNT70), and N-plasma-treated seed (PNT71), respectively, while panels (D–F) 
display the corresponding backscattered electron (BSE) images. 

Elemental distribution maps of calcium (Ca), potassium (K), nitrogen (N), phosphorus (P), and 
silicon (Si) were obtained from the surface of seeds for the control, O2-plasma-treated (PNT70), and 
N2-plasma-treated (PNT71) samples using SEM-EDX chemical mapping (Figure 8). The results 
provide a spatial overview of the main inorganic elements naturally present at the seed surface and 
allow qualitative comparison of elemental distributions following plasma treatment. In all samples, 
Ca, K, and P are the most prominent elements, showing a relatively homogeneous distribution across 
the seed surface. These elements are typically associated with mineral nutrients, phospholipids, and 
phosphate-containing biomolecules in the seed coat. 

For the O2-plasma-treated sample (PNT70), the elemental maps do not show visible changes in 
either the intensity or the distribution of the detected elements compared to the control. This may 
suggest that oxygen plasma exposure under the applied conditions does not significantly alter the 
surface elemental composition or cause measurable oxidation detectable by EDX mapping. In the 
case of the N2-plasma-treated sample (PNT71), the nitrogen maps also do not exhibit a distinct 
increase in signal intensity. This observation may reflect the inherent difficulty of detecting nitrogen 
with EDX, as the low-energy N Kα line is weak and often masked by background noise or 
overlapping peaks from other light elements. It is therefore possible that minor nitrogen 
incorporation occurred below the EDX detection threshold or in chemical forms not easily 
distinguished in mapping mode. 

The Si signal, observed sporadically across all samples, likely originates from small surface 
particles or traces of silicate dust, which can adhere to the seed surface during handling or from 
environmental contamination. Importantly, no new or unusual elemental features were detected after 
plasma exposure, indicating that both oxygen and nitrogen plasma treatments modified the seed 
surface only at a subtle chemical level, without introducing or removing major inorganic elements 
detectable by EDX mapping. 
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Figure 8. Figure X. SEM-EDX elemental maps of Ca, K, N, P, and Si for control, (PNT70), and (PNT71) barley 
seeds. The maps show similar elemental distributions across all samples, with no clear changes after plasma 
treatment. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 4 November 2025 doi:10.20944/preprints202511.0225.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202511.0225.v1
http://creativecommons.org/licenses/by/4.0/


 18 of 23 

 

Table 5. Average elemental composition (atomic %) of the control, O-plasma-treated (PNT70), and N-plasma-
treated (PNT71) barley seeds obtained from SEM-EDX analysis. Values represent the mean ± standard deviation 
from ten measurements performed on five different seeds per group. 

 Control PNT70 PNT71 

Elements Average_At% Std_At% Average_At% Std_At% Average_At% Std_At% 

C 63 11 65 7 55 12 

O 31 8 31 6 36 8 

Si 5 4 2 3 7 4 

K 1 1 0.3 0.1 1.0 0.5 

N N/I N/I 1 2 2 1 

(N/I): Not included, as it was detected from only 2 points. 

3.5. Water Absorption Kinetics and Peleg Model Fitting 

The hydration (water uptake) behavior of barley seeds was evaluated by monitoring the 
percentage of weight gain as a function of immersion time for control, PNT70, and PNT71 samples. 
The experimental data points, shown in Figure 9, were fitted using the Peleg model, which describes 
the sorption process according to the empirical relationship  [36]: 𝑊𝑒𝑖𝑔ℎ𝑡𝑔𝑎𝑖𝑛(%) = ௧௞భା௞మ௧,  (2)

where k1 and k2are the Peleg constants. As illustrated in Figure 9, The plasma treated seeds curves 
exhibit a rapid initial increase in water uptake followed by a gradual approach to equilibrium, typical 
of diffusion-controlled hydration processes. The Peleg model provided an excellent fit to the 
experimental data, confirming its suitability for describing the hydration kinetics of barley seeds. 

 

Figure 9. Experimental and fitted curves of seed water absorption kinetics using the Peleg model for control and 
plasma-treated samples (PNT70 and PNT71). 

Table 6 presents the Peleg fitting constants k1and k2 and the corresponding derived parameters 
1/k1 and 1/k2, related with the imbibition rate at t = 0, and the maximum attainable moisture content, 
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respectively. The control seeds exhibited the highest k1value (0.049 ± 0.005 h), indicating the slowest 
initial water absorption rate. In contrast, both plasma-treated samples showed lower k1, (0.027 ± 0.005 
h) for PNT70 and (0.026 ± 0.005 h) for PNT71, corresponding to higher 1/k1values (36.70 ± 6.56 h-1) and 
(38.87 ± 7.57 h-1), respectively. These results demonstrate that exposure to oxygen and nitrogen 
plasma increased the early seed hydration rate. 

Thek2 constant, which reflects the approach to equilibrium moisture content, remained nearly 
unchanged among treatments (37.62 ± 2.43) for PNT70, and (38.87 ± 2.70) for PNT71), and (43.35 ± 
2.45) for control, suggesting that plasma modification mainly influences the initial imbibition kinetics 
rather than the final hydration capacity. The relatively low fitting errors (R2 = 0.97–0.99) for all 
parameters confirm the robustness of the Peleg model in describing the water uptake process of 
plasma-treated barley seeds. 

Table 6. Peleg model parameters. 

Treatment k1(h) k2 1/k1 (initial rate) (h-1) 1/k2 (maximum uptake) R2 

Control 0.049±0.005 0.023±0.001 20.25±1.90 43.35±2.45 0.992 

PNT70 0.027±0.005 0.027±0.002 36.70±6.56 37.62±2.43 0.972 

PNT71 0.026±0.005 0.026±0.002 38.87±7.57 38.87±2.70 0.967 

4. Discussion 

The Raman spectra of the external seed coat revealed that oxygen plasma treatment (PNT70) 
produced sharper and more intense bands near 1170, 1260, and 1600 cm−1, which correspond to C–
O–C stretching of polysaccharides, amide III vibrations, and aromatic C=C stretching of lignin and 
phenolic compounds, respectively. These spectral enhancements are consistent with the oxidative 
cleaning action of O2 plasma, which removes surface hydrocarbons and enhances the Raman 
visibility of intrinsic biopolymer structures  [37,38]. The better-defined peaks also indicate a more 
homogeneous and oxygen-enriched surface, likely associated with mild oxidation of lignin and 
protein residues. In contrast, nitrogen plasma (PNT71) induced subtler changes, characterized by 
broader and less intense Raman features. This behavior agrees with prior reports describing N2 
plasma as a milder activator that primarily introduces low levels of nitrogen functionalities, such as 
amines or amides, without extensive oxidation  [11,36]. Importantly, Raman spectra from the 
interior of the seeds show strong and unshifted bands associated with starch and carotenoids at ~480, 
940–960, 1045–1060, and 1520 cm−1. The absence of new features or band shifts confirms that the 
plasma does not alter the internal biochemical composition, in agreement with previous seed studies 
showing that plasma modification is a surface-limited process [39]. 

The ATR-FTIR spectra support and complement the Raman results by providing molecular-level 
evidence of surface functional group changes. All samples; the control, O2-plasma-treated (PNT70), 
and N2-plasma-treated (PNT71) exhibit the characteristic bands of seed biopolymers: a broad O–
H/N–H stretching envelope between 3200–3600 cm−1, C–H stretching near 2920 and 2850 cm−1, amide 
I (~1650 cm−1) and amide II (~1540 cm−1) from proteins, and carbohydrate-related absorptions in the 
1200–1000 cm−1 region. The preservation of these spectral features confirms that plasma exposure 
does not degrade or chemically decompose the main seed constituents namely starch, proteins, and 
lipids, thereby validating the Raman observation of structural stability in the seed interior. 

Oxygen plasma caused a clear enhancement in the O–H/N–H stretching region (3200–3600 cm−1), 
indicating increased hydroxylation and higher surface hydrophilicity, consistent with oxidative 
functionalization typically observed on plasma-treated biopolymers  [37,38]. Nitrogen plasma, on 
the other hand, led to a relative increase in both the hydroxyl and amide regions (1400–1600 cm−1), 
suggesting the introduction of nitrogen-containing species, in agreement with surface amination 
trends reported in N2-plasma-treated biological materials  [11,37]. Subtle variations in the 1200–1000 
cm−1 carbohydrate region likely reflect local rearrangements of polysaccharide hydrogen bonding 
rather than new chemical groups. The combined Raman and ATR-FTIR techniques consistently 
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demonstrate that the effects of oxygen and nitrogen plasma are largely confined to the outer seed 
coat, while the molecular composition of the seed interior is intact. 

The XPS analysis quantitatively confirms the surface oxidation and functionalization inferred 
from the vibrational spectroscopies. Deconvolution of the O 1s region revealed two components: 
hydroxyl oxygen (O–H) at ~532–533 eV and oxidized oxygen (O–O, carbonyl-type) at ~530–531 eV. 
Plasma treatment increased the relative O–H contribution from 70% in the control to 82% (PNT71) 
and 90% (PNT70), indicating significant hydroxylation and higher surface polarity. The ~1 eV shift 
toward higher binding energy after treatment further confirms enrichment in hydroxyl species—
consistent with the intensified O–H/N–H stretching bands observed by FTIR. 

The C 1s spectra showed a pronounced reduction in the C–C/C–H peak (284.8 eV) and a relative 
increase in C–O and C=O components after oxygen plasma, demonstrating oxidative cleaning and 
removal of adventitious carbon, in agreement with the sharper Raman peaks of PNT70. Nitrogen 
plasma produced milder changes, again reflecting its lower oxidative potential. The N 1s spectra 
provided direct evidence of nitrogen incorporation after N2 plasma, with a dominant amine/amide 
component at ~400.8 eV, while the O2-treated sample exhibited only weak nitrogen signals, 
suggesting oxidation or removal of nitrogen functionalities. In the Ca 2p region, the signal decreased 
slightly after N2 plasma but remained strong after O2 plasma, indicating that oxygen plasma mainly 
cleans the surface without removing native minerals. 

Quantitative elemental ratios further support these trends: oxygen plasma increased the surface 
O content from 9% to 24% and reduced carbon from 88% to 76%, whereas nitrogen plasma produced 
smaller changes (O ≈ 13%, C ≈ 85%). Such compositional shifts confirm that oxygen plasma more 
efficiently incorporates oxygen species and removes hydrocarbons, while nitrogen plasma introduces 
a subtler degree of functionalization. 

The SEM micrographs revealed that the plasma treatments did not alter the seed coat 
morphology. The characteristic longitudinal rows and ridged epidermal patterns remained intact in 
all samples, confirming that plasma exposure preserves the structural integrity of the surface. Small 
bright particles visible on the micrographs correspond to sand grains or environmental 
contamination rather than plasma-induced features. 

Elemental mapping by SEM-EDX detected C, O, Si, K, and minor elements (Mg, Al, P, S, and 
Ca). The control sample exhibited ~63 at% C and ~31 at% O, consistent with an organic surface. After 
plasma exposure, the O2-treated sample (PNT70) maintained a similar C/O ratio, whereas the N2-
treated sample (PNT71) showed decreased C (55 at%) and increased O (36 at%) and N (2 at%). 
Although detection of nitrogen by EDX is limited by low sensitivity, this small increase qualitatively 
supports the XPS findings. The higher Si signal occasionally observed for PNT71 most likely results 
from exposure of native silica bodies rather than compositional changes. 

These micrometer-scale EDX trends mirror the nanometer-scale XPS observations: oxygen 
plasma promotes oxidation and cleaning, while nitrogen plasma induces mild nitrogen 
incorporation. 

The imbibition kinetics of barley seeds fitted well to the Peleg model, confirming distinct 
hydration behaviors among treatments. Plasma-treated seeds (PNT70 and PNT71) exhibited lower 𝑘ଵ values, indicating faster initial water uptake compared to the control. In contrast, 𝑘ଶ values 
remained similar, showing that plasma exposure mainly enhanced the early hydration phase without 
affecting equilibrium water content. The nitrogen plasma treatment (PNT71) showed the highest 
water absorption rate, consistent with increased surface polarity and wettability reported for plasma-
treated seeds. 

To the best of our knowledge, this study represents one of the first Raman-based comparisons 
of oxygen- and nitrogen-plasma effects on the barley seeds, providing direct spectroscopic evidence 
of the differential reactivity of these plasmas toward plant biopolymers. 

5. Conclusions 
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We presented a comprehensive spectroscopic and microscopic characterization of barley seeds 
subjected to oxygen and nitrogen plasma treatments. The combined use of Raman, ATR-FTIR, XPS, 
and SEM-EDX techniques allowed for a detailed understanding of the physicochemical modifications 
occurring at different depths and scales, from surface chemical states to overall morphology. 

All analyses consistently demonstrated that plasma exposure is a surface-limited and 
composition-preserving process, confined to the outer layers of the seed coat. Raman and FTIR 
spectroscopy revealed that oxygen plasma produces pronounced oxidative cleaning and 
hydroxylation, enhancing characteristic bands of polysaccharides, lignin, and proteins, while 
nitrogen plasma induces subtler modifications associated with amine and amide functionalities. XPS 
confirmed these findings quantitatively, showing increased surface oxygen content and 
hydroxylation after O2 plasma and moderate nitrogen incorporation after N2 plasma, without 
significant alteration of the underlying organic matrix. SEM-EDX and morphological observations 
further supported these conclusions, showing intact seed microstructure and only slight changes in 
near-surface elemental composition. 

Collectively, the results indicate that plasma treatment effectively tailors the chemical 
functionality of the seed surface, enhancing its polarity, reactivity, and potential water affinity, 
without compromising internal biochemical integrity or morphological stability. This work provides 
one of the first integrated Raman–FTIR–XPS–SEM investigations comparing oxygen and nitrogen 
plasma effects on barley seeds, offering direct experimental evidence of their distinct reaction 
pathways and efficiencies. 
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