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The hot plate test and writhing test were both employed to investigate the analgesic effects of Cit-

rullus colocynthis fruit resin and Cyperus rotundus tuber resin at varying concentrations and time 

intervals. The hot-plate test results revealed that Citrullus colocynthis fruit resin demonstrated sig-

nificant dose-dependent and time-dependent analgesic effects. In contrast, Cyperus rotundus Tuber 

resin did not exhibit substantial analgesic effects in the hot-plate test. 

In the writhing test, Citrullus colocynthis fruit resin exhibited clear dose-dependent analgesic ef-

fects at higher concentrations. Cyperus rotundus Tuber resin demonstrated significant analgesic ef-

fects in reducing writhing responses, although its efficacy was not as potent as the positive control 

indomethacin. These results offer insights into the potential use of these natural resins for pain mana-

gement while also highlighting the importance of understanding the underlying mechanisms of their 

analgesic effects for further clinical applications 

Keywords: analgesia, Citrullus colocynthis, Cyperus rotundus, hot plate test, pain management, 

writhing test. 

 

 

INTRODUCTION 

 

 Prioritizing pain management and reducing discomfort has been of great importance in 

both clinical and research settings. As a result, there have been many investigations into 

different natural sources that may possess analgesic properties (1). Plant-derived resins 

have attracted great interest due to their historical use in traditional medicine systems (2). 

The current research focuses on evaluating the analgesic properties of two different resins, 

namely the resin of Citrullus colocynthis fruit and the resin of Cyperus rotundus Tuber. 

This study seeks to examine the pain-modulating properties of plant-derived compounds by 

applying established experimental paradigms, namely the hot plate test and the torsion test. 

By implementing comprehensive evaluation methods, this research study makes a valuable 

contribution to the growing body of knowledge regarding the pharmacological properties of 

these resins. Thus, it provides valuable insights into the potential applications of these 

resins in the context of pain management strategies. 

 The historical and cultural use of plant resins as medicinal agents has been well do-

cumented, and these substances are often held in high regard for their purported therapeutic 

properties (3). The Citrullus colocynthis plant, which belongs to the Cucurbitaceae family, 

has been used historically in various traditional medicine practices due to its wide range of 

https://doi.org/10.2298/APT2455001B
https://orcid.org/0000-0001-5301-8587
https://orcid.org/0000-0002-6356-4271
https://orcid.org/0000-0002-3619-4420
https://orcid.org/0000-0001-5301-8587
https://orcid.org/0000-0002-6356-4271
https://orcid.org/0000-0002-3619-4420


APTEFF 55 (2024) 1-12   Ben Ali et al. 

2 

pharmacological properties (4). Likewise, Cyperus rotundus, known for its powerful phyto-

chemical composition, has received attention for its health-promoting properties (5). Both 

plant sources have shown analgesic effects, sparking interest in their potential application 

for the management of pain conditions (6,7). 

The hot plate test and the writhing test are commonly employed methodologies for 

evaluating pain sensitivity and analgesic efficacy in preclinical research (8). The hot plate 

test is utilized to assess the central response to thermal stimuli, which indicates the capacity 

of substances to regulate the perception of pain (9). In contrast, the writhing test is utilized 

to evaluate abdominal discomfort by observing writhing responses, which serve as indica-

tors of nociception (10). 

This study aims to evaluate the analgesic efficacy of Citrullus colocynthis fruit resin 

and Cyperus rotundus Tuber resin, as well as to compare their efficacy with paracetamol 

and indomethacin, which are commonly used as standard analgesics. The study uses well-

defined models for evaluation purposes. The investigations findings have the potential to 

reveal the magnitude of pain relief provided by these compounds derived from plants and 

can provide guidance for future research on their mechanisms of action. This study makes a 

valuable contribution to the ongoing investigation of natural resources in the context of 

therapeutic applications, and has potential implications for the advancement of innovative 

analgesic interventions. 

 

EXPERIMENTAL 

 

PLANT ATERIAL 

 

 Citrullus colocynthis fruits and Cyperus rotundus tubers were collected from the Oued 

Souf region, situated in the southeastern part of the Algerian Sahara. 

 

EXTRACTION OF RESIN 

 

 The extraction process followed the guidelines outlined in the patent (11). First, a 

sample containing 100 grams of dried plant powder was prepared. Next, the powder was 

immersed in a 0.4 L solution of water, and maintained at ambient temperature, for 24 h. 

The water used in the infusion process showed a trace concentration of gallic acid and was 

subsequently adjusted to reach a pH level of 10. After completing this procedure, the resul-

ting infusion was filtered, and the remaining plant residue was immersed in 0.4 L of etha-

nol. For a secondary soaking process. The ethanol solution, which contained a small 

amount of gallic acid and was adjusted to a pH of 10, was allowed to react with the plant 

remains for 24 h at ambient temperature. After the filtration process, the resulting material 

underwent a drying process, which resulted in the manufacture of the resin. 

 

QUALITATIVE PHYTOCHEMICAL SCREENING 

 

 A thorough analysis was conducted on each resin in order to identify specific phytoche-

mical groups, as described in previous studies (12-14). The evaluation encompassed the 

application of the subsequent reagents and chemicals: The identification of alkaloids was 

conducted utilizing Dragendorff's reagent, followed by confirmation using Bouchardat's 

reagent (I2/MgI2) and Meyer's reagent (KI/MgCl2). The presence of coumarins was identi-
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fied using a diluted sodium hydroxide and ultraviolet (U.V.) test. The quantification of fla-

vonoids was achieved through a chemical reaction involving metallic magnesium and hyd-

rochloric acid (HCl). 

 The identification of anthraquinones was conducted utilizing Borntrager's reagent. The 

screening of cardiac glycosides was first conducted using Kedde's reagent, followed by 

confirmation using Baljet's reagent. Iridoids were detected by employing a solution of hyd-

rochloric acid that had been diluted. The suds-generating capacity of saponins was asses-

sed. The detection of steroids was accomplished using the Liebermann reaction, which en-

tails the utilization of acetic anhydride and concentrated sulfuric acid. Tannins were subjec-

ted to analysis using ferric chloride as a reagent, and their existence was subsequently ve-

rified through the application of concentrated hydrochloric acid, employing the Bath-Smith 

reaction. The identification of Gallic tannins was carried out using the Stiasny reagent. 
 

ANIMALS 

 

 The study was carried out using male Wistar rats obtained from the Pasteur Institute of 

Algeria, with an average weight of 180 ± 20 g. The rats were housed in a controlled envi-

ronment with a temperature of 22 ± 1 °C, a light-dark cycle of 12 hours, and a relative hu-

midity of approximately 40%. The rats were administered a nutritionally balanced diet 

comprising proteins, lipids, carbohydrates, vitamins, and trace elements. Throughout the 

entire experimental period spanning 15 days, the animals were treated in accordance with 

established experimental procedures and protocols outlined in the European Communities 

Council Directive 2010/63/EU of 22 September 2010. 

 

ACUTE TOXICITY 

 

 Thirty mice were subjected to a twenty-four-hour fasting period. After that, they were 

divided into eight groups, each group consisting of three mice. These groups were further 

classified into four groups based on the type of plant resin given. Each group received oral 

doses of Citrullus colocynthis fruit resin or Cyperus rotundus tuber resin, which were sus-

pended in a 1% solution of carboxymethyl cellulose. The doses administered in this study 

were 300, 500 and 1000 mg/kg, with the aim of studying possible changes in behavior as 

well as neurological functions and independence. Furthermore, mortality was observed in 

mice 24 h and 72 h after drug administration, as determined by Whalum (15). 

 

HOT-PLATE TEST 

 

 The hot-plate test was conducted following the procedure outlined by Ferreira et al, 

(16). Briefly, animals (n = 3) were intraperitoneally (i.p.) injected on the experimental day 

with 0.2 ml of normal saline (control group) or paracetamol (10 mg/kg) as a positive con-

trol, and the experimental groups were administered test samples (40 and 80 mg/kg) of the 

resin of Citrullus colocynthis fruits or Cyperus rotundus tubers. After 30 minutes, the ani-

mals were placed onto a heated plate maintained at 55 °C, and the time interval (in seconds) 

between placement and their hind paw licking or jumping response was recorded as the 

latency period. The maximum allowable time was set at 30 seconds. The measurement of 

reaction time was conducted at three time points: initially, as well as at the 60-minute and 

90-minute intervals subsequent to the administration of the resin. (Figure1). 
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Figure 1. Methods of analgesic activity. 

 

WRITHING TEST 

 

 The acetic acid writhing test was employed to assess the analgesic effects of the resin 

from either Citrullus colocynthis fruit or Cyperus rotundus tuber. Four sets of rat groups, 

each comprising three rats (n = 3 per group), were subjected to acetic acid injections (10 

mL/kg body weight). The degree of nociception was quantified by tallying the total instan-

ces of writhing observed over a 30-minute duration. Prior to acetic acid injection, the ani-

mals were administered a dose of plant resin (at 40 and 80 mg/kg body weight) or sterile 

saline (control group, 0.9%, w/v) with a 30-minute time lapse. 

 Indomethacin was employed as a reference substance for the purpose of establishing a 

benchmark (positive control), with a dosage of 10 mg per kilogram of body weight. The 

count of writhing episodes was recorded 5 minutes after acetic acid injection and continued 

for 30 minutes, following the methodology outlined by Koster (17) (Figure 1). 

 The extent of writhing inhibition was computed using the subsequent formula (18): 
 

Inhibition of writhing (%) = 100
control ofnumber Mean 

 testofnumber Mean  - control ofnumber Mean 
  

 

DATA ANALYSIS 
 

 The results obtained are expressed as the mean ± SEM. Data analysis was performed by 

using Student's t test using SPSS Statistics (version 23.0) at a significance level of p < 0.05. 
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RESULTS AND DISCUSSION 

 

EXTRACTION YIELDS 

 

 The results presented in (Table 1). clearly demonstrate a marked disparity in the extrac-

tion yields between Cyperus rotundus tuber resin and Citrullus colocynthis fruit resin. Spe-

cifically, Cyperus rotundus tuber resin exhibits a notably superior extraction yield compa-

red to that of Citrullus colocynthis fruit resin. 

 The variation in extraction yields observed when applying the same extraction method 

to Cyperus rotundus Tuber and Citrullus colocynthis Fruit can be ascribed to a multifaceted 

interplay of factors encompassing plant material characteristics, phytochemical composi-

tion, cellular structure, extraction parameters, sample preparation techniques, genetic diver-

sity, and environmental influences (19). This accounts for the superiority of Cyperus ro-

tundus Tuber in comparison to Citrullus colocynthis fruit. 

 The results presented in (Table 1). The results of the experiment clearly illustrate a sig-

nificant difference in the extraction yields between the resin obtained from the tubers of Cy-

perus rotundus and the resin obtained from the fruits of Citrullus colocynthis. The extrac-

tion yield of Cyperus rotundus tuber resin is significantly higher than that of Citrullus co-

locynthis fruit resin.The variation in extraction yields observed when applying the same ex-

traction method to Cyperus rotundus Tuber and Citrullus colocynthis Fruit can be ascribed 

to a multifaceted interplay of factors encompassing plant material characteristics, phytoche-

mical composition, cellular structure, extraction parameters, sample preparation techniques, 

genetic diversity, and environmental influences(19). This accounts for the superiority of 

Cyperus rotundus Tuber in comparison to Citrullus colocynthis fruit. 

 

QUALITATIVE PHYTOCHEMICAL SCREENING 
 

 During the process of phytochemical screening, it became evident that Cyperus rotun-

dus tuber resin surpassed Citrullus colocynthis fruit resin in terms of the richness and diver-

sity of secondary metabolites (Table 1). 
 

Table 1. Extraction yields and phytochemical screening of secondary metabolites from 

Citrullus colocynthis fruit resin and Cyperus rotundus tuber resin. 
 

 
Antraq. - anthraquinones; cardiac glyc. - cardiac glycosides; + - presence; − - absence 

 

 Furthermore, it is noteworthy that the outcomes of the phytochemical screening for both 

the aqueous and alcoholic extracts (20, 21) exhibit a remarkable consistency with the fin-

dings for the respective resins, The uniformity observed also applies to the occurrence of 

identical secondary metabolite compounds, suggesting that the nature and makeup of these 

compounds are comparable in both the extracts and resins. This suggests a strong correla-

tion in the phytochemical profiles between the different forms of the plant material, affir-

ming the reliability and reproducibility of the analytical results across various extraction 

methods. 

Resin 
Extraction 

yields 

 Phytochemical screening 

Alkaloids Coumarins Flavonoids Anthraq. 
Cardiac 

glyc 
Saponids Steroids 

Gallic 

tanins 

C. 

colocynthis  
4.36% + - + - - - + - 

C. 

rotundus  
10.57% + - + - + + + + 

 



APTEFF 55 (2024) 1-12   Ben Ali et al. 

6 

ACUTE TOXICITY 

 

 In the evaluation of acute toxicity, it was observed that both resins exhibited safety 

across all concentrations tested, including the maximum dosage of 1000 mg/kg, leading to 

no deaths among the subjects under investigation (Table 2). These data also made it possib-

le to select therapeutic doses from 40 mg/kg to 80 mg/kg. 

 

Table 2. Result of toxicological testing of Wistar rats. 

 
Resin Dose 

(mg/kg) 

Activity 

disorder 

Reaction 

disorder 
Undernutrition Coma Dead 

C. colocynthis  

300 - - - - - 

500 - - - - - 

1000 - - - - - 

C.  rotundus  

300 - - - - - 

500 - - - - - 

1000 - - - - - 

  (-): Nothing to report. 

 

HOT-PLATE TEST 

 

 The hot-plate test outcomes offer crucial insights into the analgesic properties of Citrul-

lus colocynthis fruit resin and Cyperus rotundus Tuber resin, highlighting their distinct 

effects compared to a positive control, paracetamol. 

 The statistical analysis using a T test yielded statistically significant results, which led 

to extensive scholarly discourse. 

 

Citullus colocynthis Fruit Resin Results 

 

 Animals administered injections of Citrullus colocynthis fruit resin at different concen-

trations (80 mg/kg and 40 mg/kg) and time intervals displayed notable outcomes (Figure 2). 

Significantly, the group administered with the higher concentration (80 mg/kg) demon-

strated superior outcomes in comparison to the group administered with the lower concen-

tration (40 mg/kg) at 30 minutes, 60 minutes, and 90 minutes. This observation indicates 

that there is a relationship between the dosage and duration of administration, where higher 

concentrations and longer intervals result in more noticeable analgesic effects. Significant-

ly, both concentrations of Citrullus colocynthis fruit resin exhibited analgesic effects that 

were superior to the positive control, paracetamol (10 mg/kg). The statistical significance of 

these differences (p < 0.05) underscores their credibility. 
 

Cyperus rotundus Tuber Resin Results 
 

 In contrast, the administration of Cyperus rotundus Tuber resin failed to elicit noticeab-

le analgesic effects, regardless of the concentration and time intervals (Figure 3). The lack 

of statistically significant differences, as evidenced by p-values greater than 0.05, between 

the experimental group and the control group suggests that there is no observable effect on 

pain response. 

 The findings of this study underscore the significant analgesic properties of Citrullus 

colocynthis fruit resin, particularly when administered at higher concentrations and longer 

intervals. This is evident from its superior efficacy compared to the lower concentration and 
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its efficacy even exceeding that of the positive control. Conversely, Cyperus rotundus 

Tuber resin did not demonstrate significant changes in pain response, suggesting its limited 

or nonexistent role in pain modulation within the parameters of this experiment. 

 The T test outcomes underscore the substantial analgesic potential of Citrullus colo-

cynthis fruit resin, especially at higher concentrations and longer intervals, in contrast to the 

limited effects of Cyperus rotundus Tuber resin. 

 

 
Figure 2. Impact of the resin derivatives sourced from Citrullus colocynthis fruit as well as 

paracetamol, on thermal pain sensitivity induced by a hot plate in rat subjects. 

 

 
Figure 3. Impact of the resin derivatives sourced from Cyperus rotundus Tuber as well as 

paracetamol on thermal pain sensitivity induced by a hot plate in rat subjects. 

 

 Pain and inflammation are pivotal components in the pathology of numerous clinical 

conditions, including arthritis, cancer, and vascular diseases (22). 

 The hot-plate test serves as a widely accepted model for neurologic pain assessment. 

Central analgesic agents can extend reaction times in this test, acting primarily at the spinal 

cord level (23). In our study, we observed distinct effects of Citrullus colocynthis fruit resin 

compared to a positive control, paracetamol. 
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 At a concentration of 80 mg/kg, the highest recorded reaction time was observed at 90 

minutes, with Citrullus colocynthis fruit resin exhibiting a reaction time of 27.33 seconds 

and Cyperus rotundus tuber resin displaying a reaction time of 13 seconds. Comparison of 

both with Cyperus rotundus was made due to limited previous studies on Citrullus colo-

cynthis. 

 According to the research conducted by Rajamanickam and Rajamanickam (24), the 

study on Cyperus rotundus revealed that the administration of two distinct doses (250 and 

500 mg/kg body weight) led to the observation of peak reaction times at the 90-minute time 

interval. The methanol extract demonstrated reaction times of 6.42 ± 1.11 seconds and 8.60 

± 1.00 seconds for the lower and higher doses, respectively measurement of maximum 

reaction times at the 90-minute time interval. Specifically, the methanol extract exhibited 

reaction times of 6.42 ± 1.11 seconds and 8.60 ± 1.00 seconds for the lower and higher 

doses, respectively. Conversely, the chloroform extract demonstrated reaction times of 8.89 

± 1.12 seconds and 10.67 ± 1.10 seconds for the same respective doses. Additionally, the 

ethyl acetate extract, when administered at equivalent dosage levels, produced maximum 

reaction times of 10.34 ± 1.14 seconds and 12.72 ± 1.15 seconds. It is worth noting that the 

control group displayed a reaction time of 4.62 ± 0.6 seconds at the 90-minute time point. 

 These observations emphasize the substantial efficacy of Citrullus colocynthis fruit 

resin when compared to the outcomes observed with various extracts of Cyperus rotundus, 

which closely resemble the results obtained for Cyperus rotundus tuber resin. 
 

WRITHING TEST 
 

 The results of the writhing test offer significant insights into the analgesic effects of Cit-

rullus colocynthis fruit resin and Cyperus rotundus Tuber resin at varying concentrations. 

 The subsequent T test analysis generated compelling findings, prompting a comprehen-

sive scientific discussion. 

 

Citrullus colocynthis Fruit Resin Results 
 

 Animals subjected to injections of Citrullus colocynthis fruit resin at different concen-

trations (80 mg/kg and 40 mg/kg) displayed notable outcomes (Table 3). Notably, the co-

hort administered with the higher concentration (80 mg/kg) demonstrated superior out-

comes in terms of mitigating writhing responses in comparison to the cohort administered 

with the lower concentration (40 mg/kg).  

 The observed dose-dependent effect highlights the significance of concentration in de-

termining the effectiveness of analgesics. Moreover, both concentrations of Citrullus colo-

cynthis fruit resin outperformed the positive control, indomethacin (10 mg/kg), in terms of 

reducing writhing responses.  

 The statistical significance of these differences (p < 0.05) solidifies their credibility. 

 

Cyperus rotundus Tuber Resin Results 
 

 Interestingly, the administration of Cyperus rotundus Tuber resin elicited a notable 

analgesic effect, which was observed at both concentrations (Table 4). Importantly, the ob-

served effect was significant when compared to the control group (p < 0.05), underscoring 

the resin's impact on reducing writhing responses.  

 However, when contrasted with the positive control indomethacin (10 mg/kg), the resin 

did not exhibit statistically significant differences (p > 0.05), indicating that while it dis-
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played an analgesic effect, the observed potency of the substance was comparatively lower 

than that of the positive control. 

 These results collectively highlight the robust analgesic potential of Citrullus colo-

cynthis fruit resin, particularly at a higher concentration, and the notable effects of Cyperus 

rotundus Tuber resin in reducing writhing responses. The differences between the resin 

concentrations and the comparison with indomethacin underscore the varying degrees of 

efficacy among the substances tested. 

 The T test outcomes underscore the substantial analgesic potential of Citrullus colo-

cynthis fruit resin, especially at higher concentrations, and indicate a significant analgesic 

effect of Cyperus rotundus Tuber resin. 

 While these findings provide significant insights, it is important to acknowledge certain 

limitations. Factors such as individual variations, potential interactions with physiological 

systems, and the specific mechanisms of action require further investigation.  

 Additionally, the biochemical pathways through which these resins induce analgesia 

warrant in-depth exploration. 

 

Table 3. Effect of the resin of Citrullus colocynthis fruit and indomethacin on abdominal 

writhings induced by acetic acid in rats. 

 

Values represented as the mean ± SEM (n = 3); *: p ≤ 0.05; **: p ≤ 0.01 compared to indomethacin. 

 

Table 4. Effect of the resin of Cyperus rotundus Tuber and indomethacin on abdominal 

writhings induced by acetic acid in rats. 

Values represented as the mean ± SEM (n = 3); *: p ≤ 0.05; **: p ≤ 0.01 compared to indomethacin. 

 
 The writhing test, induced by acetic acid, is employed to evaluate peripherally acting 

analgesics. Pain is generated indirectly through endogenous mediators such as prostaglan-

din, which stimulates peripheral nociceptive neurons (25). The increase in prostaglandin 

levels within the peritoneal cavity enhances inflammatory pain by increasing capillary per-

meability (26). The identification of alkaloids in the botanical extract indicates a potential 

for central stimulatory effects (27), whereas the presence of flavonoids in all seed extracts 

is associated with their recognized analgesic and anti-inflammatory properties (28). 

 The resin derived from the fruit of Citrullus colocynthis demonstrated a significant in-

hibitory effect on writhing at a concentration of 80 mg/kg, resulting in an observed percen-

Treatment Dose 
Number of abdominal 

cramps 
Inhibition (%) 

Control (acetic acid 0.1%) 10 mL/kg 16.33 ±1.52** / 

Normal control (distilled water) 5 mL/kg 16.33 ±1.52** / 

Indomethacin 10 mg/kg 5±0.00 69.39 

C. colocynthis Resin 80 mg/kg 3+1.73** 81.63 

C. colocynthis Resin 40 mg/kg 4±1.00* 75.51 

Treatment Dose 
Number of abdominal 

cramps 
Inhibition (%) 

Control (acetic acid 0.1%) 10 mL/kg 16.33 ±1.52** / 

Normal control (distilled water) 5 mL/kg 16.33 ±1.52** / 

Indomethacin 10 mg/kg 5±0.00 69.39 

C. rotundus Resin 80 mg/kg 6.33+1.15 61.22 

C. rotundus Resin 40 mg/kg 7.33±1.5 55.1 
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tage inhibition of 81.63. Inhibition of writhing in aqueous extract of fruits was estimated at 

54.93 percent at a concentration of 8 mg/kg according to Marzouk et al, (29). The analgesic 

effects of immature fruits were found to be dependent on the dosage, with the most potent 

activity observed in polar extracts of immature seeds and fruits (specifically, acetone and 

methanol extracts). The analgesic effect was found to be positively correlated with the po-

larity of the extract (30). The most potent analgesic effects were observed when using polar 

extracts derived from immature seeds and fruits, specifically those obtained through the 

utilization of acetone and methanol. These extracts, whether sourced from seeds or fruits, 

exhibited a closely related property. In both cases, the analgesic effectiveness displayed an 

upward trend with increasing extract polarity. The efficacy of seed extracts varied between 

91.56% (chloroform extract) and 95.68% (methanol extract). Similarly, the efficacy of fruit 

extracts ranged from 82.96% (petroleum ether extract) to 95.74% (methanol extract), ex-

cept for the petroleum ether seed extract, which demonstrated a noteworthy efficacy of 

93.42% (30). 

 Cyperus rotundus tuber resin showed a writhing inhibition percentage of 61.22% at a 

concentration of 80 mg/kg. Methanol extract administration at doses of 250 and 500 mg/kg 

resulted in percentage inhibitions of 45.73% and 55.38%, respectively. Chloroform and 

ethyl acetate extracts displayed higher writhing inhibition percentages, with values such as 

58.64% and 66.17% and 64.5%, respectively (24). This proves the superiority of the resin 

over other extracts. 

 

 
CONCLUSION 

 

 The present study emphasizes the potential of Citrullus colocynthis fruit resin and Cype-

rus rotundus tuber resin as natural analgesic agents. The hot plate test and writhing test 

provide valuable insights into the distinct impacts they have on thermal and visceral pain 

responses. Additional investigation is necessary to elucidate the exact mechanisms that con-

tribute to their analgesic properties, establishing a basis for potential therapeutic utilization 

in strategies for pain management. 
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The valorization of industrial waste streams generated in vast quantities is becoming an increa-

singly prominent priority in line with the principles of circular economy. One potential avenue for 

utilizing food industry waste streams lies in the production of microbial agents with biocontrol and 

PGP (plant-growth promotion) properties. Bacillus species, given their broad spectrum of bioactive 

metabolites, exhibit significant potential in the production of such bioagents. The aim of this study 

was to investigate the circular economy approach by utilizing whey from dairy industry, meat proces-

sing wastewater and digestate obtained from biogas production using solid meat industry effluents, as 

potential bases for media used to cultivate Bacillus sp. BioSol021 and to investigate their biocontrol 

activity against pepper black spot causal agent, Xanthomonas euvesicatoria, as well as their PGP 

effects in the pepper seed germination phase. The highest antimicrobial activity, tested using the disc 

diffusion method, was observed in the whey-based cultivation broth sample after 96 hours of cultiva-

tion. Pepper seeds treated with cultivation broth of Bacillus sp. BioSol021 based on meat industry 

wastewater exhibited the best results in terms of germination rate (80%), root length (10.40 mm) and 

shoot length (6.20 mm). The results of this study confirm the suitability of whey, meat industry waste-

water, and biogas production digestate as the potential cultivation media components for producing 

Bacillus-based biocontrol and PGP agents for a more sustainable agricultural practice. 

Keywords: whey, meat industry wastewater, digestate, Xanthomonas euvesicatoria, bacterial spot. 

 

 

INTRODUCTION 

 

 The global demand for dairy products, supported by growing approximately 270 million 

cows worldwide, not only comes after the fact that dairy products are among the vital nutri-

tional sources for billions of people, but also creates income opportunities for various stake-

holders in the dairy industry (1). The European dairy sector, in particular, stands out as a 

leading market, annually consuming around 45 million metric tons of fresh milk (2). The 

dairy industry involves the transformation of raw milk into a diverse range of products, 

such as pasteurized and sour milk, yoghurt, cheese, cream, butter, and various desserts, ma-

king it a significant contributor to the European agricultural output (3). However, the rapid 

industrialization of the dairy sector, coupled with the increasing rate of milk production, 

has positioned dairy processing as a major contributor to industrial food wastewater genera-

tion, particularly in Europe. Water plays a crucial role in milk processing, with significant 

water requirements for various activities, including cleaning, washing, disinfection, heating, 

and cooling (3). Each year, the dairy industry generates millions of tons of by-products, 

with cheese whey being the primary constituent. Cheese whey is the residual fraction re-

maining after milk coagulation. Approximately 9-10 liters of whey are produced per 1 kg of 
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cheese (4). The dairy industry, on an average, generates 2.5–10.0 L of wastewater per liter 

of milk processed. The wastewater generated in dairy plants is characterized by fluctuations 

in quality and quantity, presenting challenges for wastewater treatment plants due to the 

requirement for diverse technological lines for different milk products. Dairy wastewater, 

on average, is characterized by a high biological oxygen demand (BOD: 40-8240 mg/L), 

chemical oxygen demand (COD: 430–18045 mg/L), high suspended solids (SS: 24-4500 

mg/L) and nutrients content, such as total nitrogen (TN: 14–830 mg/L), and total phosphorus 

content (TP: 9-280 mg/L) (1). 

 The European slaughterhouse industry, specifically meat processing, was reported to 

consume clean water in the amount of 2.5 m3 up to 40 m3 per metric ton of meat products, 

hence resulting in a total of 145 million cubic meters every year (5). The water footprint of 

meat processing increases from chicken meat (4300 m3/t), goat meat (5500 m3/t), pig meat 

(6000 m3/t) and sheep meat (10400 m3/t) to beef (15400 m3/t) (6). The freshwater used 

turns into significant volumes of slaughterhouse wastewater (SWW) with a complex com-

position. The composition of SWW includes organic loads, microbial pathogens, pharma-

ceuticals, detergents, and disinfectants, highlighting the need for specialized treatment due 

to its detrimental effects globally (7). SWW is typically rich in suspended organic particles 

(0.28-0.34 kg/t), nitrogen (0.23-1.4 kg N/t) due to the presence of animal proteins, and 

phosphorus (0.012-0.09 kg P/t), while COD values go up to 40 kg O2/t (8). Effluents from 

slaughterhouses constitute one of the most serious causes of environmental pollution, bad 

odors and health hazards in almost all of the developing countries.  

 Appropriate raw material for production of biogas must contain organic material that is 

suitable for anaerobic digestion, therefore dairy and slaughterhouse effluents are fit can-

didates for biogas production. In Serbia, 73500 t of slaughterhouse waste can be treated for 

biogas production, with the potential of biogas production estimated at 19.11 million m3 per 

year (9). Biogas digestate, the by-product of biogas production, often contains nutrients 

such as nitrogen, phosphorus, and potassium, making it a potentially valuable organic ferti-

lizer, but also an adequate candidate as a medium for microbial cultivations (10). According 

to Kefalew and Lami (11), the estimated production of biogas digestate was found to be in 

ratio 1:16 (solid to solid) compared to slaughterhouse waste generated, with excellent nutri-

tional properties, i.e. sufficient levels of phosphorus, potassium, calcium, magnesium, man-

ganese, iron, and zinc.  

 As the human population continues to expand and natural resources deplete due to ex-

cessive consumption, researchers and policymakers are increasingly focusing on sustaina-

bility principles. The idea of sustainable development proposes that people should be able 

to fulfill their current requirements without compromising the capacity of future genera-

tions to satisfy their own needs. In parallel, circular economy proposes an industrial system 

that is restorative by design, with the end goal to enable economic growth without impac-

ting the environment (12). Certain industries can valorize waste in order to affordably pro-

vide substrates for their production processes and one of them is the relatively novel in-

dustry of biocontrol agents (13). Considering the substantial concentration of both organic 

and inorganic nutrients found in wastewater originating from the meat and dairy industries 

conducive to microbial growth, a viable approach to wastewater treatment involves the mi-

crobial bioconversion of these nutrients into microbial biocontrol agents (14). The synergy 

of multiple industries and establishing an industrial symbiosis network for circular eco-

nomy can prove to be beneficial to each stakeholder involved, with local or regional inte-

rests at the central point of the circular network design (15). 
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 On the other hand, several factors influence rising demand for eco-friendly product to 

maintain and improve agricultural outputs for food production. The estimated potential 

yield losses caused by the bacterial plant pathogens are up to 16% globally and most rese-

arch in plant pathology aims to reduce yield loss directly or indirectly (16). Bacterial spot, 

alongside various other bacterial diseases affecting crops, stands as a primary contributor to 

significant global yield losses. This impact extends to both human nutrition and the econo-

mies of the countries engaged in the affected crops’ production. Worldwide, bacterial spot 

specifically affects two crucial crops, namely tomato and pepper, and is attributed to the 

presence of four distinct phytopathogenic bacterial species, of which one is Xanthomonas 

euvesicatoria (17). This pathogen causes lesions on the leaves, stems, and fruits. Leaf infec-

tion results in blight, necrosis, and early leaf fall. These cause a reduction in photosynthesis 

and further fruit infection, resulting in direct economic loss. Contaminated seeds and plant 

debris are common inoculum sources, and the disease is also transmitted by rain splash 

(18). Control measures are predominantly confined to chemical bactericides, particularly 

copper-based compounds. Nevertheless, the rise of copper-tolerant Xanthomonas strains 

has become widespread, rendering chemical control alone inadequate for managing the di-

sease, especially in favorable weather conditions. Moreover, the application of copper com-

pounds has resulted in soil contamination in certain cases and fast pathogen resistance de-

velopment (19). Microbial biocontrol agents offer promising alternatives for the manage-

ment of plant diseases due to their selective efficacy, diverse mechanisms of action, redu-

ced likelihood of antimicrobial resistance development, and specific biocontrol activity. 

Among these agents, bacteria from the Bacillus genus are widely preferred as active com-

ponents. This preference is attributed to their numerous beneficial biocontrol traits, inclu-

ding the production of a broad spectrum of volatile and diffusible antimicrobial agents, su-

perior competitive advantages in terms of occupying growth space and acquiring nutrients, 

as well as their capabilities in promoting plant growth and enhancing plant immunity 

against various plant pathogens (14). Several studies have confirmed the biocontrol activity 

of various Bacillus strains against Xanthomonas euvesicatoria, commonly associated with 

diseases of tomato and pepper. Research conducted by Hernández-Huerta et al. (20) de-

monstrated significant antagonistic activity of Bacillus isolates against Xanthomonas euve-

sicatoria as well as promotion of seedling growth and crop development. The strain B10(3) 

investigated by Zhan et al. (21), identified as Bacillus amyloliquefaciens showed the best 

biocontrol effect on Xanthomonas euvesicatoria among all the tested isolates due to ability 

for production of lipopeptides. It has also been demonstrated that treating bacterial spot 

with Bacillus subtilis CBR05 induces a defense-related enzyme response in tomatoes (22). 

Hence the aim of this study was to investigate the circular economy approach by utilizing 

whey from dairy industry, meat processing wastewater and digestate obtained from biogas 

production using solid meat industry effluents, as potential bases for media used to cultivate 

Bacillus sp. BioSol021 and to investigate its biocontrol activity against the pepper black 

spot causal agent, Xanthomonas euvesicatoria, as well as its PGP effects in the pepper seed 

germination phase. 

 

EXPERIMENTAL 
 

ORIGIN AND IDENTIFICATION OF MICROORGANISMS  
 

 The producing microorganism used in this study was Bacillus sp. BioSol021, isolated 

from the rhizosphere of common beans or kidney beans (Phaseolus vulgaris) and previous-

ly identified by 16S rRNA sequencing and biochemically characterized by the VITEK2 
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Compact System identification as a member of the operational group Bacillus amylolique-

faciens. The 16S rRNA gene sequence has been deposited in the NCBI GenBank database 

under accession number ON569805 (23). Pepper bacterial spot pathogen, Xanthomonas 

euvesicatoria PL1, isolated from diseased pepper plants, was used as a test microorganism 

(14).  

 

STORAGE AND ACTIVATION OF MICROORGANISMS 

 

 Both microorganisms were stored at the Laboratory for Biochemical Engineering, Fa-

culty of Technology Novi Sad, and refreshed under the following conditions (medium, tem-

perature): nutrient agar (Himedia Laboratories, India), 28 °C for the producing microorga-

nism, and YMA (yeast maltose agar, (24)), 26 °C for the test microorganism. 

 

INOCULUM PREPARATION  

 

 The preparation of the Bacillus sp. BioSol021 inoculum involved transferring a loopful 

of bacterial biomass to a synthetic liquid medium, nutrient broth (Himedia Laboratories, 

India), and cultivation on a laboratory rotary shaker at 28 °C, 170 rpm, with spontaneous 

aeration for 48 hours. Ten percent (v/v) of the inoculum was used for inoculation of the 

cultivation medium.  

 

CULTIVATION MEDIA AND PARAMETERS 

 

 Cultivation of the producing microorganism was performed using the following media: 

nutrient broth (Himedia Laboratories, India) as the referent commercial medium (CM), 

meat industry wastewater (MIW), whey (W), and digestate from biogas production (BPD). 

Meat industry wastewater and whey were utilized in their original form, without any treat-

ment or dilution, while digestate from biogas production was dissolved in distilled water 

(1:9 solid to liquid ratio). All cultivation media were sterilized by autoclaving at 121 °C and 

2.1 bar for 20 min. Cultivation of the producing microorganism was carried out on a la-

boratory shaker at 28 °C, with an external agitation rate of 170 rpm and spontaneous aera-

tion for 96 hours. Daily sampling was conducted to evaluate antimicrobial activity against 

Xanthomonas euvesicatoria PL1. 

 

IN VITRO BIOCONTROL EXPERIMENTS 

 

 The suspension of the test microorganism Xanthomonas euvesicatoria PL1 was prepa-

red by adding the bacterial biomass in sterile saline to achieve the final concentration of 106 

CFU/mL. YMA medium was melted, tempered (50±1 °C) and inoculated with 1 mL of the 

previously prepared bacterial suspension before pouring into Petri plates. The disc diffusion 

method in triplicate tests was employed to evaluate the antimicrobial activity of the cultiva-

tion broth samples (3x10 µL) collected at different cultivation time points. The incubation 

was carried out at 26 °C for 72 h and had been followed by the inhibition zone diameter 

measurement.  
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IN VITRO PGP EXPERIMENTS 

 

 The impact of Bacillus sp. BioSol021 on plant germination was assessed using pepper 

seeds (Capsicum annuum). For this assay, pepper seeds underwent surface sterilization with 

a chlorine bleach solution (6% (v/v), 1 min) and were thoroughly washed with sterile dis-

tilled water for 5 min. Following drying, the seeds were placed in Petri plates containing 

sterile filter paper at the bottom. Seeds were treated with 1 mL of Bacillus sp. BioSol021 

cultivation broth samples and 5 mL of sterile tap water. Incubation was carried out at 25 °C 

for 7 days. After the incubation period, the percentage of germination for pepper seeds was 

determined, and the lengths of both roots and shoots were measured. The results obtained 

from treating seeds with these cultivation samples were compared with a negative control 

that used tap water, as well as with the cultivation broth produced using nutrient broth as 

the cultivation medium. 

 

EXPERIMENTAL DATA ANALYSIS 

 

 Statistica 13.3 software (Dell Technologies, TX, USA) was used for statistical analysis 

of the experimental data. Levene’s test and ANOVA (analysis of variance, data not shown) 

were performed before the Duncan's multiple range test, which was conducted to determine 

homogeneous groups of the independent variables at the same level of statistical significan-

ce. This test has shown to be superior over the Fisher’s Least Significance Difference (LSD) 

method when taking into account requirements for larger differences between means that 

had been compared. All statistical analyses were carried out at a significance level of 95%. 

 

 

RESULTS AND DISCUSSION 

 

BIOCONTROL ACTIVITY OF Bacillus sp. BIOSOL021 AGAINST Xanthomonas euvesicatoria 

 

 To investigate the possibility of using effluents from the meat and dairy industry as a 

media for the production of biocontrol agents based on Bacillus sp. BioSol021, antimicro-

bial activity was tested against the phytopathogen Xanthomonas euvesicatoria PL1 using 

the cultivation broth samples obtained at different cultivation time points. Figure 1 shows 

the mean values of the inhibition zone diameters, which serve as a direct indicator of the 

suppressive effect of the cultivation broth samples. To explore differences between com-

mercial media and waste-based media and their impact on the biocontrol activity of the 

investigated isolate, nutrient broth as a common medium for bacterial cultivation was also 

included in the screening process. 

 Based on the results presented in Figure 1, it can be concluded that the whey-based 

cultivation broth of Bacillus sp. BioSol021 is the most suitable medium in terms of expres-

sing the antimicrobial effects against the investigated bacterial spot pathogen. The highest 

antimicrobial activity, indicated by the inhibition zone diameter of 72.33 mm, was observed 

in the whey-based cultivation broth sample after 96 hours of cultivation. A significant in-

crease in the inhibitory effect of the same cultivation broth was observed between 72 and 

96 hours of cultivation, where the diameter of the inhibition zones increased from 52.33 to 

72.33 mm, suggesting intensified secondary metabolite synthesis in the stationary growth 

phase usually observed after 48 h of cultivation for majority of Bacillus strains (14). 
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Figure 1. Biocontrol activity of Bacillus sp. BioSol021 grown on whey (W), meat industry 

wastewater (MIW), digestate from biogas production (BPD) and nutrient broth (CM) 

against Xanthomonas euvesicatoria PL1 

 

 Previous studies have demonstrated the ability of Bacillus amyloliquefaciens strains to 

produce antimicrobial metabolities such as cyclic lipopeptides surfactin, iturin A and fen-

gycin as well as the iron-siderophore bacillibactin (25). In addition to these non-riboso-

mally synthesized peptides, three additional gene clusters directing the synthesis of the anti-

bacterial polyketides macrolactin, bacillaene and difficidin were identified (26). On the 

other hand, cultivation broths based on wastewater from the meat industry, digestate from 

biogas production and nutrient broth showed approximately similar level of antimicrobial 

activity, significantly lower compared to the value achieved by using whey as a cultivation 

medium. The changes in the level of antagonistic activity of the cultivation broth samples 

during cultivation might be related to the multiplication intensity of the investigated isolate 

at the exponential phase and to secondary metabolism in the stationary phase. Only in the 

case of cultivation broth based on biogas production digestate, the antimicrobial activity 

achieved at 48 hours of cultivation remained at approximately the same level in the fol-

lowing two samplings. Taking into account the observed antimicrobial assay results, it is 

clear that whey, as a cultivation medium for the production of biocontrol agents based on 

the isolate Bacillus sp. BioSol021, has great potential, demonstrating much better efficacy 

compared even to the commercial medium. According to the research conducted by Pajčin 

et al. (27), whey and meat processing wastewater have already been investigated as a po-

tential medium for a Bacillus-based biocontrol agent. In that study, the inhibition zones, 

measured after 72 hours of cultivation, achieved by Bacillus velezensis IP22 whey-based 

cultivation broth samples against Xanthomonas euvesicatoria PL1 were 25.83 mm, while 
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the inhibition zones achieved by the MPW (meat processing wastewater) medium were 27 

mm, suggesting higher potential of the isolate Bacillus sp. BioSol021 in terms of biocontrol 

activity against pepper bacterial spot. Dmitrović et al. (28) have also demonstrated the suc-

cessful utilization of whey and winery flotation effluent in producing biocontrol agents 

based on Bacillus amyloliquefaciens. The antimicrobial effect of Bacillus clausii cultivation 

broth based on a whey medium has also been demonstrated against human pathogens, in-

cluding Salmonella typhimurium, Escherichia coli, Shigella flexneri, Staphylococcus aure-

us, Listeria monocytogenes, and Enterococcus faecalis (29). 

 

THE EFFECTS OF BACILLUS SP. BIOSOL021 TO PEPPER SEED GERMINATION 

 

 The efficiency of Bacillus sp. BioSol021 cultivation broths in pepper seed germination 

was investigated for cultivation broth samples based on different waste streams in com-

parison to nutrient broth as a commercial medium and tap water as negative control. The 

germination percentage of pepper seeds treated with the aforementioned cultivation broth 

samples, as well as homogenous groups of independent variables according to Duncan's 

multiple test, are given in Figure 2.  

 

 
 

Figure 2. The effects of Bacillus sp. BioSol021 grown on whey (W), meat industry 

wastewater (MIW), digestate from biogas production (BPD) and nutrient broth (CM) on 

pepper seed germination. The designations a, b and c represent different homogeneous groups 

according to the Duncan’s multiple range test, performed at the significance level of 95%. 

 

 Duncan's multiple range test was employed to identify homogenous groups of the inde-

pendent variables. The results reveal two distinct groups: cultivation broth samples based 

on meat industry wastewater (MIW) and biogas production digestate (BPD) form one 
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group, while those based on whey and nutrient broth constitute another. The highest ger-

mination percentage (80%) was observed when using MIW- and BPD-based cultivation 

broth samples. Seeds treated with whey and nutrient broth-based cultivation broth exhibited 

a germination rate of 70%, whereas germination with tap water as a control reached 60%. 

The increased germination rate with Bacillus sp. BioSol021 cultivation broths compared to 

the negative control confirms the beneficial impact of bacteria on promoting pepper germi-

nation. Moreover, the higher germination success achieved by using media based on meat 

industry wastewater and digestate from biogas production than commercial media indicates 

the significant potential of utilizing these waste streams for biofertilizer or seed coating 

agents’ production.  

 Mean values and standard deviations of pepper root and shoot lengths are presented in 

Figures 3 and 4. Notably, the seeds treated with MIW-based cultivation broth exhibited the 

highest root length, reaching 10.40 mm, indicating superior results in terms of root develop-

ment. According to Duncan’s multiple range tests, all of the tested waste streams formed 

separate groups, while cultivation broth based on nutrient broth and tap water were grouped 

together, suggesting similar effects on root length. In contrast, when considering shoot 

length, a significant difference was observed between MIW-based cultivation broth samples 

and the other tested cultivation broth samples which were in the same group as negative 

control. The maximum shoot length was observed in seeds treated with MIW-based culti-

vation broth, reaching approximately 6.20 mm. In contrast, the seeds treated with other cul-

tivation broth samples exhibited slightly over 3 mm in length. This suggests that while the 

other cultivation broth samples exhibited similarities in their effects on shoot length, MIW-

based cultivation broth had a distinct impact, deviating from the observed patterns. 

  

 

Figure 3. The effects of Bacillus sp. BioSol021 grown on whey (W), meat industry 

wastewater (MIW), digestate from biogas production (BPD) and nutrient broth (CM) on 

pepper root length. The designations a, b, c and d represent different homogeneous groups 

according to the Duncan’s multiple range test, performed at the significance level of 95%. 
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Figure 4. The effects of Bacillus sp. BioSol021 grown on whey (W), meat industry 

wastewater (MIW), digestate from biogas production (BPD) and nutrient broth (CM) on 

pepper shoot length. The designations a and b represent different homogeneous groups 

according to the Duncan’s multiple range test, performed at the significance level of 95%. 

 

The advantageous characteristics of Bacillus strains in facilitating seed germination and 

seedling growth involve several beneficial mechanisms. These include enhancing nutrient 

availability by enzymatic actions like solubilizing phosphorus, zinc, and potassium, along 

with nitrogen fixation. Additionally, Bacillus strains promote plant growth through the pro-

duction of plant hormones such as auxins (including IAA) and cytokinins, the synthesis of 

siderophores, and the creation of antibacterial and antifungal compounds. These actions 

collectively improve seedling vigor and fortify the plant against both biotic and abiotic 

stresses (30). Some of the mentioned PGP traits have been proven for Bacillus amylo-

liquefaciens in the study conducted by Vlajkov et al. (30) where seed germination perfor-

mance was investigated on maize. According to Joo et al. (31), among all tested rhizobac-

teria, Bacillus pumilus led to the most significant enhancements in both seedling height and 

root fresh weight of red pepper, with a 12% increase in height and a 20% increase in root 

fresh weight. The study by Meng et al. (32) demonstrated that Bacillus velezensis BAC03 

enhanced the growth of certain tested plants across different plant parts and at various le-

vels. Bacillus cereus and Bacillus thuringiensis strains investigated by Hernández-Huerta et 

al. (20) have shown great potential for use as a biofertilizer, as well as a biocontrol agent, 

significantly promoting pepper seedling growth and crop development while also demon-

strating antagonistic potential against Xanthomonas euvesicatoria. 

 Significant improvement in the root and shoot growth of pepper seedlings observed 

when using cultivation broth of Bacillus sp. BioSol021 based on meat industry wastewater 

makes it a promising medium for the production of microbial fertilizers or biostimulants. 

Such results indicating a better growth stimulation of plants through the application of meat 

industry wastewater as a cultivation medium may be attributed to the superior nutritional 

composition of this wastewater compared to whey and biogas production digestate. MIW 
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usually contain considerable amounts of total phosphorus, total nitrogen, total organic car-

bon, together with higher chemical oxygen demand, biochemical oxygen demand and total 

suspended solids content (33). Although BDP is also effluent from meat industry, it con-

tains significantly fewer nutrients due to being a waste from secondary production/valori-

zation cycle that has already undergone digestion during biogas production process, during 

which microorganisms had already used part of its organic and inorganic compounds (33). 

On the other hand, when targeting maximal antibacterial activity, whey-based medium has 

shown supremacy compared to both commercial medium and other waste-based media. 

This fact points out that the nutritional requirements of the producing microorganism 

should be thoroughly considered when developing biocontrol and PGP-aimed products for 

agricultural applications, especially when considering multi-beneficial products from the 

perspective of agricultural production efficiency. Generally, besides nutritional differences, 

lower pH value of the whey (4) compared to other effluents could represent a benefit for 

improved antibacterial activity, without compromising effects on the growth of the sporo-

genous Bacillus isolate.   

 Although the possibility of cultivating biocontrol agents based on Bacillus species has 

been demonstrated on other waste streams such as molasses, brewery effluents, starch in-

dustry wastewater and others, production process development usually remains at the labo-

ratory level (34, 35, 36). These bioprocess solutions that would utilize food industry ef-

fluents as raw materials for producing biocontrol agents offer effective alternatives to 

chemical pesticides including also economic and environmental added value. This circular 

economy-based initiative aims to foster a more environmentally friendly agricultural pro-

duction system while promoting the adoption of greener technologies. By extracting/uti-

lizing effluents from industrial processes and transforming them into value-added products 

the alignment with the principles of circular economy has been greatly achieved, and by 

fostering industrial symbiosis beyond individual industrial facilities, the pressing issue of 

industrial waste generation and disposal could be effectively addressed (37). 

 However, for the successful implementation of such a production method, additional re-

search is necessary regarding the complete composition of waste streams and further medi-

um composition optimization, together with optimization of bioprocess parameters, techno-

economic analysis, and the formulation of the final product itself. 

 

 

CONCLUSION 

 

 The presented study confirms the suitability of whey, meat industry wastewater, and 

biogas production digestate as cultivation media for producing biocontrol and PGP agents 

utilizing the Bacillus sp. isolate BioSol021. The medium based on whey demonstrated su-

perior antimicrobial activity against Xanthomonas euvesicatoria PL1, whereas the waste-

water from the meat industry exhibited a more favorable influence on pepper plant growth. 

However, in both cases, superior outcomes are attained when utilizing waste streams as a 

medium compared to a commercial medium (nutrient broth). This suggests the potential for 

cost reduction in the overall production process and supports the feasibility of implemen-

ting the circular economy principles by repurposing waste from one industry as a substrate 

in another. Further research will focus on evaluating the viability of the proposed valori-

zation routes and optimizing the bioprocess to maximize biocontrol and plant growth-pro-

moting characteristics of the investigated bacterial isolate. Additionally, there is a need for 

identification and characterization of the components produced by the tested isolate in 
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terms of antimicrobial activity and PGP activity. The following steps will also include esti-

mating and validating the product efficiency under real conditions through the conduction 

of field trials. This research has also paved the path for investigation of other industrial ef-

fluents as possible nutrient sources for microbial bioconversion, with the rising necessity of 

further identification and characterization of microbial catalysts suitable for transformation 

of waste-based nutrients to other types of industrially important biotechnological products. 
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This study concerns the prediction of the hardness of reinforced high-density polyethylene waste 

(HDPEw) composites. The locally sourced palm inter-fruitlet membrane served as the reinforcing 

(filler) material while the Yoghurt Can wastes constituted the polymer matrix. The palm inter-fruitlet 

membrane, used for the study were pulverized and sieved to fine particle sizes. All filler particles 

passed through a mesh of 250 μm. Consequently, the filler sample was characterized using DTA, 

TGA, and FTIR techniques whereas SEM was used to study the morphology of the produced composi-

te. Different weight-percentage compositions of the filler were used to produce the examined samples 

with the following formulations: 100 % LDPEw, 6wt.%, 12wt.%, 18wt.%, and 24wt.% filler composi-

tes using the compression moulding method. On the other hand, hardness, flexural, tensile, and im-

pact strengths were conducted to understand the mechanical behaviour of the produced composites. 

Multiple regression and artificial neural networks were used to predict the experimental hardness 

values in consideration of other independent variables like composite formulations, tensile, flexural, 

and impact strengths. The result of the TGA analysis showed the weight loss and degradation of the 

organic constituents in the filler while the DTA study revealed a variety of thermal occurrences and 

transitions indicating dehydration, phase change, and filler disintegration. The maximum hardness 

value of 76.67 HV was recorded for the composite with 24 wt.% filler while the composite formula-

tion with 12 wt.% filler had the highest flexural and impact strengths of 41.87 MPa and 0.4979 J/mm2 

respectively. The composite composition with 18 wt.% filler gave the highest tensile strength of 39.04 

MPa. The unequal distribution of the filler within the HDPEw matrix was revealed by the SEM mic-

rographs. The more uniformly dispersed composites with 12 and 18 wt.% fillers were seen to have 

improved mechanical properties whereas the reverse was the case for the 24 wt.% filler composite 

formulation which was found to exhibit directional reinforcement zones. The mean squared error 

assessment of the predicted hardness values indicated that predictions by multiple regression were 

more accurate than those that were obtained by ANN. This outcome could be caused by the relative 

linearity of the examined variables. 

Keywords: Polymer-matrix composites (PMCs), hardness, polyethylene waste composites, palm 

inter-fruitlet membrane, mechanical properties, compression moulding. 

 

INTRODUCTION 

 

 Polyethylene, which has been reported as the most common and readily available plastic 

in recent times (1) possesses some endearing characteristics such as affordability, and pro-

found insulation to electricity over a large span of frequencies (2). It has been discovered 
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that plastics are very difficult to degrade (3), and invariably top the priority of concerns for 

waste management (4). The number of polyethylene materials that are polluting the en-

vironment is very alarming (5,6), and it is a threat to every living thing (7). Currently, the 

world is being faced with the rigour of managing plastic waste (8). Interestingly, the sky-

rocketing use of polyethylene materials may be attributed to mere convenience (9). While it 

has been reported that the littered polyethylene materials could have resulted in uncons-

cious behaviour towards their disposal (10), a counterclaim argues that polyethylene ma-

terials are widely used and disposed of indiscriminately even though it is obvious that they 

cause environmental pollution (11). Studies have shown that reinforcing the high-density 

polyethylene matrix with the empty palm fruit bunch can improve the mechanical beha-

viour of the new product (12-14). 

 The palm inter-fruitlet membrane (PIFM) is obtained from the empty palm fruit bunch, 

which is usually marked for disposal during the processing of palm oil (15), and serves as a 

veritable source of fuel (16). This empty palm fruit bunch is produced in large quantities in 

Malaysia (17), and Indonesia (18). Utilizing agricultural by-products, such as palm inter-

fruitlet membranes (PIFMs), is a potential strategy in the search for sustainable materials. 

Large amounts of PIFM waste are produced by the palm oil industry, and if they are not 

properly handled, they may contribute to environmental damage. The high mechanical 

strength, low density, and renewability of PIFM, a fibrous material rich in cellulose and lig-

nin (19-21), suggest that it has potential as a reinforcing agent for polymer composites. The 

empty palm fruit bunch has been reported as a source of fertilizer (22), and energy (23). As 

part of its usefulness in agriculture, about a 49.2 % increase in plant yield and growth was 

recorded when the empty palm fruit bunch was used for mulching and as compost in the 

cultivated soil (24).  

 There is limited work on the production of palm inter-fruitlet membrane-reinforced 

high-density polyethylene-waste (HDPEw) composites. However, studies have been done 

using the entire empty palm fruit bunch to reinforce plastic materials. Hashim et al. (25) ex-

plored epoxy resin-reinforced natural fibre of palm empty fruit bunches (PEFB) as polymer 

composites. The main goal of the study was to determine the best mixture of LDPE plastic 

waste and PEFB fibres to attain the requisite characteristics for deck panel applications. 

According to the research findings, the polymer composites with the best mechanical quali-

ties had a PEFB/epoxy resin ratio of 30% PEFB fibres and 70% epoxy resin. It demon-

strated greater flexural, tensile, compression, and impact strengths when compared with 

other tested composite formulations. In another study, Amir et al. (26) investigated how 

gamma radiation influenced the compressive qualities of hybrid materials made of kevlar 

and oil palm empty fruit bunches. The outcomes showed that gamma radiation improved 

the compressive capabilities of the hybrid composites made of Kevlar fibre, oil palm empty 

fruit bunch (EFB) fibre, and epoxy. This study points to the possibility that gamma radia-

tion may be an effective way to improve the mechanical qualities of these hybrid composite 

materials, possibly enabling their usage in a variety of applications where increased com-

pressive strength is required. 

 This experimental study seeks to predict the experimental hardness values of the pro-

duced composites using artificial neural networks and multiple regression. Since there is 

limited knowledge about PIFM-reinforced HDPEw composites, TGA, DTA, and FTIR will 

be used to characterize the PIFM filler while the morphology of the produced composites 

will be studied by SEM. Nonetheless, the production of palm inter-fruitlet membrane rein-

forced high-density polyethylene waste (i.e., Disposed Yoghurt Can) composites prepared 

with filler particles of 250 μm and compositions (6 wt.%, 12 wt.%, 18 wt.%, and 24 wt.%) 
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will be done using a two-mill roll and compression moulding. The water absorption beha-

viour and mechanical properties (hardness, flexural, impact, and tensile strengths) of the 

produced composite will be examined. 

 

MATERIALS AND METHODS 

 

 The high-density polyethylene waste (HDPEw), in the form of Yogurt can waste, was 

obtained from Zaria, in Kaduna State, Nigeria. On the other hand, the empty palm inter-

fruitlet membrane filler was obtained from the palm fruit processing plant in Eziobodo, 

Owerri West, Imo State, Nigeria. The filler was directly taken from the dried empty palm 

fruit bunch. Furthermore, the palm inter-fruitlet membrane filler was fed into the grinding 

burr mill and pulverized repeatedly up to five different times to achieve the desired fine-

ness. Subsequently, the filler particles were sieved, and all particle sizes passed through a 

mesh size of 250 microns. 

 

PRODUCTION OF THE COMPOSITE 
 

 The mixing and hot pressing, leading to the production of the composites (specimens) 

were achieved following the earlier reported methods (6).  
 

CHARACTERIZATION OF FILER 
 

FTIR analysis 
 

 The FTIR analysis of the palm inter-fruitlet membrane filler was conducted using the 

Agilent Technologies FTIR spectrometer that employed the transmittance method. The fil-

ler sample used for the FTIR test was provided in a particle size of 250 microns. In addition 

to the 30 sample scans, 16 background scans were performed to account for any environ-

mental influences. The resolution was set to 8, and the spectral range was defined as 4000 

to 650 cm-1. For processing the data, the Happ-Genzel apodization function was applied. 

 

Thermal analysis 
 

 The thermogravimetric and differential thermal analyses of the filler were studied using 

the PerkinElmer Analyzer. The initial quantity of the filler sample used for the TGA test 

was 18.338 mg. Before the commencement of the TGA analysis, the sample was put in the 

machine’s sample holder which was situated in a platinum pan. The temperature was main-

tained between 30 and 950 °C at the rate of 10 °C/min. The thermal behaviour of the filler 

was recorded by the TGA machine as the temperature varied throughout the test. To avoid 

any unintended responses or impacts, the material was treated in a controlled environment 

during the study. On the other hand, the differential thermal analysis was carried out using 

the PerkinElmer Analyzer. The palm inter-fruitlet membrane filler sample of 18.302 mg, 

was heated in an alumina crucible under controlled conditions from 30 °C to 95 °C at a rate 

of 10 °C/min. 
 

SEM OF COMPOSITES 

 

 The study of composite materials was conducted through electron microscopic scan-

ning, following the requirements outlined in ASTM E986. To carry out this analysis, the 
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Pro: X: Phenom world 800-07334 model was used. A 0.5g cross-sectional slice of the 

sample was carefully inserted into the sample holder to initiate the examination process. 

The sample holder was then accurately positioned under the magnification screen of the 

machine, after which the chamber was gradually closed. The samples underwent electron 

microscopy examination and were zoomed in on areas of interest for clearer identification. 

 

MECHANICAL CHARACTERIZATION 

 

 The impact test was rigorously carried out following the established standards specified 

by the ASTM D-156 standard. Each specimen had a 45° incision at the middle and was cut 

to exact measurements of 64 mm x 12.7 mm x 3.2 mm. An Izod Impact Tester (also known 

as a Resil impactor testing equipment) was used to quantify the impact energy. A hammer 

weighing 1500 N was launched at a 150° inclined angle after being tightly clamped onto 

the machine's jaw and arranged on the specimen in a vertical configuration (IZOD). The 

tested specimen's impact energy was measured and recorded, allowing the impact strength 

to be computed using the proper equation: 

 

Impact Strength = 
Average Impact Energy 

Sample thickness∗    (J/mm2)            [1] 

* Sample thickness = 3.2 mm 

 

 The composite material's flexural strength test was carried out in line with ASTM D-

790 requirements. A carefully constructed specimen with dimensions of 100 mm × 25 mm 

x 3.2 mm was laid out horizontally on a support span while retaining a gauge length of 80 

mm. A three-point bending situation was maintained until the specimen eventually failed 

by employing a loading nose to impart a controlled and constant stress to the specimen's 

core. The highest load (in Newtons, N) and the associated deflection (in millimetres, mm) 

were painstakingly monitored and recorded throughout the testing process. The flexural 

strength and flexural modulus were then precisely computed for thorough study using the 

relevant formulae: 

Flexural Strength = 3FL/2bd2        [2] 

 

Flexural Modulus = FL3/4bd3D          [3] 

 

where:  

 F = Maximum Load at break 

 L = Distance between the support spans at both edges of the specimen = 80 mm 

 b = Sample width = 25 mm 

 d = Sample thickness = 3.2 mm 

 

 The Vickers microhardness tester was used to perform the hardness tests. The mounting 

stage was used to hold the 1 x 2 x 0.3 cm specimen, and the indenter was lowered until it 

contacted the specimen at a constant pressure. All of the studied specimens had readings 

taken, and the process was repeated three (3) times at various locations on the specimen. 

 The universal testing machine (model no. D-100KN, SN:190536) was used to perform 

the tensile strength test by ASTM D-638 requirements. Samples in the shape of dumbbells, 

with gauge measurements of 50 mm x 10 mm x 3.2 mm, were pulled apart under a regula-

ted tensile stress. Key tensile characteristics, including tensile strength, percentage of elon-
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gation, and modulus, were automatically calculated for each unique sample using the Uni-

versal Testing Machine. 

 

WATER ABSORPTION TEST 

 

 The water absorption test was carried out by the ASTM D570 standard. For the asses-

sment, carefully chosen specimens with exact preparation and 50 mm x 50 mm x 3.2 mm 

measurements were used. The test protocol involved completely submerging the samples in 

distilled water at room temperature for seven days. The samples were rigorously weighed 

using an accurate digital weighing scale every 24 hours to determine the rate of water ab-

sorption. The given equation was then used to precisely compute the % water absorption of 

the composite samples for thorough examination. 

 

% Water Absorbed = 
𝑤2−𝑤1  

𝑤1
 𝑥 100   [4] 

where: 

 w2 = final weight of composite 

 w1 = initial weight of composite 

 

IBM SPSS 
 

 In this study, the multilayer perceptron (MLP) network was used to predict the hardness 

values of the examined composites using neural networks and multiple regression predic-

tive protocols. IBM SPSS (Statistical Package for the Social Sciences) (27) is a very robust 

statistical software with an interface that is user-friendly. The neural network and multiple 

regression are fully integrated into the SPSS application. IBM SPSS technology is utilized 

by commercial establishments, government, and academic institutions all around the world 

(28). 

 

Multiple regression (MR) 
 

 Multiple regression is a powerful and versatile method that enables the modelling of the 

effects of several independent variables on a dependent variable simultaneously. This 

method allows for the modelling of main, interacting, or curvilinear effects, and also provi-

des the ability to determine the incremental effect on the model by adding or removing in-

dependent variables (29). In social and behavioural research, multiple regression is used to 

deduce the amount of variance in a criterion variable that can be explained by two or more 

predictor variables. It is important to note that predictor variables in multiple regression 

analysis are usually correlated, which can make it difficult to interpret results (30). The 

most common objectives of multiple regression analysis include: 1) developing a model to 

describe the relationship between explanatory variables and the response variable, 2) using 

sample data to make predictions, and 3) confirming theories about individual variables by 

determining which variables or combination of variables should be included in the model 

(31). Whether the objective of the analysis is to estimate the effect of a covariate or to pre-

dict the value of the response based on the covariate values, a regression model is used to 

make the prediction (32). In regression analysis, we can determine the relationship between 

the independent variables x = [x1, x2,…, xn] and dependent variables y = [y1, y2,…, ym], 

where n is the number of independent variables present in each observation and m is the 

number of dependent variables. The regression model is expressed as follows: 
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y = f(x) + ε           [5] 

 

where f(x) is a vector function [f1(x),…, fm (x)] and ε = [ε1,…, εm] is a vector of random 

error of functional approximation. The general model is frequently simplified by assuming 

a linear relationship between the independent and dependent variables. The multiple depen-

dent variables x and y are considered separately to give m-independent regression models. 

In the simplest case of a single dependent variable, the regression models are given as: 

 

y = a0 + a1x + ε           [6a] 

or 

y = a0 + a1x1 +· · ·+ amxm + ε                  [6b] 

 

 The above expressions are called simple linear regression and multiple linear regres-

sion, respectively (33). 

 For the current study, the following relationships are relevant, thus: 

 

Hardness-Value (PREDICTED) = TP + QT (quantity of HDPEw) + 

PH (tensile strength of composite) + FN (flexural strength of composite) + 

IS (impact strength of composite)   [7] 

 

where: 

 TP =  Intercept on Hardness-Value (PREDICTED) axis. 

 QT =  Change in Hardness-Value (PREDICTED) for each increment change in quantity of 

HDPEw. 

 PH =  Change in Hardness-Value (PREDICTED) for each increment change in tensile 

strength of composite. 

 FN =  Change in Hardness-Value (PREDICTED) for each increment change in flexural 

strength of composite. 

 IS =  Change in Hardness-Value (PREDICTED) for each increment change in impact 

strength of composite. 

 

ANNS (Artificial Neural Networks) 

 

 ANN is a modelling approach inspired by the human nervous system that allows for 

learning by example from representative data describing a physical phenomenon or deci-

sion process (34). Artificial neural networks (ANN) are computational modelling methods 

that are rooted in statistics and imitate the ability of the human brain to acknowledge pat-

terns profoundly (35). An ANN is made up of basic processing elements (called neurons), 

which are connected via synaptic weights (coefficients) and can learn a task by adjusting 

weights. These connections constitute the neuronal structure wherein the training and recall 

algorithms are linked (36). The sizes of ANNs, for instance, the number of artificial neu-

rons can range from tens of thousands to only as little as less than ten [1-3] (37), while the 

structure of an artificial neural network consists of three interconnected layers namely: an 

input layer; a hidden layer; and an output layer (35). The interconnection of the various 

neurons in the network is referred to as the topology, architecture, or graph of an artificial 

neural network. The different interconnections lead to diverse possible topologies which 

can be broadly divided into two basic classes: Feed-forward (FNN) and Recurrent (RNN) 

topology (38). One unique feature of all ANN methods is their ability to work best when 
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dealing with non-linear dependence between the inputs and outputs (the ANN is capable of 

handling complex data sets with non-linear relationships and multiple variables (i.e., ≥ 3 

variables) (35, 37). Artificial Neural Networks (ANN) have proven to be a versatile tool, 

successfully applied in various fields such as control engineering, medicine, industry, eco-

nomics, biology, software engineering, environment and social studies (38). The ANN is 

trained to predict the output response based on the input values of the training data. With 

ANN, data collection is flexible, and the values can be chosen arbitrarily without specific 

criteria. The ANN will then train and discover non-linear patterns among the elements with 

one or a few specific responses (39). ANN's ability to establish empirical correlations bet-

ween independent and dependent variables, and to extract delicate information and compli-

cated knowledge from representative datasets, is a distinguishing characteristic. The ANN 

models provide several advantages over regression-based models, including the ability to 

handle noisy data, without making any assumptions about any mathematical representation 

of the phenomenon. The present study focused on the hardness of composite materials as 

the dependent variable. The independent variables included the filler and HDPEw composi-

tions, as well as the tensile, flexural, and impact strengths of the composites being exami-

ned. To forecast the experimental hardness values of the produced composites, artificial 

neural networks were used, as shown in Figure 1 with the parameter estimates as presented 

in Table 1. 

 
Figure 1. Diagram of artificial neural networks for forecasting the experimental hardness 

values of the produced composites. 
 

 With a unit, z in the output or hidden layer, the input (net), Iz, relating to the unit, z may 

be given thus (40–45): 

𝐼𝑧 = ∑ 𝑤𝑖𝑧𝑂𝑖 + ∅𝑧𝑖      [8] 

where: 

 wiz = the weight that connects unit i, in the previous layer to unit z. 

 Oi = unit i’s output from the previous layer. 

 ∅z = the unit’s bias. This moderates the unit’s activity (46). 
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 Based on the net input Iz to unit z, the output of unit z can be obtained with the relation-

ship below: 

𝑂𝑧 =
1

1+𝑒𝐼𝑧            [9] 

 

Table 1. Prediction of hardness values of the produced composites by artificial neural 

network 

 

Independent Variable Importance 

Independent variables Importance 

Quantity of Filler 0.414 

Quantity of HDPEw 0.316 

Tensile Strength of Composite 0.059 

Flexural Strength of Composite 0.049 

Impact Strength of Composite 0.162 

Parameter estimates for prediction 

Predictor 

Predicted 

Hidden Layer 1 Output Layer 

H(1:1) H(1:2) H(1:3) Hardness of Composite 

Input Layer 

(Bias) 0.192 -0.118 0.418  

Quantity of Filler 0.447 0.069 1.418  

Quantity of HDPEw -0.248 0.186 -1.104  

Tensile Strength of Composite 0.140 0.210 0.285  

Flexural Strength of Composite 0.314 -0.316 0.079  

Impact Strength of Composite -0.488 0.399 -0.571  

Hidden Layer 1 

(Bias)    -1.061 

H(1:1)    0.348 

H(1:2)    -0.220 

H(1:3)    1.817 

 

Error in prediction assessment 

 

 The mean squared error (MSERR) is often used to evaluate how close the predicted value 

is to the experimental value. It is expressed in mathematical form as: 

 

𝑀𝑆𝐸𝑅𝑅 =
1

𝑁
∑(𝑆𝑖 − 𝑇𝑖)

2                  [10] 

where: 

 N = the total number of samples tested. 

 Ti = the experimental value. 

 Si = the predicted experimental value. 

 

 

RESULTS AND DISCUSSION 
 

CHARACTERIZATION OF SAMPLES 
 

FTIR 
 

 The FTIR spectra obtained from the filler sample of the palm inter-fruitlet membrane 

showed distinctive peaks corresponding to various functional groups. The peaks at 1319.5, 

1371.7, 1420.1, 1505.8, 1595.3, 2113.5, 2217.8, 2918.5, and 3336.0 cm-1 were the most noti-
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ceable as shown in Figure 2. Specific functional groupings in the sample are represented by 

each peak. The peak at 1319.5 cm-1 is an indication that aromatic amines (C-N), alcohols, es-

ters, and carboxylic acids (C-O) are present. This peak can also be used to infer medium stret-

ching vibrations of nitro compounds (N-O). The spectrum at 1420.1 cm-1 indicates that the 

material contains medium-stretching vibrations of C-C aromatic rings while the peak at 

1505.8 cm-1 suggests that (N-O) nitro compounds are responsible for significant stretching vi-

brations. The peaks at 1595.3 cm-1 show stretching vibrations of C-C aromatic rings, indica-

ting the existence of aromatic chemicals in the palm inter-fruitlet membrane. 

 

 
Figure 2. FTIR result of palm inter-fruitlet membrane filler. 

 

 Weak stretching vibrations indicating the existence of alkynes were identified to be 

linked to wavenumbers 2113.5 and 2217.8 cm-1. The presence of the filler's (O-H) car-

boxylic acids, alcohols, and phenols exhibit stretching vibrations, as seen by the peaks at 

2918.5 cm-1 and 3336.0 cm-1. Also, the presence of functional groups, such as the hydroxyl, 

carbonyl, and carboxylic groups, which are significant structural properties of lignin (47), 

confirmed the existence of lignin in the filler. The discovery of lignin compounds in the 

filler sample points to their potential use as a renewable resource for a variety of applica-

tions, including the production of paper, and bio-based composites. The inter-fruitlet mem-

brane fillers from palm trees need to be completely explored to maximize their use.  
 

TGA result of palm inter-fruitlet membrane filler 
 

 The result of the weight loss behaviour of the palm inter-fruitlet membrane filler sample 

under-regulated heating conditions is shown in Figure 3. The sample was observed to gra-

dually lose weight when it was heated from room temperature to around 200 °C. The first 

weight loss may be due to the moisture and volatile substances that were present in the 

sample evaporating.  
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Figure 3. TGA result of the palm inter-fruitlet membrane filler 

 

 Noticeable weight loss was observed as the temperature increased from 250 °C to 550 

°C, indicating that the organic components in the palm inter-fruitlet membrane filler have 

begun to decompose. Further breakdown of any lingering organic components was noticed 

after 550 °C. However, in comparison with the preceding breakdown stage, the weight loss 

after 550 °C weight loss was rather insignificant. 

 

DTA RESULT OF PALM INTER-FRUITLET MEMBRANE FILLER 

 

 The DTA conducted on the palm inter-fruitlet membrane filler revealed a variety of 

thermal occurrences and transitions. A slight endothermic disposition was observed from 

the commencement of the DTA till the dip was reached at about 130 °C. The initial endo-

thermic reaction may have led to the dehydration of the palm fruitlet membrane. Between 

130 and 142 °C, the temperature of the filler was observed to be similar to that of the refe-

rence substance (alpha–alumina). This further denotes that both substances are being heated 

approximately under a commensurate condition. Furthermore, as the temperature increased 

from 140 to 220 °C, a slight exothermic effect was recorded as shown in Figure 4.  

 

 
Figure 4. DTA result of the palm inter-fruitlet membrane filler 

 

 As the temperature increased from 220 °C to 400 °C the second endothermic reaction, 

which was noticeable was observed, with its dip reaching at about 401 °C. The endothermic 

effect may depict further dehydration, phase transformation, and possible decomposition of 
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the filler. A progressive exhibition of an exothermic reaction was observed as the tempera-

ture increased. Additional heating revealed a wide exothermic peak with a peak at around 

600 °C indicating a phase change or breakdown process. Finally, a little exothermic peak 

was noticed at about 770 °C, signifying denoting that the breakdown process had reached 

its conclusion. In essence, the profile revealed that between 600 and 900 °C, both endother-

mic and exothermic reactions interchangeably occurred. 

 

RESULTS OF MECHANICAL BEHAVIOUR, EXPERIMENTAL AND PREDICTED 

HARDNESS VALUES OF PALM INTER-FRUITLET MEMBRANE REINFORCED 

HDPEW COMPOSITES 

 

 Results of the mechanical performance of the examined composite samples and the pre-

dicted hardness values are presented in Tables 1-4 and shown in Figures 5 and 6. The mecha-

nical characteristics of the examined composites were found to steadily increase in hardness 

values as the weight percentage of the reinforcing material increased. The composite formula-

tion with 24 wt.% filler had the maximum hardness value, measuring 76.67 HV as shown in 

Figure 5, indicating exceptional mechanical qualities. On the other hand, 100 % HDPEw 

(control) recorded the least hardness value of 60.83 HV.  

 

Table 2. Results of mechanical behaviour, experimental and predicted hardness values of 

palm inter-fruitlet membrane reinforced HDPEw composites 
 

Formulation of 

composites (Test pieces) 
Mechanical properties of specimens 

Prediction of 

Composite’s 

Hardness 

by ANN 

Prediction of 

Composite’s 

Hardness 

by MR 

Inter-

fruitlet 

membrane 

filler (wt.%) 

HDPEw 

(wt.%) 

Tensile 

strength 

(MPa) 

Flexural 

strength 

(MPa) 

Impact 

strength 

(J/mm2) 

Hardness 

(HV) 

ANN 

(HV) 
Error 

R 

(HV) 
Error 

0 100 18.56 36.59 0.4217 60.83 62.75 -1.92 60.83 0 

6 94 21.31 36.87 0.4778 66.7 65.25 1.45 66.70 0 

12 88 25.38 41.87 0.4979 72.73 71.58 1.15 72.73 0 

18 82 39.04 40.00 0.2539 75.3 75.66 -0.36 75.30 0 

24 76 17.65 36.88 0.2023 76.67 75.86 0.81 76.67 0 

 

 
 

Figure 5. Effect of weight per cent composition of filler on the hardness value, tensile, 

flexural, and impact strengths of the produced composites 

0

10

20

30

40

50

60

70

80

90

0 5 10 15 20 25 30

M
E

C
H

A
N

IC
A

L
 P

R
O

P
E

R
T

IE
S

 O
F

 

C
O

M
P

O
S

IT
E

S

WEIGHT PERCENT COMPOSITION OF FILLER

Hardness (Hv) Tensile strength (MPa) Flexural strength (MPa)



APTEFF 55 (2024) 27-46   Ndukwe et al. 

38 

 Both tensile and flexural strengths of the composite samples exhibited a similar trend by 

increasing as the weight per cent composition of the filler increased in the first instance, but 

started to decrease after a certain quantity of the filler was added. For the flexural strength, 

the highest value of 41.87 MPa was recorded for the composite formulation of 12 wt.% fil-

ler. Subsequently, the flexural strengths were further reduced to 40 MPa and 36.88 MPa as 

the content of the filler in the composite increased from 18 wt.% to 24 wt.%. The same 

trend was also recorded for the flexural modulus. 

 For the tensile strengths of the produced composites, a gradual increase in strength was 

observed until the composite formulation of 12 wt.% filler gave a strength of 25.38 MPa. The 

highest tensile strength of 39.04 MPa was exhibited by the composite with 18 wt.% filler 

content. However, a noticeable decrease in strength to 17.65 MPa was observed for the com-

posite formulation having 24 wt.% filler. It was later discovered from the SEM micrograph 

that the arrangement of the reinforcement filler was directional within the HDPEw matrix. 

This development may have been the cause of the decline in tensile strength. 

 Furthermore, the impact strength of the produced composite showed a slight increase 

from 0.4217 J/mm2 when no filler was added, through 0.4778 J/mm2 at 6 wt.% filler to the 

maximum impact strength of 0.4979 J/mm2 for the composite formulation of 12 wt.% filler 

as shown in Figure 6. 

 

 
Figure 6. Effect of the addition of the palm inter-fruitlet membrane filler on the impact 

strength of the produced composites 
 

 Further addition of the filler drastically reduced the impact strength to 0.2539 J/mm2 for 

the composite with 18 wt.% filler content. Consequently, the composite composition with 

the highest quantity of filler (24 wt.% filler) gave the lowest impact strength.  

 

PREDICTION OF HARDNESS VALUE OF COMPOSITE BY ANN AND MR 
 

 The prediction of experimental hardness values of the produced composites was achie-

ved by MR and ANN. The hardness values that were predicted are presented in Table 2. In 

essence, the use of multiple regression led to the establishment modelling (Table 3) of the 

predictive equation: 
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Hardness value (PREDICTED) = 127.947 – 0.792 (Quantity of HDPEw) +         [11] 

0.108 (Tensile Strength of Composite) + 0.112 (Flexural Strength of Composite) + 

4.406 (Impact Strength of Composite) 

 

 The prediction of the experimental hardness value was found to be majorly influenced 

by the filler quantity (41.4%), followed by the polymer-matrix composition (31.6%), im-

pact strength (16.2%), tensile strength (5.9%), and flexural strength (4.9%) of the produced 

composite according to the artificial network modelling protocol as presented in Table 1.  

 

Table 3. Predictive model for the hardness of the produced composite 

 

Predicted 

composite 

behaviour 

Constant 

Model coefficients 

Quantity 

of HDPEw 

(wt.%) 

Tensile 

Strength of 

Composite 

(MPa) 

Flexural 

Strength of 

Composite 

(MPa) 

Impact 

Strength of 

Composite 

(J/mm2) 

Hardness 127.947 - 0.792 0.108 0.112 4.406 

 

 The analysis to unravel how close the predicted value was to the experimental value 

was achieved by the mean squared error [MSERR] (Table 4 and Figure 7). Figure 6 shows 

the error observed in predicting the experimental hardness value of the produced composite 

by ANN and MR. 
 

Table 4. Error assessment of predicted hardness values of the produced composites using 

mean squared error (MSERR) 
 

Error assessment 

method 

Prediction of composite’s 

hardness by ANN 

Prediction of composite's 

hardness by MR 

MSERR 0.2554 0 

 

 
Figure 7. Comparison in error for predicting the experimental hardness values of the 

produced composites. 
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 The results of the mean squared error as shown in Figure 6 indicated that the composi-

te’s hardness predictions by multiple regression were more accurate than those that were 

obtained by ANN. This outcome could be occasioned by the relative linearity of the exa-

mined variables. It can be deduced that multiple linear regression can accurately predict li-

near relationships better than artificial neural networks. However, artificial neural networks 

have been reported to be amenable to accurately predicting complex and nonlinear relation-

ships (35, 37). 

 

RESULT OF WATER ABSORPTION TEST ON TEST SPECIMENS 

 

 Results of the water absorption tests conducted on the produced palm inter-fruitlet mem-

brane filler-reinforced composites are presented in Table 5 and shown in Figure 8. Water ab-

sorption was observed to increase with the increase in the quantity of the composite’s filler 

content. The HDPEw (control) sample was observed to absorb the least water.  
 

Table 5. A summary of water absorption of palm inter-fruitlet membrane reinforced 

HDPEw composites 
 

Time of 

immersion 

(h) 

Water absorption (%) 

100 % 

HDPEw 

6 wt.% 

Filler 

12 wt.% 

Filler 

18 wt.% 

Filler 

24 wt.% 

Filler 

24 0 0.0347102 0.1023367 0.4989677 0.489083 

48 0 0.1387925 0.1022321 0.1198425 0.1390579 

72 0 0.1905752 0.2893617 0.0341997 0.2256553 

96 0.0688231 0.0864603 0 0.3931624 0.3117423 

120 0.0343879 0 0 0.0170271 0.086326 

144 0.017188 0 0.0169722 0 0 

168 0 0 0 0 0.0172503 

 

 
Figure 8. Result of water absorption of palm inter fruitlet membrane reinforced HDPEw 

composites  
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 The water absorption of the composites was observed to be higher in comparison with 

the HDPEw matrix after 24 hours with approximately 0.499 % and 0.489 % values for 

composites containing 18 wt.% and 24 wt.% filler contents respectively. From the com-

mencement of the test to about 72h, the HDPEw (control) showed insignificant per cent 

water absorption. However, the water absorption of other composites continued to increa-

se. After 96 h, the absorption of water by the composites was found to decline as shown 

in Figure 8.  

This observation of an increase in water absorption by the composites suggests that they 

can be suitably used for household ceilings and tabletops. The improved hardness of the 

composite is a favourable attribute for a wider application of the composite. Hence the con-

version of the so-called wastes to useful products. 

 

SEM MORPHOLOGY OF THE PALM INTER FRUITLET MEMBRANE REINFORCED HDPEW 

COMPOSITES 
 

 The SEM micrographs of all the examined composites are represented in Figure 9. The 

HDPEw [control] (Figure 9a) was observed to be blank without showing any presence of the 

filler material. The introduction of the reinforcing material led to the uneven distribution of 

the palm inter-fruitlet membrane filler within the HDPEw matrix as shown in Figure 9b.  
 

   

(a) (b) (c) 
   

  
(d) (e) 

Figure 9. SEM micrographs of the produced composites: (a) 100wt.% HDPEw [control] 

(Yogurt Can wastes); (b) 6 wt.% filler and 94 wt.% matrix; (c) 12 wt.% filler and 88 wt.% 

matrix; (d) 18 wt.% filler and 82 wt.% matrix; (e) 24 wt.% filler and 76 wt.% matrix 
 

 The filler compositions in the composite with 12 wt.% (Figure 9c) and 18 wt.% (Figure 

9d) filler materials were found to be relatively directionally and locally distributed across 
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the matrixes. This development may have been the cause of the increased tensile and flexu-

ral strength values that were recorded by the two sets of composites. On the other hand, the 

SEM image of the composite formulation with 24 wt.% filler (Figure 9e) showed a com-

bination of minimal directional and localized arrangements of the reinforcement material 

along certain parts of the composite. This arrangement of the palm inter-fruitlet membrane 

filler within the HDPEw matrix may have led to a decrease in the mechanical behaviour of 

the composite. 
 

CONCLUSIONS 
 

 The following conclusions can be drawn from the current study on the prediction of hard-

ness of palm inter-fruitlet membrane reinforced high-density polyethylene-waste (HDPEw) 

composites: 

1. The presence of substantial functional groups, such as alcohol hydroxyl, phenolic hyd-

roxyl, and carbonyl groups, as determined by the FTIR analysis, indicated the exis-

tence of lignin in the reinforcing material. 

2. Weight loss from moisture and degradation of the filler’s organic components were di-

scovered by the TGA analysis. The DTA study revealed a variety of thermal occurren-

ces and transitions that suggested dehydration, phase change, and filler disintegration. 

3. The hardness values of the mechanical properties of the composite specimens were 

observed to steadily rise as the weight per cent filler in the produced composites 

increased. The composite with the highest hardness value of 76.67 HV was obtained 

by the composite with 24 wt.% filler. According to other findings, the addition of the 

palm inter-fruitlet membrane filler increased flexural, impact, and tensile strengths up 

to a certain wt.% filler composition, above which a decline in strength was recorded. 

The composite formulation with 12 wt.% filler produced the highest flexural and 

impact strengths of 41.87 MPa and 0.4979 J/mm respectively. On the other hand, the 

composite composition with 18 wt.% filler yielded the maximum tensile strength of 

39.04 MPa. Despite having the maximum hardness value, the composite with 24 

weight per cent filler had the lowest tensile and impact strengths.  

4. The composites' water absorption behaviour was observed to increase with an increase 

in the filler content. The composite containing 24 wt.% filler was observed to have the 

maximum water uptake after 24 hours. 

5. SEM micrographs demonstrated the filler's uneven dispersion inside the HDPEw mat-

rix. The rather equal dispersion of the filler in the composites with 12 and 18 wt.% fil-

lers improved their mechanical characteristics. However, the 24 wt.% filler composi-

tes’ flexural, tensile and impact strengths declined due to their directional reinforcing 

disposition. 

6. Based on the mean squared error results, it can be concluded that the predictions of the 

examined composite's hardness values were more precise when obtained through mul-

tiple regression than when obtained through ANN. This outcome is likely because the 

examined variables were relatively linear. Therefore, it can be inferred that multiple 

linear regression is better suited for predicting linear relationships in comparison with 

artificial neural networks. 
 

KEY APPLICATION AREAS OF THE PRODUCED COMPOSITES 
 

 Previous studies have identified a possible application of fibre reinforced composites in 

the acoustic industry. Furthermore, the interaction between additives in the polymer matrix 
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is critical in defining mechanical, thermal, and acoustic characteristics, according to re-

search on polymer additives and interfacial adhesion. In particular, the reduction in inter-

facial adhesion between the polymer matrix and natural fibers should be addressed in future 

study aimed at better understanding and managing this connection. It has been proposed 

that combining several natural fiber kinds to produce hybrid composites improves their ten-

sile and flexural qualities (48). The development of hybrid composites to maximize sound 

absorption qualities should be the main focus of future research. 

 Automobile parts can be made using the composites that were produced. Natural fiber 

reinforced composites (NFRCs) are typically employed in interior automobile components 

due to their inherent susceptibility to moisture and their comparatively poor mechanical 

characteristics. NFRCs may be found in a variety of nonstructural interior components, 

including indoor panels, dashboards, floor mats, package shelves, and storage bins (49). 

 Multilayer ballistic armor can be made from the composites which were produced. 

According to Haro et al. (50), the bio-composite with microparticles of chonta palm wood 

showed the best mechanical performance under both quasi-static tensile and dynamic com-

pression loading, as well as the maximum ballistic impact resistance. These findings imply 

that the mechanical characteristics and ballistic resistance of the polymer are enhanced by 

the deposition of wood palm microparticles in a polymeric matrix (HDPE), producing 

biocomposites that perform better than unreinforced HDPE. 

 

RECOMMENDATION 

 

 Following the observed reduction in flexural and tensile strengths of the composite with 

24 wt.% filler composition which invariably was as a result of the directional filler arrange-

ment within the HDPEw matrix, it is recommended that further studies be conducted to 

checkmate directional filler arrangement within the polymer matrix. 
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The Li0.5Ni0.6Zn0.15Fe2O4 (Q), Li0.5Ni0.5Zn0.25Fe2O4 (R) ferrite samples have been synthesized by so-

lid state reaction method. X-ray diffraction (XRD) pattern confirms the formation of cubic spinel 

structure with lattice constants 8.378, 8.397 Å respectively. The scanning electron microscopy (SEM) 

images show grain size in the range of few micrometres with variety of structures. The Fourier trans-

form infrared spectroscopy (FTIR) spectrum of both samples show two (ν1 and ν2) significant absorp-

tion bands, corresponding to metal oxygen vibration at tetrahedral (A) and octahedral (B) interstitial 

sites respectively. The Cole-Cole plots show the electrical conductivity is mainly due to grains in both 

samples. 

Keywords: XRD, SEM, FTIR, Cole-Cole plot. 
 

 

INTRODUCTION 
 

 Ferrites having a general chemical formula of AB2O4 with spinel structure are having 

wide range of applications in the field of material science due to their versatile properties (1). 

Structural, electrical and magnetic properties of ferrites are dependent on synthesis conditions, 

size of particles, cation distribution at tetrahedral and octahedral sites and metal ions in com-

position (2). The nickel ferrite composites are having large number of applications due to its 

very high stability, good resistivity, good retentivity, good coercivity, optimum saturation 

magnetization (3-4). The nickel ferrite composites are found to be good material in applica-

tions like catalytic activity (5), magnetic shielding (6), magnetic core, memory storage devi-

ces (7), gas sensor (8), microwave devices (9) etc. Nickel ferrites with Zn substitution show 

better saturation magnetization; improvising magnetic properties in terms of storage of energy 

(10). Lithium substitution reduces magnetic losses (11). The present work is an attempt to 

synthesize using low cost and environment friendly solid-state reaction method (12-13) and 

conduct structural and electrical studies of Li0.5Ni0.6Zn0.15Fe2O4 (Q), Li0.5Ni0.5Zn0.25Fe2O4 (R) 

ferrite composites. 
 

 

EXPERIMENTAL 
 

 High-purity AR grade Li2O3, NiO, ZnO, and Fe2O3 powders are used as starting ma-

terials. The oxides were taken in adequate amounts and ground for 4 h in an agate mortar in 
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acetone medium. The above mixtures were sintered at 900 °C for 10 h. Resultant fine pow-

ders were milled again in an agate mortar for 2–3 h, mixed with 2–3 drops of poly-vinyl al-

cohol as a binder, and compacted into pellets 10 mm under a pressure of about 7 ton/inch2. 

The schematic diagram of synthesis is shown in Fig. 1. 

 

 
Figure 1: Schematic diagram of synthesis and characterization of Li0.5Ni0.6Zn0.15Fe2O4 (Q), 

Li0.5Ni0.5Zn0.25Fe2O4 (R) ferrite samples. 

 

 

RESULT AND DISCUSSION 

X-RAY DIFFRACTION ANALYSIS 

 

 
Figure 2: XRD pattern of Li0.5Ni0.6Zn0.15Fe2O4 (Q), Li0.5Ni0.5Zn0.25Fe2O4 (R) ferrite 

samples. 
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 XRD pattern of synthesized Li0.5Ni0.6Zn0.15Fe2O4 (Q), Li0.5Ni0.5Zn0.25Fe2O4 (R) ferrite 

samples is shown in Figure 2. Indexing of the peaks in XRD pattern is done by JCPDS 

(Joint Committee on Powder Diffraction Standards) card no. 10-0325. Analysis of XRD 

pattern using Bragg’s reflection planes (111), (220), (311), (222), (400), (422), (511), (440) 

and (622) indicates the formation of cubic spinel structure. Interplanar spacing is calculated 

using Bragg’s equation (12-13) given by equation [1]. 

 

 sin2dn =                [1] 

 

where ‘n’ is order of diffraction, λ wavelength of x rays (0.154nm) and ‘d’ is interplanar 

spacing. For cubic spinel structure, interplanar spacing in terms of Miller indices is given 

by the equation: 

 

222 lkh

a
d

++
=     [2] 

 

 In X-ray diffraction the formula which relates the crystallite size to the broadening of a 

peak in diffraction pattern is Debye-Scherrer’s formula which is given by the equation: 

 





cos

9.0
=D             [3] 

 

where D is average crystallite size, λ wavelength of incident X-ray and β angular line 

width of half maximum intensity (FWHM).  

 

 Dislocation density (δ) represents the amount of defects in the sample and is calculated 

using equation [4]: 

2

1

D
=          [4] 

 

 The micro-strain is defined as the deformation of an object divided by its effective 

length and is represented by ‘ε’: 

4

cos
 =            [5] 

  

 The distance between magnetic ions (hopping length) in tetrahedral A site (LA) and 

octahedral B site (LB) were calculated using the following relations: 

 

4

3a
LA =  and 

4

2a
LB =         [6] 

where ‘a’ is lattice constant.                

 

 The calculated values of crystallite size (D), lattice constant (a), unit cell volume (V), 

dislocation density (δ), micro-strain (ε) and hopping lengths LA and LB of Q and R samp-

les are tabulated in Table 1.  
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Table 1. Crystallite size, lattice constant, unit cell volume, dislocation density, microstrain 

(ε) and hopping lengths (LA and LB) of Q and R samples 

 

Sample Li0.5Ni0.6Zn0.15Fe2O4 (Q) Li0.5Ni0.5Zn0.25Fe2O4 (R) 

Crystallite Size (D) (nm) 118.38 111.83 

Lattice constant (a) (Ȧ) 8.378 8.397 

Volume (a3) (Ȧ3) 588 591 

Dislocation density (δ) (m-2) 9.01x 10+13 8.85x 10+13 

Microstrain (ε)  3.15 x 10-4 3.2 x 10-4 

Hopping Length (Ȧ) LA = 3.627 LB = 2.962 LA = 3.636 LB = 2.967 

 

SCANNING ELECTRON MICROSCOPE (SEM) ANALYSIS 

 

 The SEM image of Q and R ferrite sample particles are shown in Figure 3. The particles 

are observed to be various shapes like granular, cubic, cuboidal and regular octahedron. 

Sizes of particles observed in the range of few micrometres. The size of particles is smaller 

for R sample compared to Q. The sharpness of the edges of particles increased in R sample. 

 

     

       (a)             (b) 

Figure 3: SEM image of (a) Li0.5Ni0.6Zn0.15Fe2O4 (Q), and (b) Li0.5Ni0.5Zn0.25Fe2O4 (R) 

ferrite samples 

 

 

FOURIER TRANSFORM INFRARED (FT-IR) STUDIES 

 

 Figure 4 shows the Fourier Transform Infrared (FTIR) spectrum of Li0.5Ni0.6Zn0.15Fe2O4 

(Q), Li0.5Ni0.5Zn0.25Fe2O4 (R) ferrite samples. Waldron (14) observed that both absorption 

bands of ferrites are due to the familiar tetrahedral octahedral M-O stretching vibration 

modes. The spectrum of Q and R ferrites under investigation reveals the formation of a 

cubic spinel structure showing two significant absorption bands, at 520 cm-1 and around 

420 cm-1 corresponding to high frequency band ν1 and low frequency band ν2 arising from 

tetrahedral (A) and octahedral (B) interstitial sites respectively (15). 
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Figure 4. FTIR spectra of Li0.5Ni0.6Zn0.15Fe2O4 (Q), Li0.5Ni0.5Zn0.25Fe2O4 (R) ferrite samples 

 

COLE-COLE PLOT 
 

 
    (a)     (b) 

Figure 5. Cole-Cole plot of (a) Li0.5Ni0.6Zn0.15Fe2O4 (Q), (b) Li0.5Ni0.5Zn0.25Fe2O4 (R) ferrite 

samples 
 

 Complex impedance graphs also known as Cole-Cole plots cater a detailed image of the 

microstructural resistances involved in particle interactions. The Cole-Cole plot of Q & R 

ferrite samples are shown in Figures 5(a) & 5(b) respectively. In Cole-Cole plots, maxima 

of the arc point towards resonance condition corresponding contribution from grain boun-

dary and grain. This is usually observed in oxide ceramics, where low frequency arc is as-

signed to grain boundary contribution and high frequency arc is assigned to grain contribu-

tion (16).  

 Single semicircle behaviour is usually due to the contribution from the grain or intrinsic 

bulk contribution (R1, C1), whereas, two or more successive semicircles are account of 

contributions from grain boundary (R2, C2) and/or electrodes (R3, C3) in a polycrystalline 

material. In our Li0.5Ni0.6Zn0.15Fe2O4 (Q), Li0.5Ni0.5Zn0.25Fe2O4 (R) ferrite samples a single 

semicircle is found to lie below the real axis thus suggests a non-Debye type of relaxation 

process due to the contribution from the grain or intrinsic bulk contribution (R1, C1). The 

diameter of the semicircles corresponds to the resistance of the grain and grain boundaries. 

The plot shows that as the zinc concentration increases, the diameter of the semicircle va-

ries imposing direction on the change in resistance of the grain interior and grain boundary.  



APTEFF 55 (2024) 47-52   Durgadsimi et al. 

52 

CONCLUSIONS 

 

 The spinel Li0.5Ni0.6Zn0.15Fe2O4 (Q), Li0.5Ni0.5Zn0.25Fe2O4 (R) ferrite samples have been 

synthesized by solid state reaction method. X-ray diffraction (XRD) pattern show lattice 

constant 8.378 Å (Q), 8.379Å (R). The crystallite size of the samples is observed to be in 

the range of 110-120 nm (Debye-Scherrer method). The two bands in FTIR spectra are 

observed in the range of 520 cm-1 and 420 cm-1 for both samples confirming the tetrahedral 

and octahedral interstitial sites. The XRD and FTIR analysis confirms the formation of 

cubic spinel structure. The SEM images show variety of structures with size in the range 

few micrometres. The Cole-Cole plots show the contribution to electrical conductivity only 

due to grain boundary in both samples. 
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This study aimed to develop a single quality index of Serbian (IS) and Mongolian (IM) Chaga (Ino-

notus obliquus) extracts obtained by different types of extraction. Microwave-assisted extraction (MW), 

ultrasonic-assisted extraction (VAE), and supercritical water extraction (SWE) were used to prepare the 

extracts. Seven quality parameters of a mushroom extract were considered, including the free radical 

scavenging capability determined by the 1,1-diphenyl-2-picrylhydrazyl (DPPH•) and 2,2'-azino-bis (3-

ethylbenzothiazoline-6-sulfonic acid) (ABTS•+) assays, the ability to chelate ferrous ions (Fe2+), as well 

as the total amount of phenolic compounds, proteins, polysaccharides, and glucans. The mentioned pa-

rameters were used to define the total quality index (TQI). Based on TQI scores SWE can be recommen-

ded as the most effective type of extraction (favors the yield) of total phenolic compounds (TPC), total 

extracted proteins (TEP), total polysaccharides (TPS), total glucans (TG), and antioxidant assays. Fi-

nally, TQI results for seven quality parameters, derived from six Chaga samples using SWE at 200 °C, 

showed the best overall quality for both the IS and IM extracts. 

Keywords: antioxidant activity, Chaga, Inonotus obliquus, quality index, quality parameters. 

 

INTRODUCTION 

 

 I. obliquus, also known as Chaga, is a parasitic species most often found on birches and 

other trees in the forests of the Circumboreal Region of the Northern Hemisphere. Although 

well-known in traditional medicine, chemical analysis revealed that I. obliquus produces di-

verse secondary metabolites, including phenolic compounds, melanins, and triterpenes (1, 

2), thus represents a source of valuable antibacterial, anti-inflammatory, anti-tumor, anti-

oxidant, and immunostimulating components (3). 

 Today, with the growing nutraceutical sector, the industry is competing on several le-

vels including production technology (such as green extraction techniques), sustainability, 

as well as the final product’s quality (4). Managing these processes can be optimized by 

applying quality tools like TQI. This approach in production management enables the 

selection of the desired parameters (of importance) without the restriction on their number 

(5). Based on the TQI score, the production can be modified to achieve the highest quality 

taking into consideration the previously set requirements.  

 This study aimed to determine the quality of Serbian and Mongolian Chaga extracts ob-

tained by different green types of extraction (subcritical water extraction, ultrasonic, and 

microwave extraction). To compare the quality of six mushroom extracts, a single total 

quality index (TQI) was calculated using seven quality parameters. These parameters inclu-

ded the ability to scavenge free radicals as determined by ABTS•+, DPPH• and Fe2+ assays, 

as well as the total amount of phenolic compounds, proteins, polysaccharides, and glucans. 
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EXPERIMENTAL 

 

MUSHROOM MATERIAL 

 

 Two strains of the mushroom I. obliquus (Chaga) originating from the Vlasina moun-

tain, Republic of Serbia (IS), and from the forest area of Mongolia (IM) were used. The 

mushrooms were identified based on taxonomic characteristics and descriptions that can be 

found in monographs. After identification, carpophores were air-dried at 40 °C to constant 

mass (Heratherm IGS60 incubator, Germany) and ground to fine particles in a Ciclotech 

mill (Tecator, Hoganas, Sweden) using a 0.5 mm sieve and then stored in the dark until 

analysis. Representative fruiting body specimens are deposited in the herbarium in the 

collection of the Department of Industrial Microbiology, University of Belgrade - Faculty 

of Agriculture. 

 

EXTRACTION TECHNIQUES 

 

 MW was performed using a modified home microwave (NN-E201W, Panasonic, Japan) 

and appropriate glass apparatus with a round flask and condenser. Microwave frequency 

(50 Hz) was applied, and the extract was obtained by treating Chaga powder (10g) + with 

water (100mL) using microwave power of 470 W for 30 min as described by Vladić et al. 

(6). Additionally, VAE was conducted in a sonication water bath (EUP540A, Euinstru-

ments, France) to obtain an extract from Chaga powder (10g) mixed with water (100mL) at 

a frequency of 40 kHz and ultrasonic power (60 W/L) for 60 min as described by Vladić et 

al. (6). SWE was carried out using a batch-type high-pressure extractor (Parr Instrument 

Company, Moline, IL, USA). The extraction procedure and apparatus details have been 

previously described by Vladić et al. (7). The extraction was conducted at the temperature 

of 200 °C (SWE 200 °C), while the pressure (30 bar) was kept constant during the 20 

minutes extraction time.  

 

Table 1. Extract codes of Serbian and Mongolian I. obliquus obtained by different types of 

extraction 

 

No. Extraction codes Type of extraction 

1 IS MW H2O microwave-assisted extraction Chaga from Serbia 

2 IS VAE H2O ultrasound-assisted extraction Chaga from Serbia 

3 IS SWE 200 °C subcritical water extraction Chaga from Serbia 

4 IM MW H2O microwave-assisted extraction Chaga from Mongolia 

5 IM VAE H2O ultrasound-assisted extraction Chaga from Mongolia 

6 IM SWE 200 °C subcritical water extraction Chaga from Mongolia 

 

DETERMINATION OF POLYSACCHARIDE, PROTEIN, AND PHENOL CONTENT 

 

 TPS was determined by the phenol-sulfur acid method with D-glucose as a standard (8). 

Protein concentrations were determined using the method of Bradford (9) and a standard 

calibration curve was constructed using bovine serum albumin (BSA) in the concentration 

range of 0.1-1.0 mg/mL. TEP in the extracts were expressed as g BSA equivalents per 100 g 
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dry weight of the extracts. TPC was measured according to the method described by Petro-

vić et al. (10). The results were expressed as gallic acid equivalents (GAE) per dry weight 

of the extracts (11). 

 

DETERMINATION OF TOTAL GLUCANS CONTENT (TG) 

 

 TG was determined in the extracts using the Mushroom and Yeast β-glucan Assay K-

YBGL09/2009 (Megazyme Int., Wicklow, Ireland). The β-glucan content was calculated by 

subtracting the α-glucan from the total glucan content. All values of glucans content were 

expressed as g of D-glucose equivalents per 100 g of dry matter. 

 

ANTIOXIDATIVE POTENTIAL IN VITRO 

 

 Different methods corresponding to different mechanisms of antioxidant activity were 

used to measure the antioxidant properties of the tested samples in vitro. The DPPH• and 

ABTS•+ scavenging activity assays were done according to the modified method of Doroški 

et al. (12). The results were expressed using the standard curve equation and the difference 

between the absorbance of the control and extract samples. The ability of mushroom 

samples to chelate ferrous ions (Fe2+) was tested based on the microplate assay described by 

Vunduk et al. (13). 

 

TOTAL QUALITY INDEX OF MUSHROOM EXTRACTS 

 

 To calculate the quality index, the following quality parameters have been selected: TPS 

(mg Glu/g DW of extract); TEP (mg BSA/g of extract); TPC (mg GAE/g of extract); TC 

(100 mg Glu/g DW of extract); DPPH• (1.25 mg/mL); Fe2+ chelating ability (1.25 mg/mL); 

ABTS•+ (1 mg/mL).  

 To calculate the TQI of mushroom extracts, the following rule was applied for all selec-

ted quality parameters: “the higher value, the better quality” rule using the following for-

mula: 

 

𝑄𝐼𝑗 = |
𝑥𝑚𝑎𝑥−𝑥𝑖

𝑥𝑚𝑎𝑥−𝑥𝑚𝑖𝑛
|, xi ≤ xmax 

 

where Xi is the measured value; xmax is the maximal value and xmin is the minimal value 

in the subset of values for the unique QI. 

 To evaluate all samples to identify the one with the best overall characteristics, the total 

quality index approach, based on the investigations of Horn and Johnson (14) and Djekić et 

al. (15, 16) was used. The result is interpreted as „the lower the TQI value, the better the 

overall quality". All QIN indices as components of the Euclidean norm vector were used to 

represent the total quality index (TQI): 

 

𝑇𝑄𝐼 = √∑(𝑄𝐼𝑗)2

𝑁

𝑗=1
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STATISTICAL ANALYSIS 

 

 SPSS Statistics 17.0 and Microsoft Excel 2010 were used for statistical data analysis. 

One-way analysis of variance (ANOVA), Tukey's post hoc test, least significant difference 

(LSD) was applied with statistical significance at the p < 0.05 level. 

 

 

RESULTS AND DISCUSSION 

 

 Quality indices for quality parameters - TPC, TPS, TEP, and TG are presented in Table 

2. The best QI for the TPC parameter was achieved by the sample IS SWE 200 °C. No sta-

tistically significant difference was found in the quality of samples IS MW H2O and IM SWE 200 

°C. This study revealed that the type of extraction has an impact on the QI for TPC, while 

the effect of the solvent is negligible. In recent years, subcritical extraction, due to its many 

advantages, has become a useful substitute for conventional extraction methods. This 

environmentally friendly method that ensures higher yields of nutritional compounds was 

used by Seo and Lee (17). They reported that the amount of TPC in SWE extracts was 

affected by temperature and duration of extraction. Thus, it was found that the amount of 

TPC was 18 times higher in the extracts obtained at 250 °C for 30 min compared to extracts 

obtained at 50 °C for 10 minutes.  

 

Table 2. The quality indices (QI) for total phenolic compounds, total polysaccharides, total 

extracted proteins, and total glucans of I. obliquus extracts 

 

 
Note: Mean of three replicates ± standard deviation. Means in the same row with different lowercase letters are 

significantly different (p < 0.05). Abbreviations: IS - Serbian Chaga, IM - Mongolian Chaga, MW H2O - 

microwave-assisted extraction, VAE H2O - ultrasound-assisted extraction, SWE 200 °C - subcritical water 

extraction. TPC - total phenolic compounds; TPS - total polysaccharides; TEP - total extracted proteins; TG - total 

glucans. 

 

 Polysaccharides attract a lot of attention in medicine and the food industry due to their 

numerous biological activities. Previously published data indicate that polysaccharides 

obtained from I. obliquus have a wide range of properties such as anti-microbial (18), anti-

oxidant (19), antitumor (20), etc. IM SWE 200 °C showed the best quality for TPS and TG 

which can be attributed to the fact that the optimum temperature for the extraction of water-

soluble polysaccharides is around 200 °C (21). In a study conducted by Xi et al. (22), it was 

shown that increasing the temperature from 160 to 190 °C resulted in an increase in the 

content of polysaccharides from 85 mg/g to 132 mg/g. Similar to TPC, IM VAE H2O had 

the worst quality index for TPS and TPC, while IS Chaga samples obtained by microwave 

and ultrasonic extraction showed no statistically significant difference between these two 

chemical parameters. According to the previous work of Chen et al. (23), ultrasonic and 

microwave extraction shorten the extraction time and improve the yield of polysaccharides 

but not enough in comparison to SWE. These researchers claimed that the glucan content 

was lowest in VAE because the low temperature prevented efficient glucan extraction. The 

QI 

  IS MW H2O IS VAE H2O IS SWE 200°C IM MW H2O IM VAE H2O IM SWE 200°C 

TPC 0.28±0.01b 0.7±0.05d 0a 0.6±0.01c 1e 0.28±0.03b 

TPS  0.8±0.02c 0.81±0.01c 0.50±0.08b 0.96±0.04d 0.99±0.02d 0a 

TEP  0.49±0.25 0.64±0.32 0.65±0.36 0 0.49±0.41 0.16±0.17 

TG  0.84±0.01c 0.84±0.02c 0.03±0.02b 0.93±0.00d 1e 0a 
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best quality index value for proteins was achieved by the IM VAE H2O sample while a sta-

tistically significant difference for this parameter was not determined in other samples. 

 Mushrooms are rich nutritional and medicinal resources with various pharmacological 

functions and are attractive for study as a highly valuable functional food ingredient (24). 

Chaga known for its strong antioxidant effect, is primarily associated with phenolic com-

pounds, which are key molecules capable of scavenging free radicals (20). Antioxidant activi-

ty was tested using various methods. To better understand the antioxidant potential of dif-

ferent extracts. The quality indices for ABTS•+ scavenging ability were significantly different 

for the tested extracts at a concentration of 1 mg/ml. Thus, IM SWE 200 °C showed the best 

quality in this case. The tested extracts showed higher or comparable ABTS•+ scavenging ac-

tivities than the synthetic antioxidant catechin. Previously, Seo and Lee (17) found that the 

highest ABTS•+ value of 97.8% was detected in the SWE extract obtained at 250 °C for 30 

minutes, which was 6 times higher than the value reached by the extract obtained at 50 °C for 

60 minutes. 

 This research showed that the IM MW H2O sample exhibited the highest quality, while 

on the other hand the IS MW H2O and IS VAE H2O samples had the lowest (Table 3).  
 

Table 3. The quality indices (QI) for antioxidant properties of I. obliquus extracts 
 

 
Note: Mean of three replicates ± standard deviation. Means in the same row with different lowercase letters are 

significantly different (p<0.05). Abbreviations: IS - Serbian Chaga, IM - Mongolian Chaga, MW H2O – micro-

wave-assisted extraction, VAE H2O - ultrasound-assisted extraction, SWE 200°C - subcritical water extraction. 

 

Extracts obtained using SWE did not show statistically significant differences in the abi-

lity to reduce free DPPH• radicals. The difference compared to the ABTS•+ scavenging abi-

lity can be explained by the different reactivity of the tested samples with the selected ra-

dical species. For example, while the ABTS•+ test can show specificity towards a certain 

structure of the examined compounds, the DPPH• test specifically recognizes functional 

groups such as –OH and –NH3+ (25). Xu et al. (21) reported that active substances extracted 

using ultrasound-assisted technique showed higher antioxidant activity than those extracted 

using conventional extraction methods. Regarding the evaluation of the chelating ability of 

ferrous ions, the IS VAE H2O sample reached the best quality. Additionally, no statistically 

significant difference was between IS VAE H2O, IS SWE 200 °C, and IM VAE H2O samp-

les for this assay. 

 Samples IM SWE 200 °C and IS SWE 200 °C showed the best overall quality based on 

the seven selected parameters, as represented in Figure 1. On the contrary, the samples IS 

VAE H2O and IM VAE H2O received the highest points, but their overall quality was the 

worst. These results suggest that SWE is an effective method for the extraction of polysac-

charides and phenolic compounds from Chaga. A significant improvement in the yield of 

these compounds was observed using SWE at high temperature. This model was previously 

applied in the evaluation of the quality of Pleurotus ostreatus mushroom extracts (5). The 

authors reported that the quality of mushroom extracts increased with increasing pomace in 

the substrate, as pomace content affected the extract's chemical composition and antioxi-

dant potential. 

QI 
 IS MW H2O IS VAE H2O IS SWE 200°C IM MW H2O IM VAE H2O IM SWE 200°C 

ABTS•+ 0.07±0.02ab 0.94±0.07d 0.48±0.00c 0.11±0.06b 0.99±0.02d 0a 

DPPH• 0.96±0.06c 0.97±0.05c 0.44±0.19ab 0.09±0.16a 0.27±0.32ab 0.59±0.09bc 

Fe2+ 0.27±0.17b 0a 0.20±0.14ab 1c 0.23±0.06ab 0.77±0.01c 
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Figure 1. Total quality index (TQI) of parameters derived from the analyzed parameters of 

mushroom extract.  
 

Note: IS - Serbian Chaga, IM - Mongolian Chaga, MW H2O - microwave-assisted extraction, VAE H2O - 

ultrasound-assisted extraction, SWE 200 °C - subcritical water extraction. 

 

 

CONCLUSION 

 

 TQI is stated as a benchmark tool for providing cost-effective management in organi-

zations and production. Depending on the production requirements a specific set of parame-

ters of interest can be selected to reflect the needs of the specific industry or consumers. 

When it comes to mushroom-based nutraceuticals and functional food, the amounts of po-

lysaccharides, proteins, phenolics, etc. are often listed as of the utmost importance. Hereby, 

we demonstrated the application of TQI when deciding upon the use and selection of green 

extraction techniques applied to medicinal Chaga mushrooms. When the extraction yield of 

bioactive compounds is the goal, SWE could be recommended as the best technique.  
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This study investigates the optimization of Earth-Air Tunnel Heat Exchanger (EATHE) systems for 

maximizing air temperature reduction in Algeria's Timimoun region. Employing a Response Surface 

Methodology approach and Ansys Fluent 16.2 software, we meticulously analyze the influence of critical 

parameters on air temperature reduction: pipe depth, length, air velocity, and thermal conductivity of 

PVC and high-density polyethylene (HDPE) pipes. twenty-six simulations were conducted to optimize 

these parameters. The results reveal a significant influence of all investigated factors on air temperature 

reduction. Pipe depth emerged as the most influential factor, accounting for (56.22 %) of the temperatu-

re variance. This was followed by pipe length (28.26 %), air velocity (4.88 %), and pipe thermal conduc-

tivity (4.21 %). Based on these findings, we recommend prioritizing deeper placements (4 m), longer pi-

pes (18 to 20 m), and air velocities below 3 m/s. For moderate-temperature applications, HDPE pipes 

offer a favorable choice. 

Keywords: Earth-Air Tunnel Heat Exchanger (EATHE), Response Surface Methodology, Thermal 

Efficiency, Timimoun Region 

 

 

INTRODUCTION 

 

Buildings are responsible for approximately 40% of global energy consumption and con-

tribute to one-third of energy-related greenhouse gas emissions (1). This heightened energy 

demand stems from population growth, economic expansion, and rising living standards 

(1). Space heating and cooling account for a significant portion of this usage, with 32–33 % 

of building sector energy consumption and 39 % of its energy-related CO2 emissions when 

considering upstream power generation (2, 3). Therefore, improving energy efficiency and 

integrating renewable energy sources (RES) in both new and existing buildings presents a 

critical opportunity to reduce energy consumption and greenhouse gas emissions, while si-

multaneously driving advancements in research and technology (4). The scientific commu-

nity has diligently explored energy-efficient solutions for space conditioning using RES 

over recent decades, with the aim of promoting energy conservation and environmental pro-

tection (5, 6). Among these alternative energy sources, geothermal energy stands out for its 

sustainability and versatility in applications like space heating and cooling, district heating 

systems, and industrial processes (7). Specifically, Earth-Air Heat Exchangers (EAHEs) re-

present a promising technology within Earth-source heat exchange. Their ability to preheat 
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incoming air in winter and facilitate cooling in summer makes them highly effective in 

reducing building heating and cooling loads (8). 

Figure 1 illustrates the operating principle of the EATHE system. A blower at the inlet 

controls the airflow speed. The buried pipes, situated 1 to 6 meters below the surface, carry 

the forced airflow. In colder seasons, the incoming air is preheated by the warmer subsur-

face soil through convection and conduction. Conversely, during warmer seasons, the air is 

cooled by the cooler subsurface soil. This conditioned air then facilitates energy-efficient 

building cooling. 

 

 
Figure 1. Schematic of (EATHE) System. 

 

Several previous studies have investigated the thermal performance of (EAHE) using 

various modelling approaches. Benhammou and Draoui (9) developed a transient one-di-

mensional model for summer cooling in the Algerian Sahara, validating it against experi-

mental data and showing good agreement. Their sensitivity analysis revealed that pipe 

length positively affects daily mean efficiency, while pipe cross-section and air velocity 

have negative impacts. Similarly, Papakostas et al. (10) compared two one-dimensional 

models, finding deviations of less than 10% compared to measurements and highlighting 

the simplicity and accuracy of this approach. Su et al. (11) constructed a one-dimensional 

numerical sub-model for air temperature and moisture content calculations, while Ni et al. 

(12) developed a validated one-dimensional steady-state model for performance analysis 

and regression modelling. Li et al. (13) presented a novel 1D-2D hybrid model for both 

shallow and deep EAHE systems, concluding that the optimal pipe depth depends solely on 

depth. Xamán et al. (14) employed a pseudo-transient conjugate heat transfer model in two 

dimensions to evaluate the thermal behavior of an EAHE under various climatic conditions. 

The application of Statistical (DoE) as a powerful tool for process optimization is well-

established (15, 16). Within DoE methods, FFD, (RSM), and the Taguchi method offer 

distinct approaches to planning and conducting experiments. Both RSM have been utilized 

to evaluate, model, and optimize the impact of process parameters on product quality 

characteristics (17). The Taguchi method is particularly attractive due to its effectiveness, 

simplicity, and systematic approach (18). Full factorial design, on the other hand, excels at 

unravelling complex interactions and pinpointing key parameters for optimization (19). 

Numerous researchers have employed various DoE approaches to investigate factors in-

fluencing ground-to-air heat exchangers. This review highlights a selection of these studies, 
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emphasizing the importance of optimization in EAHE systems for achieving distinct opti-

mal conditions in both winter and summer. For instance, one study employed a full factorial 

design to identify key factors influencing temperature regulation within an EAHE system 

(19). This experimental approach validated the predictive model and suggested future 

research directions for enhancing sustainable heating and cooling technologies. 

Another study, focusing on optimizing an EAHE in Peshawar, Pakistan, utilized the Res-

ponse Surface Method (RSM) (20). This research established the significance of pipe para-

meters through analysis of variance (ANOVA) and demonstrated the EAHE's effectiveness 

in reducing temperatures by 15–18 °C for livestock building cooling. The study also intro-

duced a novel regression model to predict temperature variations (ΔTi-o) and cooling capa-

city (CC) based on critical factors, ultimately delineating optimal design configurations for 

the EAHE to enhance animal comfort through parametric analysis (20, 21). 

Similarly, another investigation employed the Taguchi method to optimize EAHE per-

formance through a validated Computational Fluid Dynamics (CFD) model (22). The study 

explored four parameters: pipe diameter, length, inlet air velocity, and temperature. This 

analysis led to the derivation of optimal parameter combinations for maximizing tempera-

ture reduction and heat transfer efficiency. The subsequent statistical analysis revealed the 

significant influence of inlet air temperature on temperature reduction and pipe diameter on 

heat transfer rate (22). 

Furthermore, research has extended to developing and validating TRNSYS models, 

which were subsequently, optimized using the Taguchi methodology (23). This culminated 

in a refined design configuration encompassing specific values for window-to-wall ratio, 

glazing type, insulation thickness, and earth tube dimensions, ultimately aiming to optimize 

solar radiation absorption and heat transfer within the system (23). 

Motivated by the growing interest in (EATHE) systems under diverse conditions and 

modelling techniques, this study investigates performance improvement for air conditioning 

buildings in Timimoun, Algeria. Our primary objective is to reduce reliance on fossil fuels 

and promote environmental sustainability. To achieve this, a mathematical model is develo-

ped using (RSM) to predict the outlet air temperature. This model allows us to analyze the 

impact of various factors on the EATHE's cooling performance. Subsequently, recommen-

dations are formulated for optimizing parameter values to maximize the system's perfor-

mance in this specific region. 

This paper presents a three-part investigation of (EATHE) system. The first part, "Buil-

ding and Validating the Model" utilizes ANSYS Fluent to simulate the system. This section 

details the physical model, mesh distribution, governing equations, assumptions, boundary 

conditions, solution technique, convergence analysis, and validation of the simulation mo-

del. The second part, "Methodology," outlines the (RSM) approach and data analysis proce-

dures. Here, the focus is on establishing the statistical significance of factors through ana-

lysis of variance (ANOVA) and method to determining the percentage contribution of 

parameters. Finally, the "Simulation and Analysis" part presents simulations for the Timi-

moun region, Algeria. This section encompasses parametric analysis, simulation results, ex-

ploration of factor combinations, single-factor experiments, optimization using a Response 

Surface Methodology, and the analysis of each parameter's contribution. 
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BUILDING AND VALIDATING THE MODEL 

 

PHYSICAL MODEL AND MESH DISTRIBUTION 

 

 The study employs Ansys Fluent 16.2 software to simulate the EATHE system, focu-

sing on the physical model. The methodology involves: 

• Utilizing ANSYS Workbench's DESIGN MODELER for constructing and refining 

the simulation model. 

• The computational domain was divided into three sub-domains: "domain-air," "do-

main-soil," and "domain-pipe," as illustrated in figure 2 and 3. This division facilita-

tes a detailed analysis of heat transfer within each individual sub-domain. 

• Tube length: 20m; inner diameter: 0.1 m; tube wall thickness: 0.01 m. 

• The surrounding soil was modelled with a thickness of 0.49 m, as informed by the 

observational study of (24). The air's influence extended to a depth of 0.25 m within 

three hours, expanding to 0.3 m and 0.45 m after five and eight hours, respectively. 

 
Figure 2. Physical Model of (EATHE) System. 

 
 

Figure 3. Sectional View of the (EATHE). 

 

REGARDING MESH DISTRIBUTION 

 

• Employing hybrid 3D meshing (hexahedral and tetrahedral), Figure 4 shows mesh 

results. 

• Choosing element sizes of 0.02 m. 

• All input parameters in the validation case were set precisely to match the field 

experiment conditions, as shown Table 1. 
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Figure 4. Meshing Model for EATHE with Hybrid 3D Meshing (Hexahedral and 

Tetrahedral). 

 

Table 1. Input Parameters for Validation Matching Field Experiment Conditions 

 

Parameter Units Values 

Outer diameter m 0.11 

Inner diameter m 0.1 

Length m 20 

PVC pipe (25)   

Thermal conductivity W/m·K 0.16 

Specific heat J/kg·K 900 

Density Kg/m3 1380 

Soil (25)   

Thermal conductivity W/m·K 0.52 

Specific heat J/kg·K 1840 

Density kg/m3 2050 

Air (25)   

Thermal conductivity W/m·K 0.02 

Specific heat J/kg·K 1006 

Density kg/m3 1.22 

Operating conditions   

inlet temperature for validation (21) K 313.15 

inlet temperature for Grid-Independence Study (22) K 319.15 

soil temperatures at depths of 3 m (21) K 300.2 

Initial air velocity (21) m/s 5 

 

GOVERNING EQUATIONS 

 

 This study employed ANSYS Fluent 16.2 to develop a 3D numerical model simulating 

heat transfer within the fluid flow. The model incorporates constant, turbulent, and incom-

pressible airflow conditions. Thermal energy equations were employed to determine the 
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temperature distribution within both the pipe and the surrounding soil. Furthermore, the 

model solved the continuity, momentum, and energy conservation equations for the steady-

state fluid domain inside the pipe. 

 

 Continuity equation (26): 
𝜕𝑢

𝜕𝑥
+

𝜕𝑣

𝜕𝑦
+

𝜕𝑤

𝜕𝑧
= 0          [1] 

 

 Law of energy conservation (22): 

 

𝑢
𝜕𝑇

𝜕𝑥
+ 𝑣

𝜕𝑇

𝜕𝑦
+ 𝑤

𝜕𝑇

𝜕𝑧
= 𝛼 [

𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2 +
𝜕2𝑇

𝜕𝑧2]         [2] 

 

 X-momentum equation (27): 

 

𝑢
𝜕𝑢

𝜕𝑥
+ 𝑣

𝜕𝑢

𝜕𝑦
+ 𝑤

𝜕𝑢

𝜕𝑧
= −

1

𝜌

𝜕𝑝

𝜕𝑥
+ 𝜗 [

𝜕2𝑢

𝜕𝑥2 +
𝜕2𝑢

𝜕𝑦2 +
𝜕2𝑢

𝜕𝑧2]  [3] 

 

 Y-momentum equation: 

 

𝑢
𝜕𝑣

𝜕𝑥
+ 𝑣

𝜕𝑣

𝜕𝑦
+ 𝑤

𝜕𝑣

𝜕𝑧
= −

1

𝜌

𝜕𝑝

𝜕𝑦
+ 𝜗 [

𝜕2𝑣

𝜕𝑥2 +
𝜕2𝑣

𝜕𝑦2 +
𝜕2𝑣

𝜕𝑧2]  [4] 

 

 Z-momentum equation: 

 

𝑢
𝜕𝑤

𝜕𝑥
+ 𝑣

𝜕𝑤

𝜕𝑦
+ 𝑤

𝜕𝑤

𝜕𝑧
= −

1

𝜌

𝜕𝑝

𝜕𝑧
+ 𝜗 [

𝜕2𝑤

𝜕𝑥2 +
𝜕2𝑤

𝜕𝑦2 +
𝜕2𝑤

𝜕𝑧2 ]    [5] 

 

 In Equations [1]-[5], p and T represent the pressure and temperature of the flowing air, 

and u, v, and w represent the velocity components in the x, y, and z directions. 

 Equations for transport in the realizable k-epsilon model (26). 

 
𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑗
(𝜌𝑘𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇

𝜇𝑡

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜖 − 𝑌𝑀 + 𝑆𝑘      [6] 

𝜕

𝜕𝑡
(𝜌𝜖) +

𝜕

𝜕𝑥𝑗
(𝜌𝜖𝑢𝑗) =

𝜕

𝜕𝑥𝑗
[(𝜇

𝜇𝑡

𝜎𝜖
)

𝜕𝜖

𝜕𝑥𝑗
] + 𝜌𝐶1𝑆𝜖 − 𝜌𝐶2 ×

𝜖2

𝑘+√𝜈𝜖
+ 𝐶1𝜖

𝜖

𝑘
𝐶3𝜖𝐺𝑏 + 𝑆𝜖    [7] 

𝐶1 = 𝑚𝑎𝑥 [0.43,
𝜂

𝜂+5
] , 𝜂 = 𝑆

𝑘

𝜖
, 𝑆 = √2𝑆𝑖𝑗𝑆𝑖𝑗       [8] 

 

 The formulation Equations [6]-[8] comprises essential components: ρ represents the den-

sity of the fluid in kg/m³. Gk and Gb represent the generation of turbulence kinetic energy due 

to mean velocity gradients and buoyancy effects, respectively. YM accounts for the role of 

fluctuating dilatation in compressible turbulence on dissipation. Constants C1 and C2 shape 

the equations. Turbulent Prandtl numbers, σk for k and σε for ε, relate molecular diffusion to 

turbulent transport. Sk and Sε are user-defined source terms, allowing model customization. η 

is a variable related to turbulence quantities and is used in the definition of C1. 

 Eddy viscosity is calculated using data from Equation [9]: 

 

𝜇𝑡 = 𝜌𝐶𝜇
𝑘2

𝜖
      [9] 
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The model constants are: 

 

𝐶1𝜖 = 1.44, 𝜎𝜖 = 1.2, 𝐶2 = 1.9   [10] 

 

ASSUMPTIONS 

 

 In order to streamline the analysis, the numerical model incorporates several key assump-

tions: 

• The soil properties are assumed to be isotropic and constant, including attributes 

such as heat capacity and thermal conductivity. 

• The airflow within the system is considered incompressible, and its thermal pro-

perties are assumed to be constant. 

• The model incorporates both convective and conductive heat transfer processes. 

However, it neglects radiative and latent heat transfer effects. 

• The model assumes perfect thermal contact between the pipe and the surrounding 

soil, eliminating interfacial thermal resistance. Additionally, the temperature of the 

adjacent soil is presumed to be identical to the external surface temperature of the 

pipe. 

 

BOUNDARY CONDITIONS 

 

 The simulation incorporates various boundary conditions. At the EATHE inlet, the air 

velocity follows a perpendicular "Velocity Inlet" condition with a uniform velocity and 5% 

turbulence intensity, mimicking real airflow conditions (24). A zero-heat flux boundary 

condition is enforced on the inlet and exit faces of the EATHE to ensure consistent tempe-

ratures within the system. The upper and lower walls of the soil domain maintain isother-

mal states corresponding to the buried depth, accurately representing the surrounding soil's 

thermal behavior. Sidewalls remain adiabatic, reflecting their minimal influence on heat 

transfer processes within the EATHE. Distant boundaries in the soil domain have fixed 

temperatures, treating the soil conditions as constant in deeper layers to optimize computa-

tional efficiency while capturing essential heat transfer aspects. This approach aligns with 

the findings of numerous simulations (28, 29). A coupled heat transfer condition, with no-

slip conditions controlling velocity and temperature on duct surfaces, prevails at the soil-

pipe interface. This boundary condition plays a crucial role in capturing the interaction bet-

ween the soil and air within the EATHE.  

 

SOLUTION TECHNIQUE AND CONVERGENCE ANALYSIS 

 

 The simulation employed the pressure-based Navier-Stokes algorithm with the (SIMP-

LE) pressure-velocity coupling technique. The (LSCB) methodology and second-order 

schemes were used to solve pressure gradients. Second-order upwind techniques were em-

ployed for calculating kinetic energy and turbulent momentum. The model utilized the vis-

cous (k-ε) realizable turbulence model with a standard wall function and focused on the flow 

of incompressible fluids. The convergence criteria for continuity, velocities, (k-ε) (10-3), and 

the energy equation (10-3) were satisfied at each time step. A time step of 60 seconds was 

utilized. 
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GRID-INDEPENDENCE STUDY 
 

 To establish grid independence in the simulations, we conducted a study by varying ele-

ment sizes (0.12 m, 0.10 m, 0.06 m, and 0.02 m). The resulting EATHE outlet temperatures 

(presented in Table 2) showed minimal variations (305.038 K, 305.190 K, 305.290 K, and 

305.042 K). Compared to the finest grid (0.02 m), the largest temperature change was only 

0.082%, confirming grid independence. While all grids produced similar results, the 0.02 m 

element size was chosen for subsequent simulations to prioritize accuracy. This selection 

acknowledges the trade-off between computational efficiency and capturing potentially 

influential details within the EATHE system. 

 

Table 2. Outlet Temperature Fluctuations Across Different Grid Sizes in the Grid-

Independence Study 

 

Grid Size (m) 
Number of 

elements 

Outlet 

Temperature (K) 

Percentage Difference 

from Baseline 

0.02  1048773 305.042 - 

0.06 189159 305.290 0.0081% 

0.1 175456 305.190 0.0015% 

0.12 173732 305.038 0.0014% 

 

SIMULATION MODEL VALIDATION 

 

 To ensure the accuracy and reliability of our EATHE simulation model, a thorough vali-

dation process was undertaken. This process involved comparing our computational results 

with experimental data obtained by Misra et al. (30). As illustrated in Figures 5 and 6, the 

comparison revealed excellent agreement between the two models, with a relative error of 

only 0.2%. This close agreement confirms the credibility and validity of our simulation 

approach. 

 
Figure 5. Comparison of the present (CFD) results with experimental data from (30). 
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Figure 6. Temperature distribution within (EATHE) system after 1 hour of operation 

simulated using ANSYS Fluent software. 

 

METHODOLOGY 

 

RESPONSE SURFACE METHODOLOGY 
 

This study employed (RSM), a collection of statistical techniques ideal for optimizing 

processes influenced by multiple variables (31). RSM utilizes central composite design 

(CCD), which offers advantages like reduced experimental runs compared to full factorial 

designs, minimizing resource consumption (time, cost, materials) (32, 33). Here, CCD ex-

plores the influence of four key factors on Earth Air Thermal Heat Exchanger (EATHE) 

performance during summer: 
 

• X1 (Pipe Depth): Depth of underground pipes within the EATHE system. 

• X2 (Pipe Length): Length of pipes used within the EATHE system. 

• X3 (Air Velocity): Velocity of air flow through the system. 

• X4 (Pipe Thermal Conductivity): Thermal conductivity of the pipes, considering 

both PVC and HDPE materials. 
 

The real values of the independent variables (Xi) ranged from 2 to 5 m (X1), 10 to 20 m 

(X2), 3 to 6 m/s (X3), and 0.16 to 0.461 W/m·K (X4), as detailed in Table 3. To facilitate a 

comprehensive analysis of their combined effects, these real values were transformed into 

dimensionless independent variables (zi) using Equation [11]. This transformation assigns -

1 and +1 to the lowest and highest real values for each variable, respectively. In this con-

text, X0 represents the real value at the center point, and ΔXi signifies the step change (34). 
 

𝑧𝑖 =
𝑥𝑖−𝑥0

𝛥𝑥𝑖
                      [11] 

 

In CCD, the total number of unique runs in this study is as follows in Equation [12]: 
 

𝑅𝑢𝑛𝑠 = 2𝑘 + 2𝑘 + 𝑛𝑐 = 24 + 2(4) + 2 = 26   [12] 
 

• K represents the number of factors. 

• ncnumber of central points. 
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Table 3. Range of Independent Variables and Corresponding Dimensionless Values in 

CCD Approach 

 

Factor Parameter Units 
Low level 

(-1) 

Medium level 

(0) 

High level 

(+1) 

X1 Pipe depth  m 2 3.5 5 

X2 Pipe length  m 10 15 20 

X3 Air velocity  m/s 3 4.5 6 

X4 
Pipe thermal 

conductivity 
W/m·K 0.16 0.31 0.461 

 

 A second-order polynomial equation [13] incorporating linear, quadratic, and interacti-

on terms for the selected factors was used to predict the temperature response (y) in Kelvin. 

This approach enabled effective modelling and analysis of the experimental data (35). 

 

𝑇 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖 +𝑘
𝑖=1 ∑ 𝛽𝑖𝑖𝑥𝑖

2 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗𝑖<𝑗
𝑘
𝑖=1   [13] 

 

In this equation: 

 

• The intercept term β₀ represents the overall mean score. 

• βi, βii, and βij are the regression coefficients for the linear, quadratic, and interaction 

terms, respectively. 

• xi and xj denote the levels of the factors. 

 

DATA ANALYSIS 

 

 The statistical significance of each factor was assessed through an analysis of variance 

(ANOVA), with the p-value serving as the metric. This p-value represents the probability 

that observed effects in the model arise by chance alone (36). A lower p-value (<0.05) indi-

cates a higher degree of statistical significance for the associated term. To visualize the fac-

torial design and its effects, several graphical tools were employed, including examining 

individual factor effects and creating contour plots. All data analysis procedures were per-

formed using STATISTICA software (Stat Soft, Inc., USA) version 10, ensuring a rigorous 

and comprehensive assessment of the experimental results. 

 

THE PERCENTAGE CONTRIBUTION 

 

 Within the field of RSM, (CCD) is a widely used technique. However, even when em-

ploying a CCD design with its additional axial or star points to capture curvature and inte-

raction effects, assessing the individual percentage contributions of factors remains crucial 

for understanding their influence on the response variable. Equation [14] details the calcu-

lation for these contributions, where the sum of squares due to each factor is divided by the 

total sum of squares. 

 

Percentage contribution= (  
SSdue to factor

SStotal
) *100                     [14] 
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RESULTS AND DISCUSSION 

 

PARAMETRIC ANALYSIS OF EATHE IN TIMIMOUN REGIONS, ALGERIA 

 

This study investigated the thermal efficiency of (EATHE) within the Timimoun region 

of southern Algeria. The aim was to identify influential parameters and optimize them for 

improved performance. Using ANSYS Fluent software, 26 simulations were conducted. 

Table 4 summarizes the operating conditions and material properties. Soil properties for 

this region, along with ambient air temperature and soil temperatures at depths of 2 m, 3.5 

m and 5 m for August, were adopted from (37). 

 

Table 4. Input Parameters and Environmental Conditions for EATHE Simulation in the 

Timimoun Region, Algeria. 

 

Component Parameter Units Value 

PVC pipe Density Kg/m3 1380 

 Specific heat J/kg·K 900 

 Thermal conductivity W/m·K 0.16 

HDPE pipe Density Kg/m3 955 

 Specific heat J/kg·K 2300 

 Thermal conductivity W/m·K 0.461 

Sandy Clay Soil Density Kg/m3 1800 

 Specific heat J/kg·K 1340 

 Thermal conductivity W/m·K 1.55 

Operating conditions inlet temperature K 310.05 

 soil temperatures at depths of 2 m K 303.65 

 soil temperatures at depths of 3.5 m K 302.47 

 soil temperatures at depths of 5 m K 298.95 

 

SIMULATION RESULTS AND FACTOR COMBINATIONS FOR (EATHE) SYSTEM 

 

 Table 5 presents the simulation results of the (EATHE) system. It provides a detailed 

overview of temperature variations across different combinations of factors (pipe depth, 

pipe length, air velocity, and thermal conductivity for PVC and HDPE pipes). This table 

serves as a key platform for visualizing the findings of RSM. 

 

THE RESULTS OF SINGLE-FACTOR 

 

 An analysis of Figures 7a-d reveals several key factors influencing outlet temperature in 

(EATHE) system. Pipe depth exhibits a negative correlation with outlet temperature (Figure 

7a). Deeper pipes (5 m) lead to significantly lower outlet temperatures (301.562 K) compa-

red to shallower installations (2 m, 305.159 K). Notably, the rate of decrease is not uniform, 

with a steeper decline observed beyond 3.5 m depth. Similarly, pipe length (Figure 7b) de-

monstrates a negative correlation, with longer pipes (20 m) achieving lower outlet tempera-
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tures (303.4791 K) compared to shorter lengths (10 m, 305.8593 K). This indicates more 

efficient heat transfer with increased pipe length due to extended air-soil contact. 
 

Table 5. Simulation Results of EATHE System for Various Factor Combinations 

 

Run order 
Pipe depth 

(m) 

Pipe length 

(m) 

Air velocity 

(m/s) 

Pipe thermal 

conductivity 

(w/m·K) 

Outlet 

Temperature 

(K) 

1 2 10 3 0.16 306.369 

2 2 10 3 0.461 305.74 

3 2 10 6 0.16 307.282 

4 2 10 6 0.461 306.449 

5 2 15 4.5 0.3105 305.156 

6 2 20 3 0.16 304.582 

7 2 20 3 0.461 304.164 

8 2 20 6 0.16 305.414 

9 2 20 6 0.461 304.621 

10 3.5 10 4.5 0.3105 305.686 

11 3.5 15 3 0.3105 303.798 

12 3.5 15 4.5 0.16 304.899 

13 3.5 15 4.5 0.3105 304.448 

14 3.5 15 4.5 0.3105 304.448 

15 3.5 15 4.5 0.461 304.016 

16 3.5 15 6 0.3105 304.633 

17 3.5 20 4.5 0.3105 303.557 

18 5 10 3 0.16 303.665 

19 5 10 3 0.461 302.576 

20 5 10 6 0.16 305.25 

21 5 10 6 0.461 303.804 

22 5 15 4.5 0.3105 301.562 

23 5 20 3 0.16 300.567 

24 5 20 3 0.461 299.842 

25 5 20 6 0.16 302.01 

26 5 20 6 0.461 300.642 

 

 Air velocity (Figure 7c) shows a positive correlation with outlet temperature, with a mo-

dest increase observed from 303.77 K (3 m/s) to 304.75 K (6 m/s). However, the rate of rise 

diminishes at higher velocities, suggesting a trend of diminishing returns. Finally, pipe ther-

mal conductivity (Figure 7d) exhibits a negative correlation with outlet temperature. Higher 

conductivity (0.416 W/m·K) results in lower outlet temperatures (304.0506 K) compared to 

lower conductivity (0.16 W/m·K, 304.9599 K). This indicates more efficient heat transfer 

with higher conductivity, leading to improved cooling performance. 
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Figure 7a. Impact of Pipe Depth on 

Outlet Temperature. 

Figure 7b. Impact of Pipe Length on 

Outlet Temperature. 

 

  
Figure 7c. Impact of Air Velocity on 

Outlet Temperature. 

Figure 7d. Impact of Pipe Thermal 

Conductivity on Outlet Temperature. 

 

OPTIMIZATION BY RSM 
 

 This study employed regression analysis to develop a predictive model for the tempe-

rature inside the (EATHE) system utilizing data generated by the numerical model. The co-

ded factors obtained from RSM served as input variables for the model, resulting in a first-

order polynomial equation, Equation [15]. 
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    [15] 

 

 The (ANOVA) results (Table 6) revealed a highly significant model (F-value = 379.22, 

p-value < 1.122e-12), indicating that the model explains a substantial portion of the varia-
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tion in outlet temperature. All main effects (X1-Pipe depth, X2-Pipe length, X3-Air velocity, 

X4-Pipe thermal conductivity) and several interaction terms (X1X2, X1X3, X1X4, X3X4) 

along with some quadratic terms (X1
2, X2

2, X4
2) were statistically significant (p-value < 

0.05). This suggests that the influence of one factor on outlet temperature can be dependent 

on the level of another factor (interaction) and the relationships between factors and tempe-

rature might not be entirely linear. Terms X2X3 and X2X4 with p-values exceeding 0.1000 

were considered non-significant. The high values of Predicted R² (0.9905) and Adjusted R² 

(0.9953) indicate a good model fit with the data, and the small difference between them 

suggests the absence of over fitting due to insignificant terms. Furthermore, the Adeq Preci-

sion value (77.587) being much larger than 4 demonstrates a high signal-to-noise ratio, 

implying the model's reliability for navigating the design space and making predictions. 

 

Table 6. ANOVA for RSM model 

 

Source SS df MS F-value P-value 

Model 87.928 14 6.280 379.219 1.12e-12 

X1 49.531 1 49.531 2990.647 9.42e-15 

X2 25.494 1 25.494 1539.340 3.57e-13 

X3 4.304 1 4.304 259.882 5.32e-09 

X4 3.711 1 3.711 224.121 1.16e-08 

X1X2 1.673 1 1.673 101.062 7.01e-07 

X1X3 0.287 1 0.287 17.362 0.0015 

X1X4 0.238 1 0.238 14.423 0.0029 

X2X3 0.05 1 0.050 3.077 0.1071 

X2X4 0.03 1 0.03 1.812 0.2053 

X3X4 0.155 1 0.155 9.408 0.0107 

X1
2 2.058 1 2.058 124.284 2.46e-07 

X2
2 0.343 1 0.343 20.710 0.00082 

X3
2 0.0041 1 0.0041 0.2477 0.6284 

X4
2 0.0993 1 0.0993 5.9995 0.0322 

Residual 0.1821 11 0.0165   

Lack of Fit 0.1821 10 0.0182   

Pure Error 0 1 0   

Total SS 88.11103 25    

R² =0.9979; R²Adj=0.9953; R²Pre=0.9905. Adeq. Precision=77.587 

  

 Response surface plots, including contour and surface representations, are crucial in de-

termining optimal response values and operational conditions (38). Figures 8 and 9 present 

contour and surface plots of the interaction between pipe length and depth, air velocity, and 

pipe depth. These plots illustrate that reducing air velocity to 3 m/s or lower, employing a 

pipe depth of 4 m, and extending pipe length all lead to temperatures below 301 K. This 

outcome can be attributed to the longer residence time of slower-moving air within the heat 

exchange system. This extended exposure facilitates increased heat exchange with the sur-

rounding soil, resulting in a temperature reduction. Additionally, greater pipe depth provi-

des access to subsurface layers with more stable and cooler temperatures compared to the 
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surface due to the earth's insulating properties. Consequently, deeper pipe depths allow for 

harnessing cooler temperatures. To optimize the cooling performance of (EATHE) system, 

maintaining air velocities below 3 m/s and using pipe depths of 4 meters or more is recom-

mended. These adjustments ensure consistent cooling by minimizing turbulence-related 

temperature fluctuations and capitalizing on the subsurface cooling potential.  
 

  
Figure 8. Interaction of Pipe Depth and Pipe Length: Contour and Surface Plots. 

 

  
Figure 9. Interaction of Pipe Depth and Air Velocity: Contour and Surface Plots. 

  
Figure 10. Correlation between Pipe Length and Pipe Thermal Conductivity: Contour and 

Surface Plots. 
 

 Figure 10 demonstrates the correlation between pipe thermal conductivity and pipe 

length, highlighting their impact on temperature outcomes. Increasing pipe thermal conduc-
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tivity and length decreases temperatures from 306 K to 301.75 K. This phenomenon occurs 

because higher thermal conductivity enhances heat transfer in high-density polyethylene 

(HDPE) pipes, while the opposite effect is observed in polyvinyl chloride (PVC) pipes. The 

conductivity of 0.461 W/m·K for HDPE facilitates temperatures below 303.5 K with a 15-

meter pipe length. However, achieving the same temperature with lower conductivity in 

PVC requires a 19-meter length. This material-dependent difference necessitates adjusting 

pipe lengths to achieve desired temperatures. Therefore, it is recommended to use HDPE 

pipes with higher conductivity and extend lengths to 18 meters or more for optimal cooling. 

 

PERCENTAGE CONTRIBUTION OF EACH PARAMETER 

 

 The contributions calculated using Equation [13] and visualized in Figure 11 shed light 

on the relative influence of each parameter on the response variable's variability. The re-

sults reveal that "pipe depth" (X1) exerts the most significant influence, accounting for 

56.21 % of the variability. This is followed by "pipe length" (X2) with a contribution of 

28.29 %. Both "air velocity (X3) and "pipe thermal conductivity" (X4) contribute conside-

rably less, at 4.88 % and 4.21 %, respectively. These percentage contributions offer valu-

able insights into the hierarchy of factors impacting the system's performance. 

 

 
 

Figure 11. Relative Influence of Parameters on Response Variability: Insights from 

Percentage Contributions. 

 

 

CONCLUSIONS 

 

In conclusion, this research leveraged Ansys Fluent and a comprehensive factorial de-

sign approach to enhance the thermal efficiency of (EATHE) in Algeria's Timimoun region. 

Twenty-six simulations and subsequent ANOVA analysis yielded the following key fin-

dings: 

• Deeper pipe depths, facilitating greater heat dissipation, lead to lower temperatures. 

Elongated pipes exhibit an inverse relationship between length and temperature due 
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to amplified heat dissipation effects. Conversely, increased air velocities result in 

higher temperatures, negatively impacting overall cooling efficiency. 

• Significant differences in pipe thermal conductivity highlight the distinct characte-

ristics of materials. Notably, higher thermal conductivity in HDPE pipes leads to 

cooler temperatures compared to PVC pipes. 

• The ANOVA analysis underscores the statistically significant influence of factors 

such as pipe depth, pipe length, air velocity, and pipe thermal conductivity on ther-

mal efficiency outcomes. 

• Response surface and contour plots reveal valuable insights into optimal operational 

configurations. These visualizations highlight the importance of maintaining air ve-

locities below 3 m/s, longer pipes (18 to 20m) and employing pipe depths exceeding 

4 meters for enhanced cooling effectiveness. 

• The correlation between pipe thermal conductivity and pipe length highlights 

HDPE's superior heat transfer capabilities. 

• Percentage contribution analysis identifies "pipe depth" (X1) as the most influential 

factor, accounting for 56.21 % of the variability, followed by "pipe length" (X2) with 

a significant 28.29 %. Meanwhile, "air velocity" (X3) and "pipe thermal conducti-

vity" (X4) play more minor roles, contributing 4.88% and 4.23%, respectively. 

• While prioritizing thermal efficiency, this study did not consider economic factors 

like material costs (HDPE vs. PVC) or construction. A life cycle cost analysis for fu-

ture research is recommended to assess the economic viability of EATHE systems 

with different materials and techniques. Additionally, exploring EATHE integration 

with renewables or storage holds promise for developing more sustainable and cost-

effective cooling solutions for Timimoun's climate. 

 

Table 7. Nomenclature 

 

EAHE Earth-to-Air Heat Exchanger 

RES Renewable Energy Sources 

CO2 Carbon Dioxide 

CCD Central Composite Design 

ANOVA Analysis of Variance 

RSM Response Surface Methodology 

FFD Full factorial design 

CFD Computational Fluid Dynamics 

TRNSYS Transient System Simulation Tool 

DoE Design of Experiments 

PVC Polyvinyl Chloride 

SIMPLE Semi-Implicit Method for Pressure-Linked Equations 

LSCB least squares cell-based 

HDPE High-Density Polyethylene 

X1 Pipe Depth 

X2 Pipe Length 

X3 Air Velocity 

X4 Pipe Thermal Conductivity 
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Yam is a highly perishable commodity lacking commercial utilization, like potato for French fries 

production. Frozen yam chips could be a panacea for its increased utilization as fries and export 

commodity for Nigeria. Hence, Yam (Dioscorea rotundata) Chips pre-treatment conditions (Salting, 

sulphiting, blanching) combined with dehydrofrozen storage for fries production was studied. Yam 

chips were pre-treated (Salting, sulphiting, and blanching), dehydrated (60 °C for 10 min), and sto-

red for five months at frozen temperature. Standard methods were used to determine the proximate 

composition, textural and sensory properties of yam fry samples. Yam fries proximate composition 

ranged as 5.19-11.33% (moisture), 14-36.92% (Fat), 0.74-2.34% (Protein), 0.67-2.01% (Crude 

fibre), 0.97-1.06% (ash), and 51.7-75.93% (carbohydrate). The range of the textural properties of the 

yam fries were hardness (27.38-442.13 N), energy to peak (0.07-0.87 N·m), gumminess (8.55-271.98 

N), chewiness (3.57-238.48 N), springiness (0.23-0.91 mm), stringiness (0.52-3.67 mm) and cohesion 

(0.1-0.75). Salted and blanched fried yam chips showed lesser variation in textural properties 

throughout storage. Sensory scores for appearance, aroma, taste, palatability, texture, and overall 

acceptability of the yam fries decreased as the storage duration of the yam chips increased, except for 

yam fries pre-treated by blanching and salting. The blanched and salted dehydrofrozen yam chips 

were acceptable by panelists until the fourth month of storage. High-quality and acceptable yam fries 

could be produced by combining salting and blanching of yam chips before dehydrofrozen storage. 

The commercial success of this product will reduce the huge post-harvest losses of yams and provide 

income to the farmers. 

Keywords: Yam fries, dehydrofrozen, salting, blanching, sulphiting. 

 

 

INTRODUCTION 

 

 Yam is commonly used as a food crop in many parts of the world and is often consumed 

as boiled, roasted, fried, mashed, or processed into flour, which is used to make bread, 

cakes, and other baked products. Yam belongs to the genus Dioscorea (Family Diosco-

reaceae), a widely consumed staple food in Nigeria (Tamiru et al., 2017). Yams are Nige-

ria's fifth most harvested crops, following after cassava, maize, guinea corn, and beans/ 

cowpeas (Nanbol & Namo, 2019). Yams are nutritious vegetables containing both macro- 

and micronutrients. Yam contains soluble and insoluble fiber, which can help reduce the 

risk of colon cancer and other digestive disorders (Bede & Zaixiang, 2021). 

 However, due to its high moisture content, large size, and high respiration rates, yam is 

highly perishable (Ferraro et al., 2016). Post-harvest losses of yam have been reported to 

range from 10-50% (Rees et al., 2012). The post-harvest losses stemmed from the fact that 

much of the yam cultivated is consumed fresh, and not much has been done to extend the 
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shelf life by value addition or in new product development. Yam tubers are usually stored 

under ambient tropical conditions, and changes in wholesomeness occur under such conditi-

ons. Diseases and pests’ infestations during storage also lead to spoilage (Kiaya, 2014; Olu-

wole et al., 2016). The effect of these storage methods on yam's composition, appearance, and 

physical properties created more need for further research into its utilization, pre-treatment, 

and storage.  

 Chemical and biological changes occur in yam during processing which affects some of 

the quality attributes of the final product (Oyinloye & Yoon, 2020; Xiao et al., 2017); hence 

pre-treatments are employed to minimize some of these undesirable changes. Pre-treatments 

include dipping the processed yams into food-grade preservatives such as sulphites and their 

derivatives, citric acid, and sodium chloride (Agyei-Amponsah et al., 2014; Bobo-García et 

al., 2020; Hamdan et al., 2022). Some foods are blanched by hot water or steam (Moscetti et 

al., 2019). Dehydrofreezing is also a pre-treatment operation that involves dehydration to an 

appropriate moisture level before freezing (Hajji et al., 2019; Hissham et al., 2023). The prior 

dehydration leads to a reduction in ice crystal formation in the cell during freezing; therefore, 

post-thawing quality of products, such as colour, texture, flavour, and nutrients are preserved 

(Ando et al., 2011). Previous research (Li et al., 2019; Setyawan et al., 2021; Suriya et al., 

2016) reported that dehydrofreezing is effective in producing high-quality yam flour with 

good sensory attributes and nutritional composition. 

 Yam fries can be made from different yams and prepared by boiling, baking, or frying 

(Ampofo et al., 2021). Yam fries are a popular food in Western Africa, especially in Nige-

ria. They are known by many names, such as Isu Dindin or Dundun. In recent years French 

fries have become popular in fast food restaurants in many tropical and developing countri-

es where yams are also produced in large quantities. Potatoes, used for French fries produc-

tion, are not locally available in many of these countries, thus making them expensive 

(Asogwa et al., 2017; Graham‐Acquaah et al., 2015). Using yam as a substitute for potato 

in French fries' production will not only make the fries more affordable. Still, it will also 

help reduce post-harvest losses and enhance its distribution network. 

 Yam is produced in large quantities in Nigeria and is a highly perishable commodity, 

and it has not been processed to any significant extent commercially like potatoes (Glover-

Amengor et al., 2013). Although Quansah et al. (2010) and Adedeji et al. (2022) reported 

the processing of yam tubers into frozen yam chips that can be used like frozen potato chips 

in baked or fried products, nonetheless the storability of the frozen chips was not conside-

red. To utilize the full potential of yam (Dioscorea spp.), given their contributory role in 

food security as a staple crop to a large number of the world's population (Nanbol & Namo, 

2019; Obidiegwu et al., 2020), the knowledge of its frozen storage will help to promote its 

utilization in the production of fries and as an export commodity, thus contributing to the 

attainment of United Nations (UN) sustainable development goals (SDGs 1, 2 and 3), espe-

cially in the developing countries.  

 In Nigeria, yam exportation could not be feasible without adding value. Developed na-

tions are already used to consuming potatoes processed into frozen French fries (Wang et al., 

2023; Wijesinha-Bettoni & Mouillé, 2019). This is often obtained from supermarkets and 

other retailers' houses. This is possible because they have a standardized processing procedure 

which is lacking in Nigeria. Thus, yam does not have the desired level of patronage that can 

significantly minimize post-harvest losses. The Nigerian economy could be improved if stu-

dies and manufacturing processes were standardized for frozen yam chips. The present study 

evaluated yam (Dioscorea rotundata) chips' pre-treatment conditions (salting, sulphiting, and 

blanching) combined with dehydrofrozen storage for fries production. 
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MATERIALS AND METHODS 

 

MATERIALS 

  

 Fresh Yam tuber of D. rotundata cv. was purchased from the local market in Saki, Oyo 

state Nigeria. Ziploc bag, sodium metabisulphite, sodium Chloride, and vegetable oil 

(Kings®) were obtained for yam chips processing. 

 

EQUIPMENT 

 

 Yam slicer (Chipper), solar powered Haier Thermocool freezer (HTF-2191HA/IW), 

Bosch Food dehydrator (BS 6605, China), 9 L steamer (Tosco 20116, ST11, China) were 

used for processing and storage of yam chips. 

 

PROCESSING OF YAM CHIPS 

 

 Yam tubers were processed into frozen yam chips, like frozen potato chips in baked or 

fried products. Rapid yam peeling was done manually with a knife and chipped using yam 

chippers into a 1 cm x 1 cm chip surface. Afterward, the chips were washed with clean wa-

ter before applying the pre-determined pre-treatments as shown in the experimental design 

(Table 1), before storage at frozen temperature (-20 °C) for five months.  

 

Table 1. Experimental design for Yam pre-treatment 

 

 Sample code Treatment 

1 SOG Salting only  

2 SUP Sulphiting only 

3 BLG Blanching Only 

4 SBA Salting and blanching 

5 SPG Sulphiting and blanching 

6 SUT Untreated 

 
 Samples were salted only by soaking the chipped yam (100 g) in 100 ml water contai-

ning 2% NaCl. Sulphiting was done by submerging 100 g of chipped yam in 100 ml of wa-

ter containing 1% sodium metabisulphite. Blanching was done using the steamer (Tosco 

20116, ST11, China) operated at 80 °C for 3 min. Other samples involve the combination 

of salting, sulphiting, and blanching operations. After the yam sample pre-treatment, resi-

dual moisture on the yam surface was removed by a food dehydrator (Bosch 6605, China) 

operated at 60 °C for 10 min before frozen storage. The procedure for the preparation of 

yam chips is presented in Figure 1. 
 

STORAGE CONDITIONS OF YAM CHIPS  

 

 The pre-treated and dehydrated yam chip samples were packaged individually in Ziploc 

packaging films and stored in the solar-powered Haier Thermocool freezer at freezing con-

ditions.  
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Yam (Fully matured) 

↓ 

Washing 

↓ 

Sorting (Removal of defective and small tuber) 

↓ 

Peeling 

↓ 

Trimming 

↓ 

Cutting (Cutting into strips by strip cutter) 

↓ 

Sorting of strips 

↓ 

Blanching/Salting/ Sulphiting 

↓ 

Removal of excess moisture 

↓ 

Packaging  

↓ 

Storage in frozen condition (temperature -20°C)  

 

Figure 1. Flow chart for processing of yam chips 

 

FRYING OF YAM CHIPS 

 

 Frozen yam chips were fried from stored samples using a deep fryer to manufacture 

yam chips fry for further analysis and sensory evaluation. The process is shown in Figure 2. 

 

Taking out yam chips from storage 

↓ 

Thawing to room temperature 

↓ 

Deep Frying 

↓ 

Yam chips fry 

 

Figure 2. Flow chart for frying of yam chips 

 

PROXIMATE COMPOSITION OF YAM CHIPS 

 

 The moisture, crude fiber, ash, and protein content of fried yam chips were determined 

in triplicate by the analysis methods of the Association of Official Analytical Chemists 

(AOAC, 2005). Briefly, the Soxhlet extraction of 5 g of yam chips samples determined the 

fat content. The Kjeldhal method, which involves the digestion of 5 g fried yam chips, and 

the distillation and titration, determined the protein content. A Muffle furnace operated at 

550 °C was used to determine the ash content of 2 g of fried yam chips, while a forced 

draught oven operated at 105 °C determined the moisture content of the fried yam chips.  
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The crude fiber content was determined by boiling 2 g of fried yam chips with H2SO4 

under reflux, followed by NaOH, before ashing. The fried yam chips' carbohydrate content 

and energy value were determined by difference and Atwater factor (Crude protein = 3.82, 

Crude fat= 8.37, and Carbohydrate= 4.16), respectively. 

 

TEXTURE PROFILE ANALYSIS (TPA) 

 

 The fried yam chips texture profile analysis was done by the Testometric materials tes-

ting machines (0500-10080, Lancashire, England) using a winTest™ analysis approach. The 

machine is operated with 0.5 N preload, 50% deflection, 100 mm probe diameter, and 60 

mm/min preload speed. The parameters determined were hardness (N), springiness, Adhesi-

veness (N·s), cohesiveness, Chewiness (N), gumminess (N), Energy to peak (N·m), and 

stringiness (mm). 

 

SENSORY ANALYSIS 

 

 Thirty semi-trained panelists did the sensory evaluation of the fried yam chips to deter-

mine differences in the appearance, aroma, taste, palatability, and texture of yam fries from 

the different treatments. The average panelist's score on appearance, aroma, taste, palata-

bility and texture of yam fries determined the overall acceptability. Panelists were provided 

with (coded) samples on paper plates and were instructed to score them on a 9-point hedo-

nic scale. 

 

STATISTICAL ANALYSIS 

 

 The data reported from the study were averages of triplicate observation. The results 

were analyzed using SPSS version 21.0, and the mean and standard error of the mean 

(SEM) of the triplicate analysis were calculated. The analysis of variance (ANOVA) was 

performed to determine significant differences between the mean (p<005). Correlation 

analysis was used to establish the model treatments for the optimum quality of yam chips 

and French fries. 

 

RESULTS AND DISCUSSION 

 

PROXIMATE COMPOSITION OF FRIED YAM CHIPS 

 

 The result of the proximate composition of the fresh and fried yam chips is presented in 

Table 2. The moisture and fat content of the raw and fried yam chips were significantly 

different at p<0.05. Specifically, the moisture content of the fresh yam chips (61.21%) was 

significantly higher than that of the fried yam chips (5.19-11.33%), whereas the fat content 

of the fresh yam chips (0.41%) was significantly (p<0.05) lower than that of the fried 

samples (14-36.92%) irrespective of the duration of storage. The values obtained for mois-

ture and fat content agree with the study by Ojokoh & Gabriel (2010), which reported that 

the moisture content of fresh yam chips was significantly higher than that of fried yam 

chips, while the fat content of fresh yam chips was significantly lower than that of fried 

samples. Another study by Sobukola et al. (2008) found that the moisture content of fried 

yam chips decreased with increased frying time. The frying process is responsible for the 

changes in moisture and oil content in yam chips. During frying, moisture is displaced with 
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oil in the yam chips. Frying is both a cooking and a dehydration process that involves the 

transfer of heat and moisture. Heat is transferred from the hot oil to the yams during frying, 

providing enough energy to vaporize the moisture from the chips, while oil is absorbed 

simultaneously (Dodoo et al., 2022). 
 

Table 2. Proximate composition of Fresh yam and Yam fries 
 

 
Results as mean. Values in the row with the same letter as superscript are not significantly different from each 

other (p ≤ 0.05). SOG-salted yam chips; SUP - Sulphited yam chips; BLG-Blanched yam chips; SBA-salted and 

blanched yam chips; SPG-sulphited and blanched yam chips; SUT-untreated yam chips. 

 

 Fried yam chips pre-treated by salting only, blanching only, and non-treatment of yam 

chips showed no significant difference in their moisture content throughout the five months 

of frozen storage. However, the moisture content of yam chips samples sulphited, salted 

before blanched, and sulphited before blanched decreased during storage, although this de-

crease was not significant (p<0.05) for 2 ½ and 5 months of yam chips storage. The de-

crease in moisture content of fried yam chips could be linked to drip losses during thawing. 

There was variation in drip loss of dehydrofrozen yam chips due to different pre-treatment 

conditions and duration of storage. This variation could be due to differences in the chips' 

mechanical behavior due to differing pre-treatment conditions and storage duration. Liu et 

al. (2021) demonstrated variation in the mechanical behaviour of fruit and vegetables due to 

differences in pre-drying conditions. 

 The fat content of fried yam chips increased as the duration of storage increases. The 

increase in fat content could have been caused by possible cellular damage of the yam chips 

during storage, thus making the yam chips absorb more fat due to losses in moisture. All 

samples except the salted and blanched yam chips had a significant (p<0.05) increase in the 

protein content of the fried yam chips as the duration of yam chips storage increased. 

However, the increase was not significant for fried samples from salted yam chips for 2 ½ and 

5 months of yam chips storage. Frying increased the crude fibre composition of the fried yam 

chips, and the percentage of crude fibre was highest at five months of storage for all samples. 

An increase in crude fibre due to frying could be attributed to the loss of moisture due to 

evaporation during the frying process (Vora & Srinivasan, 2015) and possible cellular damage 

(Chen & Tengku, 2020).  

  Moisture Fat Protein Crude fibre  Ash Carbohydrate Energy 

Raw yam RYY 61.21a 0.41i 1.46bc 0.67p 0.97efg 33.82m 149.70j 

0 Month SOG 8.245c 18.44gh 1.44bc 1.4h 0.98defg 75.93a 421.88i 

 SUP 11.33b 20.5fg 0.86de 1.11l 0.97efg 65.23def 446.22g 

 BLG 7.32cd 14i 0.85de 1.06m 0.99cdef 75.78a 435.66gh 

 SBA 10.46b 18.75gh 1.7b 0.96o 1.01bcd 67.11cde 442.63g 

 SPG 11.76b 16.805h 0.8de 1.3i 1.00cde 68.33bcd 427.98hi 

 SUT 6.62cde 19gh 0.74e 1.02mn 0.96fg 71.66b 459.96f 

2½ Month SOG2 8.26c 27.19de 2.37a 1.32i 0.955g 59.92ghi 485.86de 

 SUP2 6.3cde 25.71e 1.61bc 1.01n 1.03abc 64.35ef 488.98d 

 BLG2 6.94cde 25.71e 1.45bc 1.47g 1.05ab 63.40fg 484.46de 

 SBA2 5.31e 21.58f 1.125cde 1.16k 1.06a 69.77bc 475.17e 

 SPG2 7.44cd 30.73c 1.21bcde 1.26j 1.02bc 58.35ij 504.51c 

 SUT2 15.68a 25.27e 1.51bc 1.26j 1.01bcd 55.27jk 447.20g 

5th Month SOG3 7.32cd 28.34cd 2.34a 1.90c 1cdef 59.1hi 491.99d 

 SUP3 6.35cde 36.92a 2.4a 1.64f 1cdef 51.7l 533.24a 

 BLG3 6.45cde 34.2b 1.76b 1.96b 0.97fg 54.68kl 520.35b 

 SBA3 5.19e 28.75cd 1.41bc 1.74d 1cdef 61.91fgh 503.58c 

 SPG3 7cde 25.89e 1.51bc 2.01a 1cdef 62.6fgh 482.84de 

 SUT3 5.68de 30.05c 1.31bcd 1.70e 0.98defg 60.28ghi 507.27c 

 1 
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 For all treatments explored in this study, the ash content of the fried yam chips was not 

significantly different (p<0.05) for the 5-month frozen storage. The ash content was highest 

for the salted and blanched yam chips sample at 2 ½ months of storage. The carbohydrate 

content obtained by difference showed that the highest carbohydrate content for each treat-

ment [SOG (75.93), SUP (65.23%), BLG (75.78), SPG (68.33) and SUT (71.66)] was obtai-

ned from fried yam chips produced before storage. However, the Salted and blanched (SBA) 

yam chips had its highest carbohydrate content of 69.77% at 2 ½ months of storage. As the 

storage duration increased, the carbohydrate content of the fried yam chips of salted, sulphi-

ted, and blanched samples decreased. The decrease in carbohydrate content during storage 

could be linked to drip losses that occurs during thawing. Irrespective of the treatment method 

used, the energy content was highest for fried yam chips produced at five months of fried yam 

chips storage. Generally, as the storage duration increased, the energy value of the fried yam 

chips increased significantly (p<0.05) for each treatment. This could be due to the higher fat 

content of fried yam chips caused by an increase in the absorption of frying oil (Damto & 

Chala, 2019), occasioned by cellular damage that occurred via freezing.  

 

TEXTURAL PROPERTIES OF FRIED YAM CHIPS 

 

 Textural properties, a quality index for consumer acceptability of fried chips and fries, 

were investigated in this work. The effect of yam chip treatment and storage on the textural 

properties of fried yam chips is presented in Figure 3. The range of the textural properties of 

the yam fries were hardness (27.38-442.13 N), energy to peak (0.07-0.87 N·m), gumminess 

(8.55-271.98 N), chewiness (3.57-238.48 N), springiness (0.23-0.91 mm), stringiness (0.52-

3.67 mm) and cohesion (0.1-0.75). The hardness (The peak force required to cut through yam 

chips) for fried yam chips from blanched, salted before blanching, and salted yam chips 

decreased as the storage duration increased. In comparison, the stored sulphited (SUP and 

SPG) and untreated yam chips samples had an initial decrease for the first two months of 

storage and a sudden increase in hardness, which later decreased during subsequent storage.  

 The energy to peak did not reflect a regular pattern of change in the fried yam chips. 

The cohesiveness (the degree to which the fried yam chips are compressed between the 

teeth before they break) of fried yam chips from salted and sulphited (SPG and SUP) yam 

chips decreased as the storage duration increased. In contrast, that of untreated yam chips 

increased with the duration of storage. However, blanched only and salted before blanching 

samples did not show a defined pattern of variation in their cohesiveness during storage. 

Generally, blanched yam chips did not show a regular pattern of change in their gummi-

ness, chewiness, energy to peak, springiness, stringiness, and chewiness during storage.  

 Salted and blanched fried yam chips showed lesser variation in their textural properties 

throughout storage than others. This indicates reduced structural cell damage when the pre-

treatment of salting or blanching is adopted before dehydrofreezing. The fried yam chips 

from sulphited and blanched yam chips showed lesser variation in their hardness and sprin-

giness. In contrast, sulphited-only yam chips showed reduced variation in their chewiness 

and gumminess during storage. Reduced structural damage for blanched yam chips in this 

study corroborated previous reports that blanching significantly enhanced the textural pro-

perties of plant tissue after frying (Tiwari et al., 2018). Blanching causes starch gelatiniza-

tion and thus reduces oil absorption of yam during frying, consequently improving its tex-

tural property. Also, Tiwari et al. (2022) reported that the increased firmness of plant tissue 

by blanching is attributable to the loss of non-fibre components and an increase in dry mat-

ter content. 
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Figure 3. Textural Properties of Yam Fries 

 

SENSORY PROPERTIES OF FRIED YAM CHIPS  

 

 The sensory ranking of fried yam chips produced from stored yam chips for five months 

is depicted in Figure 4. The result showed that aside from samples BLG and SOG, the 

sensory scores for appearance, aroma, taste, palatability, texture, and overall acceptability 

of the fried yam decreased as the storage duration of the yam chips increased. The panellist 

adjudged that fried yam chips stored up to 2 months without yam chips pre-treatment were 

acceptable, whereas samples BLG and SOG were still sensorially ranked acceptable until 

the 4th month of storage. Generally, for all fried yam chips from stored yam chips, the sen-

sory panellist for the first two months of storage was not significantly different from fried 
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yam chips from fresh yam before storage. Considering the aforementioned pre-treated de-

hydrofrozen yam chips studied in this work did not show a significant variation in all the 

sensory parameters studied. At the same time, the blanched and salted dehydrofrozen yam 

chips were acceptable by panellists until the fourth month of storage. Also, the work of 

(Oluwole et al., 2016) reported that the heat treatment given to the raw yam chips by blan-

ching positively influenced the sensory attributes of the resulting Deep-fried yam chips. 

However, the salting could have acted as a natural preservative and flavourant, impeding 

the yam chips storage to remain acceptable for the consumers (Sen, 2021). 
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Figure 4. Radar chart for sensory acceptability of yam fries 

 

PRINCIPAL COMPONENT ANALYSIS 

 

 Principal component analysis has been reported to be a significant chemometric tool for 

obtaining information from primary data (Granato et al., 2018). Yam fries’ quality parame-

ters of proximate composition, textural and sensory properties were analyzed by principal 

component analysis. As presented in Table 3, the first four principal components accounted 

for 83.13% of the total variation. The quality of yam fries was significantly explained by 

the first principal component, which accounted for the highest percentage of variation 

(43.6%). The factor loadings indicated that the first principal component was dominated by 

the yam fries sample produced before the storage of yam chips.  
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 Concerning the biplot (Figure 5), the yam fries sample produced from pre-treated yam 

chips lies on the positive side of the first principal component and clusters with moisture 

and all sensory and textural properties except stringiness, thus indicating their positive cor-

relation. At the same time, samples of yam fries produced from frozen-stored yam chips lie 

on the negative side of the first principal component and form a cluster with fat, protein, 

crude fibre, ash, carbohydrate, energy, and stringiness, thus their correlation.  

 The correlation result (Table 4-6) at a 5% significance level indicated that stringiness 

positively correlated with all sensory parameters except aroma and palatability. Also, cohe-

siveness positively correlated with all sensory parameters except aroma. In contrast, only 

the protein content of yam fries positively correlated with taste and overall acceptability. 

The moisture content of the yam fries positively correlated with stringiness, chewiness, 

hardness, and cohesiveness. Meanwhile, yam fries' fat, protein, and ash content positively 

correlated with springiness, energy-to-peak, and gumminess, respectively. 

 

Table 3. Eigenvalues of First Four Principal Components 

 

PC Eigenvalue % variance Cumulative percentage (%) 

1 8.72036 43.602 43.602 

2 4.495 22.475 66.077 

3 2.19405 10.97 77.047 

4 1.2169 6.0845 83.1315 

 

 

 
Figure 5. Biplot of the proximate, sensory and textural Properties of Yam fries  
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Table 4. Pearson's correlation between proximate composition and textural properties of 

the yam fries  

 

 

Stringi-

ness 

Energy 

to peak 

Gum-

miness 
Chewiness Hardness Springiness Cohesiveness 

Moisture 0.89b 0.64 0.73 0.89b 0.91b 0.16 0.95b 

Fat 0.08 0.27 0.00 0.01 0.02 0.83b 0.16 

Protein 0.13 0.88b 0.29 0.30 0.41 0.67 0.26 

Crude fibre 0.05 0.50 0.04 0.05 0.02 0.80 0.07 

Ash 0.33 0.70 0.81b 0.76 0.63 0.47 0.32 

Carbohydrate 0.05 0.24 0.00 0.01 0.02 0.35 0.08 

Energy 0.13 0.51 0.01 0.03 0.06 0.87 0.18 

b - Significant correlation at 5% level 

 

 

Table 5. Pearson's correlation between Textural properties and sensory parameters of the 

yam fries 

 

 
Appearance Aroma Taste Palatability Texture Overall acceptability 

Stringiness 0.94b 0.80 0.88b 0.66 0.86b 0.91b 

Energy to peak 0.10 0.12 0.09 0.06 0.04 0.25 

Gumminess 0.08 0.09 0.18 0.15 0.15 0.21 

Chewiness 0.14 0.17 0.15 0.12 0.16 0.32 

Hardness 0.05 0.06 0.06 0.04 0.04 0.13 

Springiness 0.45 0.33 0.54 0.39 0.55 0.43 

Cohesiveness 0.87b 0.74 0.96b 0.80b 0.85b 0.87b 

b - Significant correlation at 5% level 

 

 

Table 6. Pearson's correlation between proximate composition and sensory parameters of 

the yam fries  

 

 
Appearance Aroma Taste Palatability Texture Overall acceptability 

Moisture 0.14 0.18 0.28 0.19 0.22 0.11 

Fat 0.01 0.01 0.06 0.04 0.12 0.04 

Protein 0.10 0.32 0.85b 0.62 0.68 0.92b 

Crude fibre 0.22 0.14 0.22 0.26 0.45 0.23 

Ash 0.14 0.09 0.07 0.16 0.13 0.13 

Carbohydrate 0.03 0.05 0.14 0.09 0.21 0.13 

Energy 0.00 0.01 0.05 0.02 0.06 0.02 

b - Significant correlation at 5% level 
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CONCLUSION 

 

 The effect of salting, blanching, and sulphiting on the quality of fried yams from yam 

chips dehydrated and frozen for five months showed a significant variation in the proximate 

composition, textural properties and sensory acceptability of yam fries. Yam chips pretrea-

ted by salting only, blanching only, and non-treatment showed no significant difference in 

their moisture content throughout the five months of yam chips frozen storage. However, 

the moisture content of yam chips samples sulphited, salted before blanched, and sulphited 

before blanched decreased during storage compared with others. Salted and blanched fried 

yam chips showed lesser variation in their textural properties throughout storage. The 

blanched and salted dehydrofrozen yam chips were acceptable by panelists until the 4th 

month of storage. Therefore, high-quality and acceptable yam fries could be produced by 

blanching or salting yam chips before dehydrofreezing. 
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Oilseeds such as camelina and rapeseed are cultivated primarily for their high-quality oil. The oil de-

rived from both crops is characterized by a high content of unsaturated fatty acids, tocopherols, phenols, 

and vitamin E. The camelina and rapeseed oils are applied in various branches of industry including 

food, pharmaceutical, chemical, and for obtaining biofuels. These oilseeds synthesize a significant 

amount of protein. These oilseeds play a major role in addressing the growing issue of protein deficit in 

the diets of people worldwide because of their high protein content. Efforts in breeding are essential to 

develop genotypes with high yield and protein content, while also maintaining high oil content and 

ensuring adaptability to climatic changes. During 2022/2023, various genotypes of rapeseed and ca-

melina were grown in the experimental fields of the Institute of Field and Vegetable Crops Novi Sad in 

order to select varieties with ideal attributes. Among these, genotype NS Svetlana exhibited the highest 

oil content of 44.85 %, whereas genotype NS Dunav demonstrated the highest protein content of 24%. 

While camelina generally presented lower oil content compared to rapeseed, Genotype III stood out with 

a maximum oil content of 37.82%. Camelina also displayed significantly higher protein content than 

rapeseed. Protein content in camelina reached 26.59% in the case of Genotype I. 

Keywords: agricultural sustainability, breeding, camelina, high-yield verities, oilseeds, rapeseed, 

sustainable protein. 

 

 

INTRODUCTION 

 

 The exponential growth of the global population has intensified the search for sustai-

nable solutions to meet the growing demand for protein, ensure cleaner energy sources, and 

reduce environmental degradation. As a result, there has been intensive research on plants 

with high oil and protein content, such as rapeseed and camelina, in recent decades. 

 Rapeseed (Brassica napus) and camelina (Camelina sativa) belong to the Brassicaceae 

family (1). In recent decades, there has been a renewed interest in cultivating and impro-

ving the quality of these oil crops due to the diverse uses of their oil and protein. This re-

newed interest is driven by the escalating demand for alternative protein sources in the food 

industry and the pivotal role of their oil in diverse industrial applications, including bio-

diesel and biofuel production (1, 2, 3). 

 Rapeseed currently stands as the world's third ranked cultivated oilseed crop. The first 

rapeseed variety of the Institute of Field and Vegetable Crops was registered in 1997 under 

the name “Banaćanka”. Thriving in regions with a moderate climate and under optimal 

agroecological conditions, along with precisely formulated fertilizer and effective pest and 

disease control, rapeseed consistently yields remarkably high outputs (1-6). The ongoing 

five-year grain yield for this oilseed in Serbia currently stands at 3 tons per hectare and 
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continues to grow (6). Renewed interest in the cultivation of camelina emerged in the 

twentieth century. The first registered spring camelina varieties in Serbia, were NS Slatka 

and NS Zlatka (2). Compared to rapeseed, camelina exhibited lower soil quality require-

ments, a shorter growing period (85-100 days), cold hardiness, lower moisture needs, and 

superior resistance to diseases and pests (2, 7, 8, 9, 10). Rapeseed seeds typically contain 

between 40% and 48% of oil, with protein content spanning from 18% to 25% (3). In com-

parison to rapeseed, camelina has lower oil content (~36%), but higher protein content, ran-

ging from 24% to 35% (1, 3, 11, 12, 13). Camelina oil is distinguished by its higher pro-

portion of polyunsaturated fatty acids, approximately 60% (16), compared to rapeseed, 

which contains 30% to 40% polyunsaturated fatty acids (14). The predominant unsaturated 

fatty acid in camelina oil is α-linolenic (~35%), followed by linolenic fatty acid (~20%) 

while rapeseed oil contains a high content of oleic fatty acid (~60%) followed by linolenic 

(~30%) and α-linolenic (~10%) (8, 11, 16-20). Due to their fatty acid composition and other 

beneficial components (tocopherols, polyphenol and carotenoids), rapeseed and camelina 

oil are high-quality edible oils and have positive effects on consumers health (11, 17, 19, 

20). The oil derived from rapeseed and camelina finds diverse applications in human nu-

trition, the food industry, and the pharmaceutical sector. Additionally, rapeseed and came-

lina oil serve as technical oils in the production of biodiesel and bio-jet fuel (8, 15).  

 After oil extraction, the rapeseed and camelina cake retain up to 40% of the protein and 

are most commonly used as animal feed (1, 2). While some plant proteins may contain 

lower levels of amino acids such as methionine and cysteine, rapeseed and camelina prote-

ins contain sufficient quantities of these amino acids. However, the quantity of lysine in 

these proteins is limited (2, 11, 15, 22, 23). Because of good digestibility and nutritional 

properties, rapeseed and camelina protein isolates can find applications in various food in-

dustries (15, 18, 24).  

 The breeding of camelina and rapeseed aims to improve the existing genotypes to in-

crease the seed oil and protein content with a sustainable yield. In addition to increasing 

seed oil and protein content, breeding is carried out to obtain genotypes of camelina and ra-

peseed with reduced antinutrient content (erucic acid and glucosinolates) (25-27). This stu-

dy investigates oil and protein levels in rapeseed and camelina seeds across different geno-

types to identify those with desirable content. Future breeding endeavours for rapeseed and 

camelina strive to develop high-yielding varieties with elevated oil and protein levels, po-

tentially benefiting diverse industries.  

 

 

EXPERIMENTAL 

 

MATERIALS 

 

 Fifteen genotypes of rapeseed and four genotypes of camelina (experimental lines) were 

cultivated on the fields of the Institute of Field and Vegetable Crops in Novi Sad at the site 

of Rimski Šančevi (latitude 45°20' N and longitude 19°51' E) at an altitude of 84 m and 

chernozem soil with the application of optimal agrotechnics for the plant species, during the 

2022/2023 season. Seven winter rapeseed hybrids (NS Ras, NS Vid, NS Pek, NS Vir, NS 

Div, NS Marin, NS Dunav) and eight winter varieties (NS Zlatna, NS Jasna, NS Anna, NS 

Ilia, NS Zorica, NS Kata, NS Jelena, NS Svetlana) were investigated. All tested camelina 

genotypes were experimental lines (which are not yet registered, and after registration they 

will get a commercial name) from the breeding program of the Institute of Field and Vege-
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table Crops. Rapeseed genotypes were planted with a spacing of 6 x 15 m, while camelina 

genotypes were planted with a spacing of 8 x 1.25 m, each replicated three times. Rapeseed 

was sown in winter, while camelina was sown in spring. The 2022/2023 season experienced 

a warm but extremely humid spring. Seed samples were collected from each genotype for 

assessment of seed quality traits, including oil and protein content, with three replicates.  

 

METHODS 

 

Chemical analyses 

 

The Maran analyzer, utilizing the NMR (Nuclear Magnetic Resonance) method deve-

loped by Granlund and Zimmerman (1975) (28), was employed to determine the oil con-

tent, expressed as a percentage of the seed. The total seed protein content was assessed 

through the standard Dumas procedure. These analyses were conducted in the chemical la-

boratory of the Institute of Field and Vegetable Crops, specifically in the Oil Crops Depart-

ment, located in Novi Sad, Serbia. 

 

Statistical analyses 

 

Data were processed using PCA (Principle Component Analysis) analysis using the 

computer program PAST 4.09.32.  

 

 

RESULTS AND DISCUSSION 

 

 The results of the analysis on the content of oil and protein in seeds of rapeseed geno-

types are shown in Table 1. PCA analysis was used to better understand the relationship 

between protein and oil content in the genotypes of camelina and rapeseed. 

 The average oil content across all genotypes was 43.35%. ranging from 41.22% to 

44.85%. These values are consistent with literary data stating that the oil content falls 

within the range of 41.5% to 46.9% (1-4. 13). Genotype NS Svetlana (44.85%) and NS 

Jelena (44.83%) exhibited the highest seed oil content. while NS Zorica (41.22%) and NS 

Ilia (41.49%) had the lowest. Similarly. the average seed protein content was 22.72%. va-

rying from 21.49% to 24.00% aligning with the literature stating that the seed protein con-

tent ranges from 18% to 25 % (1-4, 13). The highest seed protein content is in the geno-

types NS Marin (23.86%) and NS Zorica (23.80%), and the lowest in the NS Pek (21.49%) 

and NS Svetlana (21.51%) genotypes. Various studies have explored how genotype and 

growing conditions influence these parameters. It has been observed that the seed oil and 

protein content are negatively correlated (29-33). Pritchard et al. (31) concluded that ra-

peseed cultivation conditions significantly affect the content of these components. High 

temperatures during flowering (over 16 °C) and insufficient moisture during seed filling 

tend to reduce the oil content. Rapeseed cultivated in humid and colder regions has the po-

tential to produce seeds richer in oil (~41.4%). but poorer in protein (~20.1%) (31). In the 

2006/2007 season, various rapeseed genotypes were grown at the same site of the Institute 

of Field and Vegetable Crops Novi Sad, under wet and colder spring conditions. Rapeseed 

exhibited an average protein content of 17.25% and an average oil content of 45.69% (7), 

while genotypes grown during the 2022/2023 season had an average seed oil content of 

43.35% and an average seed protein content of 22.72%. 
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Table 1. Oil and protein content in the seed of 15 rapeseed genotypes grown in 2022/2023 

season at fields of Institute of Field and Vegetable Crops Novi Sad 

 

Rapeseed genotypes Oil (%) Protein (%) Oil + Protein (%) 

NS Ras 42.93 23.46 66.39 

NS Vid 44.31 22.31 66.62 

NS Pek 43.97 21.49 65.46 

NS Vir 44.00 22.64 66.64 

NS Div 43.88 22.50 66.38 

NS Marin 42.97 23.86 66.83 

NS Dunav 42.57 24.00 66.57 

NS Zlatna 43.92 23.06 66.98 

NS Jasna 43.73 21.92 65.65 

NS Anna 42.18 23.37 65.55 

NS Ilia 41.49 22.91 64.40 

NS Zorica 41.22 23.80 65.02 

NS Kata 43.45 22.15 65.60 

NS Jelena 44.83 21.85 66.68 

NS Svetlana 44.85 21.51 66.36 

Average 43.35 22.72 66.07 

 

 In Figure 1. rapeseed genotypes are grouped into four clusters based on their seed oil 

and protein content. In the first group are the genotypes NS Gold, NS Vir, NS Vid, NS Div, 

and NS Jelena. These genotypes exhibited high seed oil content ranging from 43.88% to 

44.83% and low seed protein content ranging from 21.85% to 22.64%. The second group 

consists of the genotypes NS Kata, NS Jasna, and NS Pek, which had a lower seed protein 

content in the range from 21.49% to 22.15 %. The second group is characterized by a high 

seed oil content in the range of 43.45% to 43.97% but is lower compared to genotypes in 

the first group. The third group consists of genotypes NS Martin, NS Dunav, and NS Ras, 

and they are characterized by high seed protein content ranging from 23.46% to 24% and 

low seed oil content compared to the groups 1 and 2, ranging from 42.57% to 42.97 %. The 

fourth group consists of the genotypes NS Anna, NS Zorica, and NS Ilia, and this is the 

group with the lowest seed oil content ranging from 41.22% to 42.97%. The seed protein 

content is lower compared to genotypes in the third group, but higher compared to geno-

types in first and second and ranges from 22.91% to 23.80%. Notably, NS Svetlana stands 

out with the highest seed oil content (44.85%) and lowest seed protein content (21.51%), 

while NS Zlatna exhibits equally high levels of oil (43.92%) and protein (23.06%). Compa-

red with previous studies, the seed oil content of rapeseed genotypes ranged from 43.11% 

to 49.26% in 2006/2007 (14), and from 40.97% to 43.07% in 2008/2009 (32, 33), seed pro-

tein content ranged from 15.84% to 18.79% in 2006/2007, and from 20.27% to 22.73% in 

2008/2009. Consistent with our findings, previous studies also observed a negative correla-

tion between seed oil and protein content across different genotypes. High seed oil content 

is followed by low seed protein content (genotypes NS Zlatna (2022/20223), NS-L-102 

(2006/2007) (32, 33), and Kata (2007/2008) (14)) and high seed protein content is followed 

by low seed oil content (genotypes NS Marin (2022/2023), NS-L-129 (2006/2007) (32, 33) 

and N-H-3 (2007/2008) (14)). The majority of genotypes have average seed oil and protein 

content. 
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Figure 1. Principle Component Analysis for oil and protein content in rapeseed genotypes 

 

 Table 2. represents the seed oil and protein content in four camelina genotypes. The oil 

content ranged from 36.76% to 37.82%. while the protein content ranged from 24.54% to 

26.59%. These values align closely with the literary data (2, 11, 16, 17).  

 

Table 2. Oil and protein content in different camelina genotypes grown in 2022/2023 

season at fields of Institute of Field and Vegetable Crops Novi Sad 

 

Camelina genotype Oil (%)  Protein (%) Oil + Protein (%) 

I 37.26 26.59 63.85 

II 36.76 25.98 62.74 

III 37.82 24.54 62.36 

IV 37.62 25.20 62.82 

Average 37.36 25.57 62.93 

 

For instance, camelina grown in Canada typically exhibits a seed oil content ranging 

from 35% to 43%, while in China and Romania it ranges from 26% to 35% and from 28% 

to 40%, respectively (2, 11, 17). Similarly, varieties grown in Serbia in the period from 

2004 to 2015 displayed a seed oil content ranging from 28.42% to 38.63%. consistent with 

our data (19). Contrary to this, camelina grown in America tended to have higher content of 

seed protein, ranging from 29% to 34% in comparison to varieties grown in Serbia (16). 

Varieties grown in Serbia during 2018 showed a slightly higher seed protein content, ran-

ging from 27.07% to 27.95% (11). Based on research findings. it was determined that ca-

melina behaves similarly to rapeseed, with seed oil content being negatively affected by 

high temperatures and dry conditions during flowering and grain-filling period, leading to 

higher seed protein content (16, 34). Studies on the environmental impact on the seed oil 
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content of camelina have shown that strains planted in Canada and America exhibited seed 

oil content of 40% to 43%, where as those grown in Greece and Spain range from 34% to 

40% (10). Colder and wetter springs favour higher seed oil content compared to warmer 

and drier springs in the Mediterranean (10). Similar observations were made by Jiang in his 

research. In a location with an average temperature of about 22 °C during the flowering 

period, the seed oil content reached an average value of 40% and the seed protein content 

ranged from 27% to 28% (36). In contrast, the location with an average temperature of 

about 26 °C during the flowering showed an average seed oil content of 37%. and seed 

protein content ranging from 28.5% to 29% (36). 

 

 
Figure 2. Principle component analysis (PCA) for content of seed oil and protein in 

different genotypes of camelina oil seed 

 

 From Figure 2. it is evident that Genotype III and Genotype IV are grouped together, 

characterized by higher oil content compared to Genotypes I and II. Specifically. Genotype 

III exhibits the highest oil content at 37.82%. followed closely by Genotype IV at 37.62% 

as shown in Table 2. However, these genotypes also display lower seed protein content. On 

the other hand. Genotype II has the lowest seed oil content while Genotype I has the highest 

seed protein content at 25.98% and 26.59%. respectively. The observed seed oil and protein 

content of the four analysed camelina genotypes aligns well with existing data. with an ave-

rage seed oil content of approximately 36.57% and seed protein content of around 26.39% 

(9). Previous studies have also shown a negative correlation between seed oil and protein 

content. indicating that genotypes with the higher oil content tend to have lower protein 

content (10, 11, 35, 36). 
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CONCLUSION 

 

 The genotypes of rapeseed cultivated during the 2022/2023 season exhibited oil content 

consistent with literature data so far. Based on their seed oil and protein content, they can 

be classified into four distinct groups. The first group (NS Vir, NS Div, NS Vid, and NS 

Jelena) is characterized by high seed oil content and low seed protein content. Similarly, the 

second group (NS Kata, NS Jasna, and NS Pek) displays high seed oil content, but slightly 

lower than first group, with low seed protein content. The third group (NS Marin, NS Du-

nav, and NS Ras) and the fourth group (NS Anna, NS Zorica, and NS Ilia) exhibit low seed 

oil content but high seed protein content. The highest oil content in the genotype is often 

accompanied by low protein content, as is the case with genotypes NS Svetlana and NS 

Jelena... The genotype NS Zlatna demonstrated the most favourable oil to protein ratio. The 

oil content is 43.92%, and the protein content is 23.06%. Camelina genotypes generally 

display lower oil content compared to rapeseed. However, they compensate with higher 

protein content reaching a maximum of 26.59 % in Genotype I and 37.82% oil content in 

Genotypes III and IV. Camelina, renowned for its high protein yet low oil content, shows 

resilience to drought, poor soil, and diseases. There's a critical need to intensify breeding 

endeavours to enhance oil content in Camelina genotypes. Similarly, rapeseed breeding 

should emphasize varieties with high oil and protein content, underlining the significance 

of genotype selection and environmental factors for optimal crop traits. 
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This study aimed to assess the characteristics of Saharan plants by analyzing the chemical compo-

sition and evaluating the antioxidant and anti-inflammatory properties of raw extracts from Matthiola 

livida DC., collected from the Oued-Souf region. The primary metabolites analysis revealed carbo-

hydrates as the dominant components, with a concentration of 35.70 ± 0.03 mg/g dry weight. Using 

the maceration technique, three unrefined extracts (methanolic, ethanolic, and aqueous) were produ-

ced, with the aqueous extract yielding the highest output at 14.61%. Total polyphenol content varied 

from 170.82 to 102.42 mg of GA/g dry extract, and the ethanol extract had the highest flavonoid 

content at 97.03 ± 4.14 mg of QE/g dry extract. The DPPH• test showed the methanolic extract as the 

most potent antioxidant, with an IC50 of 153.56 µg/ml. The ethanolic extract offered the most protec-

tion to human erythrocytes, resulting in only 16.93% hemolysis at a concentration of 1 mg/ml. It also 

showed the strongest anti-inflammatory effects in vitro, with a protein denaturation inhibition equiva-

lent to 11.29±1.10 mg of diclofenac sodium per milligram of dry extract. Additionally, IR spectrosco-

py identified several functional groups, including hydroxyl (O-H), carbonyl (C=O), and various car-

bon-hydrogen bonds (C-H, C=C, C-H). Future research should explore the clinical applicability of 

these findings to enhance the therapeutic potential of Matthiola livida extracts. 

Keywords: Matthiola livida DC., Crude extracts, Total Polyphenols, Flavonoids, Antioxidant activity, 

Anti-inflammatory activity. 

 
 

INTRODUCTION 
 

The Algerian Sahara, a vast and diverse ecosystem, is home to an impressive array of 

plant species, with approximately 500 identified, out of which 162 are endemic to this arid 

region (1). Among these botanical treasures, Matthiola livida DC. stands out as a plant of 

particular interest due to its centuries-old tradition of traditional pharmacopoeia. The rich 

biodiversity of the Algerian Sahara has fuelled extensive exploitation of spontaneous plants 

by humans for various medicinal purposes, prompting researchers to delve into the pharma-

cological activities and chemical composition of these plant metabolites (2). 

In this context, the study of plant chemistry remains highly relevant, as the plant king-

dom serves as a prolific source of bioactive molecules with diverse applications in the food 

industry, cosmetology, and pharmacy (3). M. livida, a species found in Saudi Arabia, Pales-

tine, and North Africa (4), including a narrow geographical stretch from Egypt to Morocco 

(5), has drawn attention for its remarkable therapeutic properties. 

This paper focuses on M. livida, offering a comprehensive exploration of its botanical 

description, traditional uses, and previous studies conducted to unravel its phytochemical 

composition and pharmacological potential. The botanical profile of M. livida reveals a 
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plant covered in stellate, glandular, and dendroid hairs, with narrow leaves and small, livid 

or purple flowers. The plant's aromatic odour after sunset contributes to its unique characte-

ristics, and it thrives in sandy soils, stony wadis, and plains, particularly in protected closed 

areas (4). 

Traditional uses of M. livida among nomads in Western Sahara involve employing its 

seeds as a warming agent in culinary practices, such as adding them to couscous sauces or 

soups (6). Additionally, nomads have historically utilized the plant for pastoral purposes. 

Previous studies on related species, such as M. longipetala (subspecies livida), have identi-

fied flavonoid compounds and cytotoxic activities against human tumour cell lines (7, 8). 

Notably, the oral administration of extracts from M. livida has demonstrated hypoglyca-

emic effects in both healthy and diabetic rat models (9). 

This introduction sets the stage for an in-depth exploration of M. livida, emphasizing its 

and the existing body of knowledge on its phytochemical composition and pharmacological 

activities. The subsequent sections will delve into these aspects, contributing to our under-

standing of the potential therapeutic applications of this intriguing plant in the Algerian 

Sahara. 

The novelty of this study lies in its systematic examination of M. livida’s specific bioactive 

components and their mechanisms of action, providing a foundation for future therapeutic 

applications and validating its traditional uses in the Algerian Sahara. The subsequent sections 

will delve deeper into these aspects, enhancing our understanding of this intriguing plant’s po-

tential therapeutic benefits. 

 

 

MATERIALS AND METHODS 

 

PLANT MATERIAL 

 

The plant utilized in this experimental study is M. livida, a member of the Brassicaceae 

family. The harvest occurred on April 25, 2019 in the Hassi Khalifa locality within the El 

Oued province, located at coordinates 33°33'44" North and 6°59'25" East. The plant's iden-

tification was conducted by Prof. Chouikh Atef. The drying process was conducted under 

controlled conditions, at ambient temperature, shielded from both light and humidity. Once 

the aerial part of the plant was dried, it was pulverized to obtain the plant powder. Sub-

sequently, the powder was stored in glass bottles in a location shielded from light and heat 

until it was ready for use. 

 

ESTIMATED NUTRITIONAL VALUE 

 

The methodology employed by Chouikh et al. (10) was adopted in this study. 1 gram of 

plant material was combined with 5 ml of trichloroacetic acid (TCA), followed by mixing 

on a magnetic shaking device for 5 minutes. Afterwards, the mixture was subjected to 

centrifugal separation at a speed of 3000 revolutions per minute for a duration of 10 mi-

nutes. The supernatant obtained was used to quantify carbohydrates, while deposit 1 was 

subjected to an additional 2 ml of ether/chloroform (V/V) and underwent a second centri-

fugal separation at 3000 rpm for 10 minutes. The second supernatant was collected to de-

termine the lipid content, while the second deposit was treated with 2.5 ml of a 0.1 M 

solution of sodium hydroxide (NaOH) to determine the protein content. 
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Carbohydrate estimation 
 

Carbohydrate estimation followed the procedure outlined by DuBois et al. (11). In this 

method, a combination of phenol (5%) and concentrated sulphurous acid was utilized, and 

the absorbance was measured at a wavelength of λ= 490 nm. Glucose served as the 

standard for calibration, and the outcomes were expressed in milligrams of carbohydrates 

per gram of plant material. 

 

Protein estimation 
 

Protein estimation was conducted following the procedure referenced in Lowry et al. 

(12). The method involved the use of Folin-Ciocalteau reagent (v/v), 0.1 M NaOH, 0.5 % 

CuSO4, and 0.1 % KNaC4H4O6·4H2O. Bovine Serum Albumin (BSA) served as the stan-

dard, and the absorbance was measured at 750 nm using a UV spectrophotometer. The re-

sults were quantified in milligrams of proteins per gram of plant material. 

 

Lipid estimation 
 

Lipid estimation was carried out following the procedure outlined in reference (13) with 

certain adjustments. The method involved the use of Sulphophosphovanillinic reagent and 

concentrated sulphurous acid, and the reaction tubes were subjected to a water bath at 100 

°C. Absorbance readings were taken at a wavelength of λ= 530 nm, using Soy as the stan-

dard. The outcomes were expressed in milligrams of lipids per gram of plant material. 

 

PREPARATION OF THE CRUDE EXTRACTS 
 

The crude extracts were prepared by soaking ten grams of dried plant material in 150 ml 

of methanol (99 %), ethanol (96 %), or distilled water at room temperature, without expo-

sure to light, for a period of 24 hours. After filtration, the solvent was evaporated under 

reduced pressure using a rotary evaporator maintained at 50 °C. This process yielded the 

methanol, ethanol, and aqueous crude extracts (14). 

 

FOURIER-TRANSFORM INFRARED (FTIR) CHARACTERIZATION 

 

The extracts underwent Fourier-Transform Infrared (FTIR) spectroscopy analysis using 

a Shimadzu-00463 spectrophotometer. The FTIR analysis was conducted with a resolution 

of 4 cm-1, incorporating 64 coadded scans. The examined spectral range extended from 

4000 to 650 cm-1. 

 

DETERMINATION OF THE TOTAL POLYPHENOLS CONTENT (TPC) 
 

The quantification of overall phenolic concentrations in the raw extracts was performed 

using the Folin-Ciocalteu's phenol reagent method (15) with certain alterations. More pre-

cisely, a volume of 0.2 ml of the extract was combined with 1 ml of Folin-Ciocalteu reagent 

(10 %), and then 0.8 ml of sodium carbonate solution (7.5 %) was added. After vigorously 

agitating the test tubes, they were left undisturbed for a duration of 30 minutes, and the 

optical density was quantified at a wavelength of 765 nm using a UV spectrophotometer. 

The total phenolic content was quantified as milligrams of gallic acid equivalents per gram 

of dry extract (mg of GA/g Ex). 
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DETERMINATION OF TOTAL FLAVONOIDS CONTENT (TFC) 
 

According to the approach used by Kherraz et al. (16), 1 ml of the extract was combined 

with 1 ml of a 2 % AlCl3 solution. After vigorously agitating the test tubes, they were left 

undisturbed for 60 minutes at ambient temperature. The absorbance was determined at a 

wavelength of 430 nm, followed by the quantification of the flavonoid content in the ex-

tract. The results were expressed as milligrams of quercetin equivalent per gram of extract 

(mg of QE/g of dry extract). 

 

EVALUATION OF ANTIOXIDANT ACTIVITY 
 

DPPH• free radical scavenging 
 

The evaluation of the extracts' ability to scavenge DPPH• was conducted using the me-

thodology described by Chemsa et al. (17). To summarize, 1 ml of each extract at different 

concentrations was mixed with 1 ml of DPPH solution (10-4 mol) in methanol. Following a 

15-minute incubation period at ambient temperature, the absorbance was quantified at a 

wavelength of 517 nm. The inhibition activity was determined by applying the following 

formula: 
 

Inhibition (%) = [(AbsorbanceControl – AbsorbanceSample)/AbsorbanceSample]  100 
 

The IC50, representing the concentration at which 50% of the free radicals were sup-

pressed by the extract, was determined through linear regression analysis on the concen-

tration-inhibition percentage relationship. A lower IC50 value indicates a higher antioxidant 

capacity (18). This method provides a reliable assessment of the extracts' ability to neu-

tralize DPPH radicals, offering valuable insights into their antioxidant capabilities. 

 

Hemolysis test 
 

This assay is employed to assess the ability of plant extracts in safeguarding erythrocyte 

blood cells from membrane damage or disruption caused by oxidative stress and free radi-

cals. The evaluation is based on quantifying the proportion of erythrocytes that have un-

dergone dissolution (19). 

Following the procedure outlined in reference (20), 40 µl of human erythrocytes were 

mixed with 2 ml of the plant extract and incubated for 5 minutes at 37 °C. Afterwards, 40 

µl of hydrogen peroxide (30×10-3 M), 40 µl of ferric chloride (80 ×10-3 M), and 40 µl of 

ascorbic acid solution (50 ×10-3 M) were added in sequence. Following a 1-hour incubation 

at a temperature of 37 °C, the mixture was subjected to centrifugation at a velocity of 700 

rpm for a duration of 10 minutes. The supernatant's absorbance was quantified at a wave-

length of 540 nm. The haemolysis percentage was calculated using the following formula: 
 

Haemolysis %=(AbsorbanceControl AbsorbanceSample⁄ )×100 
 

ANTI-INFLAMMATORY ACTIVITY 

 

Albumin denaturation test 
 

The albumin denaturation model was selected to assess the in vitro anti-inflammatory 

properties of crude extracts from M. livida. As per the methodology outlined by Elias & 
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Rao and Padmanabhan & Jangle, with certain alterations (20). 1 ml of the extract at various 

concentrations was combined with 1 ml of bovine serum albumin (5%). Following a 15-

minute incubation period at 27 °C, the tubes are then subjected to further incubation in a 

water bath at a temperature of 70 °C for a duration of 10 minutes. The absorbance of the 

samples was measured at 660 nm after they had cooled to room temperature. Diclofenac 

sodium serves as a benchmark. The results are quantified in terms of milligrams of diclofe-

nac sodium per milligram of dry extract. 

 

STATISTICAL ANALYSIS 

 

The results obtained are expressed as mean ± standard deviation. The IC50 values are 

calculated from the curve: % inhibition = f (concentrations). Using Excel software (version 

2010) to perform the analysis of variance of the means with the one-way ANOVA test. This 

test gives us the degree of significance p where we say that the difference (p < 0.05, p < 

0.01 and p < 0.001). 

The correlation analysis also utilized the Pearson Correlation Coefficient Test to ascer-

tain the correlation coefficients and the direction of correlation that integrates the variables 

under investigation. 

 

RESULTS AND DISCUSSION 

 

ESTIMATED NUTRITIONAL VALUE OF M. LIVIDA 

 

The findings depicted in Figure 1 indicate that M. livida exhibits high levels of carbo-

hydrates and lipids, while its protein content is notably low. 

 

 
 

Figure 1. Nutritive values of M. livida plant. 

 

The findings indicate that the plant M. livida possesses a substantial amount of carbo-

hydrates that can be attributed to the physiological state associated with the plant's develop-

mental stage during the fruiting period (21) knowing that they are primary metabolites 
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therefore, they are used as precursors of other secondary metabolites, as a source of energy 

(22). 

Also, a low quantity for lipids and very low for proteins, this reduction perhaps because 

the plant's physiology is influenced by various environmental stresses. Over time, water 

stress leads to oxidative stress, resulting in the production of free radicals. This continuous 

and heightened oxidative stress disrupts the balance between antioxidants and oxidants. The 

latter cause the oxidation of lipids, particularly membrane lipids, which leads to the loss of 

their quantity, damage proteins and inhibition of the Enzymatic activity (23), water stress 

leads to a reduction in the efficiency of plant photosynthesis (23). 

 

EXTRACTS YIELD 

 

The aqueous extract obtained from the aerial parts of M. livida demonstrated a content of 

14.61±0.24 %. In terms of the alcoholic extracts, ethanol production was notably high at 

9.04±0.43 %, with methanol content being comparatively lower at 6.51±0.26 % (Table 1). 

 

Table 1. Yields of some extracts from M. livida. 

 

Extract type Yields (%) 

Aqueous extract 14.61±0.24*** 

Ethanolic extract 9.04±0.43*** 

Methanolic extract 6.51±0.26*** 

The results obtained are expressed as mean ± standard deviation. ***: Significantly different at p < 0.001. 

 

Variations in extraction yields may be related to the diffusion of solvents in the plant 

powder in the maceration step and probably to the nature and polarity of the solvents used 

for extraction (24, 25). Also, the particle size and chemical composition of compounds in 

the plant (26). Structural diversity is responsible for the great variability of physicochemi-

cal properties influencing extraction (27). In general, other factors can influence the extrac-

tion efficiency alongside the extraction method, including: pH, temperature, extraction time 

(28). 

Many studies have proven that adding a percentage of water to organic solvents espe-

cially methanol and ethanol can increase the yield, since this method represents the best and 

most used system to extract metabolic compounds in the plant because the Mixing works to 

increase the polarity of the solution and the attraction of polarized compounds (29). 

 

FOURIER-TRANSFORM INFRARED (FTIR) CHARACTERIZATION 

 

FTIR analysis is used to identify chemical bonds in organic molecules. They make it 

possible to determine these chemical functions. The following IR spectra show the bonds 

that can be found in our raw extracts. From Figure 2, the obtained spectra showed the pre-

sence of different functional groups characteristic of three crude extracts. The results are in 

(Table 2). 
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Figure 2. FTIR of crude extracts of M. livida. 

 

Table 2. Interpretation of FTIR of crude extracts of M. livida. 

 

Bond Function or 

Family 

Wavenumber 

(cm-1) 

Intensity Most Abundant In 

O-H Alcohol 3350 Strong, broad three extracts 

C-H Aliphatic 2850-3000 Strong Ethanolic 

C=O Carbonyl 1650-1730 Strong Methanolic, ethanolic 

C=C Aliphatic 1400-1600 Medium Aqueous 

C-O Alcohol 1050 Strong Ethanolic, Aqueous 

C-H Aromatic 690-710 Strong Methanolic, Aqueous 

 

Crude extracts may exhibit antioxidant activity as a result of the presence of substances 

that contain hydroxyl groups (O-H). Flavonoids have a structure that is well-suited for sca-

venging free radicals in this particular situation. This is because they have multiple hyd-

roxyl groups that can act as hydrogen donors (30). In general, there is a positive correlation 

between the antioxidant activity and the structure of polyphenols, which is characterized by 

a high number of hydroxyl groups that help stabilize free radicals (31, 32). According to 

Mburu et al. (33), the C=C group is mainly presented by flavonoids, can C-O indicates the 

presence of glycosides which is in C-O-C glycosidic form. C=O is a carbonyl function that 
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generally characterizes aldehydes and ketones (34), C-H with a wave number of 2850-3000 

cm-1 (35) and belongs to the benzoic cycle which forms the fundamental structural element 

of flavonoids and the aromatic C-H bond of wavenumber 659-710 cm-1 can return to the 

aromatic ring substituents (36). 

 

ESTIMATION OF TOTAL POLYPHENOLS AND FLAVONOIDS 

 

In Figure 3, a substantial and comparable concentration of polyphenols is observed in 

ethanol, followed by methanol, and to a lesser degree, aqueous extracts. The ANOVA test 

and subsequent statistical analysis (AV1) indicate that the variance among the raw extracts 

is not statistically significant (p > 0.05). The most favourable flavonoid values are evident 

in the methanol and ethanol extracts. The ANOVA test (AV1) for flavonoid contents re-

veals a highly significant difference depending on the crude extracts (p < 0.001). 

 

 
 

Figure 3. Polyphenols (mg GAE/g Extract) and Flavonoids content (mg QE/g Extract)  

in M. Livida crude extracts.  
***: Significantly different at p < 0.001. NS: Not Significant (p > 0.05). 

 

According to Hafedh et al. (37) the content of total polyphenols of ethanolic extract of 

Oudneya Africana leaves (species of the same family) is equal to 661.66 ± 0.08 mg E AG/g 

extract, this result is a higher value than that found in our study, in the same study concer-

ning the dosage of flavonoids in the ethanolic extract is equal to 296.28 ± 1.49 mg E Q/g 

extract. Also, this result is very high compared to our results. 

From Nabti and Belhatta (38) the polyphenol content of M. livida is higher than that of 

the methanolic extract of Oudneya africana, with a value of 137.16 ± 3.55 µg E AG/mg ex-

tract. However, the polyphenol content of M. livida is lower than that of the aqueous extract 

of Oudneya africana, with a value of 108.6 ± 7.01 µg E AG/mg extract. Furthermore, the 

methanolic extract of Oudneya africana was found to contain a flavonoid content of 21.96± 
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1.02 µg E Q /mg extract. The obtained result is lower in comparison to our own findings. 

Specifically, the aqueous extract of Oudneya africana is equivalent to 15.62± 0.78 µg E Q 

/mg extract. Conversely, this outcome is higher when compared to our own results. The va-

riation in levels can be attributed to various factors, including the species, climatic conditi-

ons, and environmental conditions (39). The factors considered include the duration of 

time, the specific area where the crops were gathered (40), the specific components that 

were examined, the method used for extracting the components, and the specific conditions 

under which the extraction took place (41).   

The presented results indicate that there are measurable variations in the levels of total 

polyphenols and flavonoids among the different extracts. The variation in contents can be 

attributed to the fact that phenolic compounds differ in concentration depending on their 

chemical structures and exhibit distinct behaviours in different extracts (42). Various fac-

tors, including extrinsic (geographic and climatic) and intrinsic (genetic) factors, can affect 

the composition of phenolic compounds. However, the level of plant maturation and the du-

ration of storage have a significant impact on the content of phenolic compounds (43). 

Several studies have examined the impact of different solvents, including methanol, 

ethanol, acetone, and ethyl acetate, on the extraction of phenolic compounds (44, 45). The 

selection of solvent plays a crucial role in determining the levels of total polyphenols and 

flavonoids.  

The results indicate that the choice of extraction solvent affects the extraction of pheno-

lic compounds from M. livida. The solubility of total polyphenols is influenced by the po-

larity of the solvent, the degree of polymerization resulting from an increase in hydroxyl 

groups, as well as interactions with other components and the formation of insoluble com-

plexes (26, 46). In addition, Zeghad et al. (47) found that the polarity of the solvent used for 

extracting polyphenols from plants has an impact on the total polyphenol content. Water, 

ethanol, and methanol are commonly recommended solvents for extracting polyphenols due 

to their polarity. Consequently, these solvents were chosen for the extraction process in this 

study. According to Onofre et al. (48), ethanol is the most effective solvent for extraction. 

Furthermore, Abarca-Vargas et al. (49) have demonstrated that methanol is the optimal sol-

vent for extracting polyphenols, a finding that aligns with our own results. 

On the other hand the purity of the extract, if the solvent is likely to extract non-phenolic 

compounds such as sugars, proteins and pigments, due to these compounds are generally 

combined with other substances which can influence during the evaluation of total polyphe-

nols and flavonoids (50). In addition, the quantification method can also influence the esti-

mation of the content of total phenols (24). The Folin-Ciocalteu test determines the presen-

ce of reducing molecules. The reagent used in this test is highly sensitive to the reduction of 

hydroxyl groups, including those found in phenolic compounds, sugars, and proteins. As a 

result, this assay is not selective specifically for polyphenols (51, 52). 

 

EVALUATION OF ANTIOXIDANT ACTIVITY 

 

DPPH• free-radical scavenging test 

 

The outcomes presented in Figure 4 indicate IC50 values of 153.56 µg/ml, 351.84 µg/ml, 

and 658.20 µg/ml for methanol, aqueous, and ethanol extracts, respectively. In comparison, 

the registered value with Ascorbic acid as the standard is 14.65 µg/ml. The statistical ana-

lysis using the ANOVA test (AV1) for IC50 demonstrates that the variation among the raw 

extracts is not statistically significant (p > 0.05). 
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Figure 4. Value of IC50 (µg/ml) of DPPH free radical scavenging test of extracts of  

M. livida and Ascorbic Acid. 
*** Significantly different at p < 0.001. 

 

Comparing the results obtained with previous studies, the study by Nabti and Belhattab 

(38) found that the aerial part of Oudneya africana showed significant antioxidant activity 

with an IC50 value=12.05 μg/ml for methanolic extract. This result is higher in antioxidant 

power compared to our result. Also according to Maroua et al. (53) found that the IC50 of 

aqueous extract of Oudneya africana equals 45.41μg/ml, this lower value indicating a hig-

her antioxidant activity compared to our result. 

The results suggest that M. livida possesses compounds that can effectively eliminate 

free radicals. The antioxidant activity of these extracts is likely due to the presence of poly-

phenols, as numerous studies have demonstrated that phenolic compounds are primarily 

responsible for the antioxidant effect (20).  

Phenolic compounds, especially flavonoids, are acknowledged for their potential as an-

tioxidant substances. They have the ability to capture radical species and reactive forms of 

oxygen (12). This anti-radical capacity is attributed to their ability to reduce DPPH•, a stab-

le radical that can accept hydrogen from an antioxidant and form Reduced DPPH• (54). The 

variation in antioxidant activity among extracts may be attributed to the composition and 

concentration of phenolic compounds present in the extracts. Previous studies have de-

monstrated a correlation between the chemical structure of phenolic compounds and their 

ability to scavenge free radicals (51). Khelef et al. (55) further reported that the antioxidant 

potential of extracts is influenced by both the concentration and structure of polyphenols. 

 

Haemolysis test 

 

In the haemolysis test, the haemolysis percentage (Figure 5) varied among M. livida ex-

tracts. The ethanolic extract showed a percentage close to that of ascorbic acid, with values 

of 16.93% and 16.32%, respectively. Following were the methanolic extract with a value of 

35.55% and the aqueous extract with a value of 44.09%. The statistical analysis using the 

ANOVA test (AV1) for haemolysis percentages indicates a significant difference depen-

ding on the crude extracts (p < 0.05). 



APTEFF 55 (2024) 107-124   Chouikh et al. 

117 

 
 

Figure 5. Percentage of haemolysis (with C: 1 mg/ml) of crude extracts of M. livida and 

Ascorbic Acid.  
* Significantly different at p < 0.05. 

 

Erythrocytes are an ideal cellular model for investigating the interactions between oxi-

dants and antioxidants due to their accessibility, simplicity, high concentration of polyunsa-

turated fatty acids on the membrane, and their involvement in oxygen transport through 

haemoglobin molecules. Consequently, erythrocytes are a primary target for free radicals 

(56, 57). Free radicals cause the oxidation of erythrocyte membranes, therefore causing an 

alteration influencing their membrane functions, these imbalances are at the origin of hae-

molyses and the release of erythrocyte contents into the extracellular environment (58). 

Hydrogen peroxide (H2O2) causes the breakdown of haems when in contact with haemo-

globin with the release of Fe2+ ions (59), H2O2 stimulates the production of the hydroxyl 

radical (OH•) in the presence of Fe2+ thanks to the Fenton reaction. OH• is extremely reac-

tive and will very quickly oxidize neighbouring molecules, sometimes forming other free 

radicals, it is the origin of enormous biological damage by lipid peroxidation (60). The pro-

cess of radical oxidation of polyunsaturated fatty acids in plasma membranes results in the 

modification of their functionality, including changes in permeability, fluidity, and the loss 

of activity in enzymes and receptors. These factors collectively contribute to the desta-

bilization of the erythrocyte membrane, leading to haemolysis and the subsequent release of 

haemoglobin (61). 

The variation in activity could be attributed to the solubility of the compounds in the 

reaction media. The antihaemolytic activity of plant extracts might be attributed to bioacti-

ve compounds, such as phenolic compounds. Multiple studies have shown that phenolic 

compounds have the ability to shield erythrocytes from oxidative stress(62). Polyphenolic 

compounds work by transferring electrons to hydrogen peroxide, effectively converting it 

into a water molecule (63). It may also be due to the interaction of flavonoids with cell 

membranes which are the sites of lipid peroxidation, flavonoids inactivate and stabilize free 

radicals thanks to their highly reactive hydroxyl group (64). 
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ANTI-INFLAMMATORY ACTIVITY 

 

Albumin denaturation test 

 

The outcomes of protein denaturation (Figure 6) reveal that ethanol extracts exhibited 

superior values compared to methanol and aqueous extracts. The statistical analysis using 

the ANOVA test (AV1) for the inhibition of BSA denaturation indicates a highly signifi-

cant difference depending on the crude extracts (p < 0.001). 

 

 
 

Figure 6. Effect of M. livida extracts on protein denaturation. 
*** Significantly different at p < 0.001. 

 

Protein denaturation refers to the disruption of the three-dimensional structure of prote-

ins due to the influence of physical or chemical agents. These agents can include strong 

acids or bases, concentrated inorganic salts, changes in pH, organic solvents, and heat. De-

naturation often leads to the loss of the protein's biological function. Denatured proteins 

contribute to the occurrence of the inflammatory response (65). The denaturation process 

involves the modification of electrostatic, hydrogen, hydrophobic, and disulphide bonds 

that are responsible for maintaining the three-dimensional structure of proteins (66). BSA is 

susceptible to temperature increases, resulting in a reduction in its solubility (67). 

 The presence of excessive polyphenols can be attributed to the activity that prevents 

BSA denaturation (68). As a result of interactions between specific components and two 

sites rich in proteins such as albumin, which are abundant in Tyrosine, Threonine, and Ly-

sine. Additionally, it includes a signal from the therapeutic molecules that can stimulate the 

receptor abundant in tyrosine motifs, such as Threonine, which controls the biological as-

pects of signal transmission for overall biological function (69, 70). 
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STATISTICAL STUDY 

 

Correlation analysis test (Pearson Linear Correlation Coefficient Test) was used to deter-

mine the correlation coefficient (R2) and the direction of the correlation relationship bet-

ween the variables studied; the results shown in (Table 3). 

 

Table 3. Correlation coefficient (R²) between the different variables studied. 

 
Variable Yields Total 

polyphenols 

Flavonoids DPPH Haemolysis Anti-

inflammatory 

Yields 1 -0.95 -0.81 -0.54 0.50 -0.46 

Total polyphenols 
 

1 0.96 0.25 -0.75 0.72 

Flavonoids 
  

1 -0.04 -0.91 0.89 

DPPH 
   

1 0.45 -0.49 

Haemolysis 
    

1 -0.99 

Anti-inflammatory 
     

1 

  

According to the results obtained, we observe the presence of a strong inverse correla-

tion between the yields and the contents of total polyphenols (R2=-0.95) also, a medium 

correlation between the yields and the contents of flavonoids (R2=-0.81), DPPH (R2=-0.54), 

haemolysis (R2=0.50) and anti-inflammatory activity (R2=-0.46). 

The results showed a strong positive correlation between the total polyphenol contents 

and the flavonoid contents of the crude extracts (R2 =0.96), this is explained by the flavono-

ids representing a group of total polyphenols therefore, this positive correlation is caused by 

the relationship of the whole with the part where the higher the quantity of the whole, the 

more the quantity of the part is increased. 

 Within the same table, a tenuous correlation is observed between the DPPH trapping 

capacity and the total polyphenol contents (R2 = 0.25), while no correlation is found with 

the flavonoid contents (R2 = -0.04). This discrepancy can be attributed to the fact that the 

relationship is not solely quantitative, but also qualitative. The antioxidant activity of poly-

phenols, particularly flavonoids, is largely determined by their chemical structure and over-

all quality (71).  

Furthermore, it is important to mention that there is a negative relationship between hae-

molysis and the levels of total polyphenols and flavonoids (R2=-0.75; R2=-0.91, respective-

ly). This can be attributed to the significant contribution of total polyphenols, particularly 

flavonoids, which exhibit a strong correlation and have a protective effect against haemoly-

sis and oxidation of haematites (60). Hence, any augmentation in the concentration of poly-

phenols and flavonoids is counterbalanced by a reduction in red blood cell haemolysis, and 

vice versa.  

 The relationship between DPPH and haemolysis shows a moderate positive correlation 

(R2=0.45), while there is a moderate inverse correlation between DPPH and anti-inflamma-

tory activity (R2=-0.49). Conversely, there exists a significant negative correlation between 

haemolysis and anti-inflammatory activity, with a correlation coefficient (R2) of -0.99.  

 Conversely, we observe a direct relationship between the anti-inflammatory activity and 

the levels of total polyphenols and flavonoids (R2 = 0.72; R2 = 0.89 respectively). This indi-

cates that the anti-inflammatory effects of the raw extracts are attributed to their concentra-

tions of total polyphenols and flavonoids, which possess inhibitory properties against pro-

tein denaturation (66). 
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CONCLUSION 

 

 This study provides insight into the phytochemical composition and biological characte-

ristics of extracts from Matthiola livida DC. obtained from the Oued-Souf region. The ana-

lysis uncovered a substantial presence of carbohydrates in the plant material, with varia-

tions observed in the overall levels of polyphenols and flavonoids among the extracts. The 

methanolic extract showed exceptional antioxidant activity in removing DPPH radicals, 

whereas the ethanolic extract displayed the strongest defence against erythrocyte haemoly-

sis. Furthermore, the ethanol extract exhibited encouraging anti-inflammatory properties by 

effectively preventing protein denaturation. The results emphasize the potential therapeutic 

benefits of M. livida extracts in treating conditions associated with oxidative stress and in-

flammation. Additional investigation is necessary to better understand how they work and 

to fully exploit their therapeutic benefits in clinical settings. 
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The study evaluated the effect of different processing methods (boiling, toasting and soaking) on the 

nutrient and of wild aerial yam (Dioscorea bulbifera). One kilogram of raw wild Dioscorea bulbifera 

(RWDB) was boiled for 30 minutes at 100 °C, another one kg was soaked for 24 hours. Toasting of 

another one kg of Dioscorea bulbifera tubers were carried out for 30 minutes. The raw and processed 

tubers were dried, milled and chemically analysed for proximate compositions, phytochemical compo-

nents, minerals and amino acid content. Mean dry matter, crude protein, lipid, fibre, ash and carbohyd-

rate contents of boiled wild Dioscorea bulbifera meal were 10.86%, 89.14%, 11.63%, 32.28%, 4.10%, 

3.61% and 66.53% respectively. There were significant differences (p<0.05) in all parameters for all the 

processing methods. RWDB meals was a good source of Calcium (0.27%), Phosphorus (0.38%), Mag-

nesium (0.29%), Potassium (0.75%), Sodium (0.25%), Iron (56.78%), Copper (9.91%), Zinc (52.87%), 

Manganese (17.51%) and Cobalt (0.52%). Increase in contents of macro and micro minerals were 

observed during toasting and these were significantly (p<0.05) superior to raw and other processing 

methods. Values obtained for soaked WDB meal were significantly lower (p<0.05) in all the phytoche-

mical substances (tannin 0.0012, oxalate 1940, flavonoid 0.002) determined, while boiled WDB meal 

had the least HCN. Boiling process improved the amino acid profile of WDB meal, and there were sig-

nificant differences (p<0.05) in all its parameters. Boiling compared to other methods appeared to be 

the best in terms of nutrient content, anti-nutritional factors and amino acid profile, therefore stands as 

the preferred method for preparing WDB as a livestock feed ingredient 

Keywords: Dioscorea bulbifera, processing, proximate, amino acid and fibre fractions. 

 

 

INTRODUCTION 

 

 Plant based nutrients play important roles in human/livestock nutrition, especially in 

developing countries where escalating cost of conventional feedstuffs (maize, soya bean, 

groundnut, etc.) have become a constant threat to livestock production. This has led to 

constant search for unconventional feedstuffs for use as both functional feed ingredients 

and nutritional supplements (1). To solve these challenges; interests have been in search for 

relatively low cost, available and nutritionally viable feedstuffs to enhance livestock pro-

duction. 

 One of such alternative feedstuff is wild aerial yam (Dioscorea bulbifera). Wild Diosco-

rea bulbifera (WDB) occur as aggressive weed in farmlands and forest. The plant possesses 

brownish bulbils with irregular shape, dotted and rough surface (2). Unlike the cultivated 

edible varieties, WDB variety is not readily consumed by man (3). Hence the bulbils are 

found littering in farmland and wasting away in the uncultivated lands. Wild aerial yam 

(Dioscorea bulbifera) locally referred to as Ukad ekpo in Efik is a member of the Diosco-
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reaceae family which is consumed among rural dwellers in parts of Eastern, Western and 

Southern Nigeria (4). This specie of yam is well known for its aerial bulbils which are rich 

in nutrients and have many traditional therapeutic and pharmaceutical uses (5-7). Raju and 

Rao (8) reported that Dioscorea bulbifera is rich in diosgenin, a steroid saponin which 

possesses antherapeutic properties against several ailments including arthritis, gastrointes-

tinal disorders, high cholesterol and inflammation. However, other properties of wild aerial 

yam such as functional and antioxidant properties are still gaining importance. Thus, the 

present work was carried out to study the various chemical components (crude protein, 

crude fibre, ether extract, and nitrogen free extract), minerals, phytochemical and amino 

acids of wild aerial yam. 

 

 

MATERIALS AND METHODS 

 

EXPERIMENTAL LOCATION 

 

 WDB tubers were harvested from fallow lands in Obio Akpa, Oruk Anam, Akwa Ibom 

State, Nigeria. Obio Akpa is located between latitude 5°17’N and 5°27’N and between 

longitude 7°27’N and 7°58’E with an annual rainfall ranging between 3500 – 5000mm and 

an average monthly temperature of 25 °C and a relative humidity of 60-90% (9). 

 

PROCESSING OF EXPERIMENTAL MATERIALS 

 

 One kilogram for each treatment was prepared. Tubers were introduced into the boiling 

water at 100 °C. Boiling continued for 30 minutes before the tubers were decanted. Second 

sample was soaked in 20 litres of water for 24 hours at temperature of 22 °C-23 °C. The 

soaked water was decanted and samples were drained out. Third sample were sliced and 

toasted in a frying pan for 30 minutes. At the end of the processing, raw, boiled, soaked and 

toasted samples of aerial yam were peeled, chopped into pieces, sundried and milled to 

obtain raw and processed wild Dioscorea bulbifera meal (WDBM). Triplicate samples, 

each of raw and processed WDBM were taken for laboratory analysis. 

 

ANALYTICAL PROCEDURE 

 

 Proximate compositions of WDBM samples were assayed using Association of AOAC 

procedure (10). The samples were also analyzed for gross energy according to the method 

of McDonald et al. (11). Calcium, sodium and potassium were determined by flame photo-

metry using Jenway Digital Flame photometer (PEPT model). Zinc, copper, cobalt, iron, 

magnesium and manganese were determined using Atomic Absorption Spectrophotometry 

(Buck 211 VGP) (10). Total phosphorus was determined using Vanadomolybdate colori-

meter and method described in work of Raun et al. (12). Quantitative assay of tannin, oxa-

late, flavonoid and hydrogen cyanide (HCN) in raw and processed WDBM were done 

according to the methods of AOAC and Arntfield et al. (10, 13). Amino acid profiles of raw 

and processed WDBM were carried out using Thin Layer Chromatography (TLC) and 

Modified Colorimeter or spectrophotometric techniques (10). Fibre fractions in raw and 

processed WDBMs were analyzed according to the method of (14). 
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STATISTICAL PROCEDURE 

 

 Data were obtained in duplicates and subjected to Analysis of Variance (ANOVA) 

using GENSTAT version 12.10. Duncan Multiple Range Test (15) was used to separate 

significant differences among treatment means. 

 

RESULTS AND DISCUSSION 

 

 The effect of processing methods on proximate composition of WDBMs are presented 

in Table 1. 

 

Table 1. Composition of raw and differently processed wild Dioscorea bulbifera meals 

(WDBM) 
 

Parameters 
Control 

(Raw) 
Boiled Toasted Soaked SEM 

Dry Matter (DM)% 88.77a 89.14a 89.46a 88.56b 0.16 

Crude Protein (CP)% 7.84c 11.63a 9.74b 7.24b 0.65 

Crude Fibre (CF)% 9.23b 4.10d 13.57a 8.94c 1.27 

Ether extract 2.64b 3.28a 2.41d 2.55c 0.13 

Ash% 4.27a 3.61c 3.99b 3.93b 0.08 

Nitrogen free Extract (NFE)% 64.79c 66.53a 59.75d 65.91b 1.14 

Gross Energy (GE) (Kcal/g) 2.89c 3.12a 2.91b 2.80d 0.04 
  Means within the same row with different superscripts (a-d) are significantly (p<0.05) different. 

 

 The crude protein (CP) content in this study differed (p<0.05) significantly among the 

processed WDBMs. Crude protein content of the boiled DBM (11.63%) was significantly 

(p<0.05) higher than CP of other samples. Indicating that boiled DBM can be used as a 

supplemental source of protein in livestock diet (5). The crude protein values of 7.24 – 

11.63% obtained in this study were higher when compared with values reported by Godfrey 

et al. (17) and Nwachukwu and Okoroafor (18), 8.64% and 6.40%, respectively. The varia-

tion in crude protein values may be due to species diversity, stage of harvesting and diffe-

rences in soil nutrients. The results showed that ether extract (EE) content of WDB tuber 

meals ranged between 2.41% and 3.28% across the treatment groups. The values reported 

in the present study did not agree with the levels of 5.70%, 1.60% and 0.51-0.97% obtained 

by Nwachukwu and Okoroafor (18), Godfrey et al. (17), and Olatoye and Arueya, (21) .The 

EE of boiled WDBM was higher (p<0.05) when compared with the EE content of raw, 

toasted and soaked samples, likely due to cells burst and membrane lipids liberation during 

boiling. The result indicated that boiled DBM may supplement energy needs from lipids.  

 The crude fibre range for raw and processed WDBMs was 4.10% - 13.57% and was 

higher than 1.28% and 2.30% reported by Nwachukwu and Okoroafor (18), and Godfrey et 

al. (17) respectively. The composition of the crude fibre for toasted sample was significant-

ly superior (p<0.05) to the fibre content of other treatment methods. Fibre has nutritional 

and health benefits to both human and ruminant animals (22). The reported ash values for 

this study did not agree with the values of 2.34% and 3.35% reported previously (18, 19).  

 Geographical locations, stage of maturity and soil type may have caused the variations 

observed (23). The nitrogen free extract (NFE) of boiled DBM (66.53%) differed (p<0.05) 

significantly from toasted (59.75%) and soaked (65.91%) which were significantly (p<0.05) 
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higher than raw (64.79%). These values, however, are different from those of the same plant 

that were reported in (18, 17) at 73.55% and 77.51%, respectively. Raw, boiled, toasted and 

soaked WDBMs, gross energy values agree with some alternative energy sources such as Ca-

ladium bicolor meal with gross energy values ranging from 2.83-2.85kcal/g (20). Boiling 

leads to an increase in gross energy due to the destruction of the toxic substances in the yam 

(24), through leaching and denaturing of those substances. 

 The results of both macro and micro minerals of raw and processed WDBMs are pre-

sented in Table 2. Significant differences (p<0.05) were observed between raw and proces-

sed WDBMs. Processing enhanced reduction in mineral content of the samples. Boiled 

WDBM had the highest reducing effect followed by soaked and toasted samples. Lower va-

lues of minerals obtained for boiled and soaked WDBMs may be due to leaching of mine-

rals into the water and the removal of WDB tuber peels before toasting (20). 
 

Table 2. Mineral constituent of raw and differently processed wild Dioscorea bulbifera 

meal (WDBM) 

 

Minerals Raw Boiled Toasted Soaked SEM 

Macro Minerals (%)      

Calcium 0.27a 0.09d 0.25b 0.22c 0.03 

Phosphorus 0.38a 0.21d 0.35b 0.32c 0.02 

Magnessium 0.29a 0.10d 0.27b 0.24c 0.03 

Potassium 0.75a 0.13d 0.72b 0.68c 0.10 

Sodium 0.25a 0.05d 0.23b 0.22c 0.03 

Micro Minerals (mg/kg)      

Iron 56.78a 67.47d 155.81b 153.81c 14.41 

Copper 9.71a 3.06d 9.25b 8.92c 1.03 

Zinc 52.87a 13.20d 48.92b 42.63c 5.88 

Manganese 17.51a 7.87d 17.07b 16.95c 1.52 

Cobalt 0.52a 0.14d 0.46b 0.35c 0.06 
    Means within the same row with different superscripts (a,b,c,d) are significantly (p<0.05) different. 

 

 Values obtained for macro minerals (Ca, P, M, K and Na) indicated that toasted WDBM 

had significantly (p<0.05) higher values among the processed meals. The values obtained in 

this study indicate that toasted WDBM recorded higher values for Fe, Cu, Zn, Mn and Co. 

This implies that using toasted WDBM as ingredient in animal diet could potentially enhan-

ce blood formation, promote zinc for wound healing, improved appetite and growth, provi-

de copper as a component of cytochrome oxidase which is important in oxidative phospho-

rylation (20, 25). 
 

Table 3. Phytochemical components of raw and differently processed wild Dioscorea 

bulbifera meals (WDBM) 
 

Parameters Raw Boiled Toasted Soaked SEM 

Tannin (%) 0.0030a 0.0021b 0.0016c 0.0012c 0.0002 

Oxalate (%) 0.2260a 0.2140b 0.2100b 0.1940c 0.0040 

Flavonoid (%) 0.0031a 0.0016c 0.0025b 0.0020c 0.0002 

Hydrogen Cyanide (mg/kg) 3.4400a 1.3500d 3.2800b 2.9700c 0.3100 
   Means within the same row with different superscripts (a-d) are significantly (P<0.05) different. 
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 Table 3 revealed the results of phytochemical components of both raw and processed 

WDBMs. All the parameters measured differed significantly (p<0.05) between the raw and 

processed WDBMs. There was a general reduction in the content of the assayed compo-

nents: tannin, oxalate, flavonoid and hydrogen cyanide (HCN)) as a result of processing 

WDB tubers. However, this reduction varies in degree with different processing techniques. 

It has been reported that some anti-nutrients are heat liable and soluble in water, therefore 

will be reduced to a great extent by the application of these processing methods (27, 28). 

This may mean better digestibility of available nutrients if processed WDBMs are fed to 

animals. Values of tannin, oxalate and flavonoid in wild Dioscorea bulbifera meals fell be-

low the range of 2-4% for tannin (19), <2% for oxalate (29) and less than 60mg/kg BW for 

flavonoid (30) allowed in the diets of ruminant animals. However, hydrogen cyanide 

(HCN) values were within the range of the lethal dose (2.0-4.0mg/kg body weight) recom-

mended as not detrimental to ruminant animals with exception to boiled WDBM that has 

the least value. Recharla et al. (25) reported that ruminant animals are susceptible to cya-

nide toxicity than non-ruminants since hydrolytic reactions takes place in the rumen.  

 The values of amino acid profile of raw and differently processed WDBMs are presen-

ted in Table 4. The amino acid values differed (p<0.05) significantly between the treatment 

means. WDBMs (raw, boiled, soaked and toasted) could be used as an alternative protein 

ingredient for animal; however, boiled WDBM was significantly higher in values, particu-

larly in methionine and lysine compared to other processing methods, thus could be more 

preferred method to process wild aerial yam. The results of the present study indicate that 

samples of WDBMs are rich in both essential and non-essential amino acids.  
 

Table 4. Amino acid profile of raw and differently processed wild Dioscorea bulbifera 

meals (WDBM) 
 

Parameters 

(%) 

Raw Boiled Toasted Soaked SEM 

Alanine 2.44c 3.08a 2.96b 2.33d 0.12 

Arginine 3.55c 4.78a 4.03b 3.49c 0.20 

Aspartic Acid 5.08c 6.60a 6.10b 5.01d 0.26 

Cysteine 1.22c 1.68 1.55b 1.16c 0.08 

Glutamic Acid 3.83c 4.11a 3.95b 3.67d 0.06 

Glycine 2.94b 3.14a 2.87c 2.83c 0.05 

Histidine 3.08c 4.19a 3.93b 2.97d 0.20 

Isoleucine 1.77c 2.08a 1.88b 1.65d 0.06 

Leucine 5.35c 6.52a 5.84b 5.16d 0.19 

Lysine 1.21c 2.32a 2.17b 1.12d 0.21 

Methionine 0.87c 1.10a 1.00b 0.78d 0.05 

Phenylalanine 3.74c 5.81a 4.94b 3.65d 0.34 

Proline 2.26c 3.33a 2.95b 2.20d 0.18 

Threonine 1.76c 2.87a 2.78b 1.71c 0.21 

Tryptophan 0.71b 0.82a 0.74b 0.63c 0.03 

Tyrosine 3.05c 4.14a 3.85b 2.92d 0.20 

Ornithine 0.22c 0.32a 0.26b 0.17d 0.02 

Cystine 0.27b 0.57a 0.50a 0.22b 0.06 

Serine 1.23c 2.55a 2.30b 1.16d 0.23 

Valine 2.11c 3.24a 3.05b 1.99d 0.21 

Means within the same row with different superscript (a- d) are significantly (P<0.05) different. 
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CONCLUSION 

 

 Wild Dioscorea bulbifera tubers investigated contained high amount of carbohydrates, 

lipid, protein and minerals, therefore carries an important nutritional value. The values ob-

tained for proximate composition and gross energy, increased considerably after boiling 

and toasting. WDBMs (raw, boiled, soaked and toasted) could be used as alternative protein 

ingredient for animal. However, boiled WDBM had a significantly higher value, particular-

ly in methionine and lysine compared to other processing methods, thus could be more pre-

ferred processing method.  Processing, particularly boiling, rendered WDB tuber a veritable 

feed ingredient in animal diet due to its high nutritional value, low phytochemical composi-

tion and high energy content. 
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Practical interest in materials with high physicomechanical properties has increased in nanoma-

terials and, in particular, nanocoating. First of all, it is the protection of metals from corrosion, the 

increase in wear resistance of parts and tools, and reflective properties. Environmentally friendly 

technologies are used in the vacuum sputtering process of producing chromium-based coatings. 

Consider the technological capabilities of a magnetron-sputtering vacuum system. It was proposed to 

pre-treat the surface of the substrate with argon ions before applying the chrome plating. For this 

purpose, a designed ion source and a magnetron sputtering device for the chromium cathode are lo-

cated in the chamber. Chromium-based nanostructured coatings formed by magnetron sputtering 

with preliminary treatment of the surface with an ion source are investigated. During the measure-

ments, the thickness, adhesion strength, and corrosion resistance of chromium coatings were deter-

mined. The strong corrosion resistance of samples with chromium-based coatings was demonstrated 

by their chemical resistance in nitric and hydrofluoric acid solutions. The novelty of this work was the 

effect of the thickness of the chromium-based nanostructured coating on the corrosion resistance. 

With an increase in coating thickness, the corrosion resistance of chromium coatings changes several 

times. For coatings less than 1 micron thick, the number of corrosion points (pores in the coating) 

was 5–10 times larger than for coatings 2.3–2.5 microns thick. The size and surface appearance of 

nanoparticles in the chromium coating structure were examined using electron microscopy. It was 

revealed that, depending on the formation modes, the coatings consist of crystallites with sizes 

ranging from 45 nm to 200 nm. 

Keywords: Magnetron sputtering, Vacuum chamber, Adhesive strength, Physicochemical properties, 

Technological regimes, electron microscopy. 

 

 

INTRODUCTION 

 

 The interest in the study of materials with a nanocrystalline structure has increased com-

pared to a few decades ago, since a decrease in the size of crystals below a certain threshold 

value leads to a significant change in their physicochemical properties. The most noticeable 

change in the properties of nanomaterials is achieved in the range of crystallite sizes up to 

100 nm. The technology for producing thin coatings of this thickness can be attributed to 

nanotechnology. Thin films and coatings can be obtained by PVD and CVD. Thus, well-

known coatings of titanium carbide and nitride are obtained by ion-plasma deposition, 

which leads to the formation of a nanocrystalline structure (1-7). 

 Steels, as wrought alloys, are the most important technological materials widely used in 

industry. Coatings based on chromium and chromium nitrides are used in industry as hard, 

thin layers to protect parts. They have excellent wear resistance, sufficient strength, good 

adhesion to the base, high corrosion resistance, and heat resistance up to 600 °С (8-12).  

https://doi.org/10.2298/APT2455133S
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 Currently, the industry widely uses chromium plating on steels and alloys, which are 

characterized by high chemical and mechanical resistance, but they are formed using an 

environmentally harmful chemical technology that requires expensive treatment facilities. 

In galvanic chromium plating, toxic hexavalent chromium is used, and significant tensile 

stresses are also formed, which lead to the appearance of a network of cracks in the coating 

after deposition (13-20). 

 Vacuum coating technologies do not have these drawbacks. Therefore, in some cases, it 

is advisable to use vacuum methods for the deposition of chromium coatings by ion-plasma 

(magnetron) sputtering. Due to the low temperature of deposition of coatings by magnetron 

sputtering, they can be formed on tools and non-metallic materials, in particular on reflec-

tive surfaces, as decorative coatings on various parts of cars. 

 

DESCRIPTION OF THEORETICAL STUDIES 

 

 Currently, aluminum alloys are used in the automotive industry to produce reflective 

and decorative coatings. Coatings based on aluminum do not always meet the requirements 

for their reflective and corrosive parameters. And coatings based on chromium or Al-Cr 

composites can be successfully used as reflective coatings. Chromium nitride-based coa-

tings are hard coatings that can be successfully applied as wear-resistant coatings to protect 

the wear surfaces of parts and tools. The study of chromium vacuum coatings is of interest 

both for science and for practical applications. 

 The physical and mechanical properties of coatings based on chromium depend on the 

structure, phase, and chemical composition. Therefore, in order to achieve the required 

properties, it is necessary to know which phases are formed during the production of coa-

tings by the PVD method. 

 Gilewicz et al. (22) studied the multilayer coatings based on chromium nitride and chro-

mium carbonitride. Multilayer alternating layers of coatings based on CrN/CrCN, formed 

by PVD (CAD-cathode-arc deposition). The multilayer coating consists of a seven-layer 

module. The thickness of each layer is approximately 400 nm, differing in the different ar-

rangement of the CrN and CrCN layers in modulus. It has been experimentally established 

that the durability of multilayer coatings based on chromium nitride and chromium carbo-

nitride is higher than that of CrN and CrCN coatings taken separately. A chromium sub-

layer 0.1 µm thick was used as a sublayer. The adhesion of the coatings was determined by 

scratching and Rockwell methods. By changing the ratio of layer thicknesses, you can 

adjust the adhesion of the coating to the base and wear resistance.  

 The properties of chromium coatings obtained by the PVD (Physical Vapor Deposition) 

method were studied by Perillo (23). CrN coatings are obtained on titanium substrate using 

advanced physical vapor deposition (PVD). The composition, microstructure and residual 

stresses of the coating were determined by scanning electron microscopy (SEM), X-ray 

diffraction (XRD) and X-ray photoelectron spectroscopy (XPS). 

 In the chromium-nitrogen system, the existence of Cr2N (11.87% N) and CrN (21.22% 

N) compounds was established, and the existence of CrN2 nitride (35.01% N) is assumed. 

Cr2N (β-phase) has a hexagonal structure of the CdI2 type with parameters a=0.4806÷ 

0.4760 nm and c=0.4479-0.4438 nm (10). CrN nitride (δ-phase) has a cubic NaCl-type 

lattice with parameters a=0.4148 nm. 

 The melting point of chromium significantly decreases when it absorbs nitrogen, and 

the hardness increases sharply. At the same time, the microhardness of chromium nitride 

CrN is -1083±93 kgf/mm2, and that of Cr2N is -1571 kgf/mm2 (21). 
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 Chromium nitride CrN is a very chemically stable compound. It is completely resistant 

to the action of water both in the cold and when heated, does not dissolve in alkalis, is not 

reduced by hydrogen, and with great difficulty lends itself to the action of acids, including 

aqua regia. Cr2N nitride is less resistant to acids than CrN nitride. 

 Gilewicz et al. (22) studied multilayer coatings based on chromium nitride and carbo-

nitride. Multilayer alternating layers based on CrN/CrCN were formed by the PVD (CAD-

cathode arc deposition) method. It has been experimentally established that the wear re-

sistance of multilayer coatings based on chromium nitride and chromium carbonitride is 

higher than that of individual CrN and CrCN coatings. As a sublayer, a 0.1 μm-thick chro-

mium sublayer was used. 

 The composition, microstructure, and residual stresses, as well as the properties of chro-

mium coatings obtained by the PVD (Physical Vapor Deposition) method, were studied by 

Perillo (23) and Lippitz (24). CrN coatings are produced on a titanium substrate by advan-

ced physical vapor deposition (PVD). 

 In these works, coatings obtained by vacuum arc deposition were mainly studied, which 

is not always acceptable for nonmetallic materials due to the high deposition temperature. 

For the formation of coatings on non-metallic materials with low heat resistance, it is 

advisable to use magnetron sputtering. 

 Based on the foregoing, it is necessary to note the relevance of studying the technology 

of forming coatings based on chromium by the method of magnetron sputtering. 

 The purpose of this study is to study the structure, composition, and properties of chro-

mium-based coatings formed by magnetron sputtering, as well as the effect of magnetron 

sputtering modes on the thickness and structure of coatings. 

 

 

EXPERIMENTAL 

 

 Chromium-based coatings were deposited by magnetron sputtering with preliminary 

surface treatment by an ion source. 

 We used carbon steel AISI 1020 in the form of sheets (plates) with a thickness of 1.5–

2.0 mm. Plates up to 50x60 mm in size on one (front) side were previously subjected to 

mechanical grinding and polishing using silicon carbide powders and ACM diamond paste. 

R6M5 tool steel was also used for processing. 

 The final surface roughness, according to measurements of the average deviations of the 

surface profile (Ra), was about 0.16-0.20 μm. The measurements were carried out using a 

standard MII-4U micro interferometer. Immediately prior to coating deposition, the plates 

were cleaned with organic solvents in an ultrasonic bath and dried in a centrifuge. The 

interoperative time did not exceed 20 minutes. 

 The formation of chromium coatings in the modernized working chamber of the UVN-

75R installation included the following treatments (operations in one vacuum cycle): 

- ion-plasma treatment (cleaning) of the steel surface immediately before coating 

application using an ion source with a cold cathode; 

- magnetron deposition of chromium coatings on moving samples, including those 

with a negative voltage applied to them. 

 After the “starting” degree of vacuum of the order of 10-3 Pa was reached in the working 

chamber, the rotation of the equipment with steel samples was turned on, and pure technical 

argon was injected to a level of 2·10-1 Pa using a VIT-3 vacuum gauge. The upgraded ion 

source with a cold cathode type II-4-0.15 was turned on, and the electromagnet current was 
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set to 1.5–2.0 A. The voltage on the annular anode was up to 4 kV, and the discharge cur-

rent was about 100 mA. In this case, the equipment with samples fell into the zone of in-

fluence of the ion flow (beam-plasma flow) for the selected processing time. The developed 

ion source with a permanent magnet was also used. 

 Then the power supply of the magnetron sputtering source was switched on, and the 

power supply of the ion source was switched off. Thus, within 20–60 seconds, there was a 

simultaneous deposition of coatings as well as ion treatment of the steel surface. Coating 

was carried out in the following modes: voltage at the cathode of the magnetron sputtering 

source: 500–550 V; discharge current up to 3.2 A. When a negative voltage was applied to 

the equipment with samples, the ion current appeared only at voltages of minus 20–30 V, 

increased to voltages of the order of -100 V, and then changed slightly. The current density 

on the samples did not exceed 1 mA/cm2. 

 In a vacuum working chamber with standard means of pumping and measuring vacuum, 

a device for ionic surface treatment and a device for magnetron sputtering of the cathode 

are located on the flanges. Also, a rotary mechanism is installed in the chamber, which 

allows you to change the position of the workpiece in the technological cycle. These devi-

ces can simultaneously or sequentially process the surface of a rotating fixture with samp-

les. In this case, an adjustable negative voltage can be supplied to the equipment. The ion 

source includes an annular anode in the discharge chamber, at the exit of which there is an 

annular gap (diaphragm), into which the plasma flow is extracted. A permanent magnet and 

a magnetic circuit provide a magnetic field in the gap. 

 Ion (beam-plasma) surface treatment of steels was carried out in the modes presented in 

Table 1. 

 

Table 1. Modes of ionic surface treatment 

 

Technological modes Quantities and units 

Working gas pressure (argon) 2 10-1 Pa 

Discharge voltage 4.5 kV 

Ion source discharge current 80-100mA 

Current density on the treated surface up to 1 mA/cm2 

Sample surface treatment time 3 minutes 

 

 Ion-plasma deposition of chromium coatings was carried out in the following techno-

logical modes (table 2). 

 

Table 2 - Modes of vacuum deposition of chromium 

 

Technological modes Quantities and units 

Distance from the cathode to the surface of the samples 120-130 mm 

Working gas pressure (argon) 2 10-1 Pa 

Sputtering cathode voltage minus 550 V 

Spray discharge current 2.0-2.5 A 

Chromium coating deposition time 5-20 minutes 

 

 The temperature of the samples during the deposition of coatings did not exceed 150 °C. 
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 The thickness of the formed vacuum coatings was measured with a micro interferometer 

on individual control samples of polished silicon along a step formed by lithography and 

etching of the chromium coating in hydrochloric acid. The thickness of the coatings almost 

linearly depended on the deposition time, other things being equal, and amounted to 0.3–

3.0 μm in the deposition time range of 2–20 minutes. 

 For comparative studies of the adhesive strength of coatings, the method of normal se-

paration of steel rods was used. The test sample with the coating was firmly fixed to the 

cassette. 7 steel rods were vertically lowered onto the surface of the coating, having an area 

of about 1 mm2 in the final section. A special adhesive of the VIAM type was applied to 

the platform, which, after heat treatment, had a tensile strength of about 100 MPa (1000 

kg/cm2). 

 The cassette was installed in a specially designed tensile machine, which made it pos-

sible to tear off the rods in turn with a smoothly increasing force up to 200 n (20 kgf). The 

pull-off force was recorded according to the readings of an electronic dynamometer. Then, 

under an MBS-type microscope, the tear-off area of the coating under study was determi-

ned, and the adhesive strength was evaluated as the ratio of the tear-off force to the area. At 

high adhesive strength, separation, as a rule, occurred along the glue. 

 To determine the durability of the steel-coating structure under certain corrosive con-

ditions, accelerated tests were carried out in artificially created environments. To do this, 

the test samples from the reverse side and from the ends were covered with a paint sprayer 

with a layer (50–60 μm) of chemically resistant varnish HV-784 (a solution of chlorinated 

polyvinyl chloride resin in a mixture of organic solvents with the addition of a plasticizer). 

After drying at 50–60 °C for 2 hours, they were additionally covered with adhesive tape. 

The front side with the coating remained free. The samples were fixed on a fluoroplastic 

tool and placed in a container with acid solutions (for example, a 5% HNO3 solution) for a 

fixed time (from 1 to 144 hours). 

 Corrosion resistance was evaluated on the basis of a study of corrosion lesions in the 

visual determination (calculation) of the area of destruction (corrosion centers). To do this, 

a transparent photographic film with a thin grid with bright-field cells (5x5 mm) was super-

imposed on the surface under study. Using an MBS-10 microscope at a minimum magni-

fication, the area of corrosion damage in the form of dots and spots or continuous corrosion 

covering the entire metal surface in each cell was estimated. 

 There are three varieties of the transmission electron microscopy method for determi-

ning the size of small particles: direct, semi-direct, and indirect. 

 To study by the direct method, it is necessary to prepare a thin film transparent or trans-

lucent for electrons. Typically, foils are obtained by thinning massive samples. And in the 

case where it is necessary to study a thin coating with a thickness of several microns, it is 

necessary to separate it from the substrate. 

 The indirect method is associated with the study not of the material itself but of thin 

replicas obtained from the surface of the sample. In methodological terms, it is the simplest, 

since the production of foils is a complex and rather lengthy process. Making replicas is 

much easier. 

 Information on the structure and size of chromium nanoparticle agglomerates was 

obtained using PEM-100 transmission electron microscopy. To study the surface, two-stage 

Pt/C replicas were obtained (25-27). First, an impression was made by pressing the sample 

against a polystyrene-coated glass plate in a special mould at 80 °C for 2 hours. The sample 

was then removed from the surface of the polystyrene. Platinum and carbon were sputtered 
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onto the primary print at an angle of 30–40 °C in a VUP-4 vacuum unit, after which the 

prints were placed on grids with a substrate film and polystyrene was dissolved in xylene.  

 An object examined in an electron microscope is in some cases placed directly on a grid 

or diaphragm, but most often the object is placed on a substrate film previously placed on 

the grid. Support films have the same meaning as glass slides in light microscopy. Just as 

glass slides should not noticeably absorb light rays, substrate films should not absorb elec-

trons and scatter them as weakly as possible. Therefore, substrate films must be prepared 

from a substance with a low atomic number and have a small thickness. Typically, the film 

thickness should not exceed 10-15 nm. 

 The essence of the method lies in the fact that a thin film is removed from the object, 

reproducing the relief of its surface, which is studied under an electron microscope. In some 

cases, the object examined in an electron microscope is placed directly on a grid or dia-

phragm, but most often the object is placed on a substrate film previously placed on the 

grid. Substrate films should be prepared from a substance with a low atomic number and a 

small thickness. Typically, the film thickness should not exceed 10–15 nm. 

 Films are made of collodion, formvar, polystyrene, and quartz. The most widely used 

are collodion films. Collodion films are most often prepared directly on the water surface. 

A drop of a 1% solution of collodion in amyl acetate is placed on the purified surface of 

distilled water in a vessel 90 mm in diameter and 60 mm deep. The drop spreads over the 

surface of the water over a large area, almost reaching the walls of the vessel. Several grids 

are placed on the surface of the film in parallel rows. The distance between adjacent grids 

should be 5–6 mm. Gently press down on each mesh with some clean object so that the 

collodion film adheres to the mesh. 

 

 

RESULTS AND DISCUSSION 

 

 The thickness of the coatings and the uniformity of their distribution over the surface of 

the substrate are of great importance, which ensures the properties of the products. Accor-

ding to the measurements, the maximum thickness of the chromium coating was about 2.4 

μm at a deposition time of 20 minutes. Studies have shown that the thickness of the chro-

mium coatings is proportional to the deposition time in the range of 2–20 minutes. 

 An important characteristic of the coating is the fulfilment of its functional purpose - 

not to exfoliate from the surface of the product but to have high mechanical stability. This 

indicator is determined by the adhesion of the coating and the hardness of the material. Stu-

dies have shown that the experimentally determined adhesive strength exceeds 70–80 MPa 

(700 kg/cm2). In this case, the wear resistance of the tools increases at least twice. 

 The problem of corrosion observed in coating materials is usually the result of the pe-

netration of aggressive reagents through coating defects and their contact with the substrate. 

Coating, especially multi-layer, improves the corrosion resistance of the material. Coatings 

based on Cr with a dense structure and fine crystals make them less permeable to aggres-

sive media. An increase in the corrosion resistance of chromium coatings in a solution of 

nitric and hydrofluoric acids was determined. 

 For coatings with a thickness of less than 1 µm, the number of corrosion points (pores in 

the coating) was 5–10 times greater than for coatings with a thickness of 2.3–2.5 µm. As 

the experiment shows, with a change in the thickness of the chromium-based nanostruc-

tured coating, the corrosion resistance changes several times. This suggests the existence of 

through channels or their absence with increasing coating thickness. 
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 Another important feature of nanostructured chromium coating is the structural compo-

nents that have a significant impact on the corrosion resistance of the "coating-substrate" 

system. 

 Figure 1 shows a photo of the steel surface at the coated interface after exposure to an 

acid environment. One can see traces of continuous etching and individual pits of etching 

up to 200 µm in diameter. 

 

 
Figure 1. Steel surface after exposure to acids 

 

 Studies have shown that with increasing time, the area affected by corrosion increases. 

For uncoated steels, 100% damage occurs after 3–4 hours. For steel coated with a thickness 

of 1.2 microns, after 24 hours, the area of corrosion damage does not exceed 5%; after 144 

hours, it reaches 15-20%. 

 Comparative studies were carried out on the wear resistance of tools coated with chro-

mium with a thickness of about 0.8–1.0 µm (taps M4, M6, and M8). Studies of several 

batches of products showed an increase in their wear resistance by 2–3 times compared to 

conventional ones. The tools were used for the processing of copper strips at JSC Electro 

shield. The wear resistance of taps was determined by the number of processed products. 

Figure 2 shows photographs of original taps and taps with chrome coatings. 

 

 
Figure 2. Taps M6 without processing and with chromium coating 
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 It should be noted that, in addition to the increase in wear resistance, tools are less sen-

sitive to storage conditions and the effects of aggressive environments in production con-

ditions. 

 Electron microscopy was used to study the structure of chromium coatings. In Figure 3 

shown the images (replicas) of chromium coating. A special computer program was used to 

quantify the volume content of nanoparticles in the coatings. The volumetric number of 

nanoparticles depending on the modes of the sputtering process is shown in Figures 4 and 5. 

 

 

 
a 

 
b 

15000х,    1sm =660 nm 

 
c 

 
d 

Figure 3. Electron microscopic images of chromium coatings 

 

 It has been determined that during the formation of nanostructures from Cr with the 

maximum amount of chromium-containing phase obtained at pressure (Р=3∙10-2 Pa), sphe-

rical nanostructures are formed with chromium nanoparticles ranging in size from 45 nm to 

130 nm (Figure 4), and for the sample obtained at pressure (Р=3∙10-3 Pa), larger chromium 

nanoparticles (66–200 nm) are observed (Figure 5). 
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Figure 4. Number of nanoparticles: 97% - 

45nm, the largest amount nanoparticles with 

sizes of 50-100 nm. 

Figure 5. Number of nanoparticles: 55% 70 

nm; 15% 120 nm; 30% 170 nm. 

 

 

CONCLUSIONS 

 

 In a combined vacuum setup with an ion source and a magnetron sputtering device, 

nanostructured chromium coatings with high adhesive strength can be formed. It was found 

that by varying the technological modes of the deposition process, it is possible to control 

the size and volumetric number of nanostructures in chromium coatings. For example, at a 

pressure in a vacuum chamber of 3∙10-2 Pa, the dimensions of structures range from 50 to 

100 nm, and at a pressure of 3∙10-3 Pa, the volume content of nanoparticles is distributed as 

follows: particles with a size of 70 nm are present in the coatings in an amount of 55%, 

with a size of 120 nm = 15%, and with a size of 170 nm = 30%. It has been established that 

with an increase in thickness, the corrosion resistance of the coating-base systems changes 

several times. With an increase in the coating thickness from 1.0 µm to 2.3–2.5 µm, the 

corrosion resistance increases by 5–10 times. 
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The estimation of ecotoxicity and bioaccumulation of compounds as pesticide candidates is an impor-

tant step in the estimation of their potential practical use. The present study is aimed to form several 

non-linear regression models based on artificial neural networks (ANN) for prediction of bioconcen-

tration factor of a series of 6-chloro-1,3,5-triazine derivatives and to their ranking and selection based 

on sum of ranking differences (SRD) approach. The obtained networks represent quantitative structure-

property relationship (QSPR) models. The input variables were selected based on hierarchical forward 

selection procedure and those are the following molecular descriptors: ATSm5 (autocorrelation descrip-

tor mass descriptor weighted by scaled atomic mass), minHBa (minimum E-states for (strong) hydrogen 

bond acceptors), sumI (sum of the intrinsic state values) and DELS2 (sum of all atoms intrinsic state 

differences, measure of total charge transfer in the molecule). The total number of the established QSPR 

models was twelve and all models were validated and confirmed to be of high statistical quality and 

significant predictive ability. In order to rank and select the most suitable networks, the SRD approach 

was applied based on row average as the reference ranking. 

Keywords: Bioaccumulation, Chemometrics, Ecotoxicity, Triazines, QSPR. 

 
 

INTRODUCTION 

 

 Design and development of novel pesticides is a quite complex task. It starts with an 

analysis of the characteristics of the existing pesticide compounds in order to gain know-

ledge of which characteristics should be modified and improved (1, 2). Also, the screening 

of natural compounds regarding their pesticide activity is desirable as well (3). The main 

problem with the application of pesticides is their potential toxicity, bioaccumulation and 

degradation to more toxic products and pest resistance (1, 4). Initial step of pesticide design 

includes the screening of prepared derivatives of a compound whose pesticide activity has 

already been confirmed. The prepared derivatives are further subjected to quantitative 

structure-activity relationship (QSAR) analysis, including the molecular docking approach 

(5). Based on the QSAR, the pesticide activity of the compounds structurally similar to the 

synthesized ones can be predicted and those compounds that are predicted to be the most 

promising ones can be synthesized and subjected to animal testing to estimate their toxicity. 

Usually, after the first screening around 90% of the synthesized compounds are discarded 

due to significant toxicity and unsatisfactory efficiency (1). The effects of pesticides on 

non-target organisms are also one of the main tasks in contemporary pesticide research.  

 Together with QSAR approach, quantitative structure-property relationship (QSPR) mo-

deling is one of inevitable chemometric approaches in prediction of pesticide candidates’ 
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properties (1, 6, 7). The QSPR modeling is aimed to predict certain physicochemical pro-

perties of the compounds, including their melting point, boiling point, vapor pressure, bio-

accumulation, lipophilicity, solubility, etc. (8-10). The QSPR approach is based on mathe-

matical modeling of structure-property relationships by using various regression methods, 

such as univariate linear regression, multiple linear regression, principal component reg-

ression, polynomial regression, regression based on artificial neural networks, etc. (11-13). 

 Artificial neural networks (ANNs) are an artificial intelligence tool that has been suc-

cessfully used in modern QSPR/QSAR analysis for decades (14). In chemometric analysis, 

ANNs can be used as classification and regression tool. Regression based on ANNs 

provides non-linear ANN models that can predict a molecular feature with high accuracy 

(15), however strict validation procedures are needed to confirm the statistical quality of the 

models as well as absence of overtraining of the networks and overfitting of the data. 

 The main focus of the present study is the modeling of bioconcentration factor (BCF) of 

a series of 6-chloro-1,3,5-triazine derivatives by using ANN regression method and ranking 

and selection of the established networks. Bioconcentration factor is a factor that numeri-

cally represents the absorption of a contaminant by the organism from surrounding envi-

ronment (16). It is a very important factor in the estimation of chemical bioaccumulation 

and biomonitoring of hazardous chemicals (16). BCF can be experimentally determined or 

predicted by the corresponding software that uses a large data base of experimentally deter-

mined BCF of known compounds. After the ANN modeling of BCF of the analyzed set of 

s-triazine derivatives, the obtained ANNs were subjected to sum of ranking differences 

(SRD) analysis in order to rank and select the networks most suitable for prediction of BCF 

of the studied series of compounds. 

 

 

MATERIAL AND METHODS 

 

DATA SET: THE ANALYZED COMPOUNDS AND MOLECULAR DESCRIPTORS 

 

 There is a significant number of triazine derivatives that are used as herbicides (1). The 

group of 6-chloro-4,6-alkylated diamino-s-triazines is the first group of derivatives to be 

developed and it is of great practical importance in agriculture and crop protection (1). 

Propazine is the representative compound from this group of pesticides. Also, some 2,6-

dichloro-6-alkylated amino-s-triazines are typical contact herbicides, however due to their 

instability and skin-irritating ability, they have not found widespread practical applications 

(1). In the present study, the set of the analyzed s-triazine derivatives has twenty-one com-

pounds including 6-chloro-N2,N4-, 6-dichloro-N- and 6-chloro-N2,N4-bis(1-methylcycloal-

kyl)- derivatives. The compounds were synthesized at the Faculty of Technology and Me-

tallurgy, University of Belgrade, based on the procedures described earlier (17, 18). The 

IUPAC names of the studied compounds are given in Table 1. 

 Based on two-dimensional molecular structures, the set of physicochemical and topo-

logy descriptors was calculated. Firstly, the BCF was calculated by using VegaNIC soft-

ware (19) based on the incorporated QSAR model for fish BCF implementing the radial 

basis function neural network (BCF model – CAESAR, version 2.1.13). The molecular de-

scriptors were calculated by PaDEL-Descriptor program (20). 
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Table 1. The IUPAC names of the analyzed compounds 

 

Compound IUPAC name 

1 6-chloro-N2,N4-dipropyl-1,3,5-triazine-2,4-diamine 

2 6-chloro-N2,N4-bis(propan-2-yl)-1,3,5-triazine-2,4-diamine (propazine) 

3 N2,N4-bis(butan-2-yl)-6-chloro-1,3,5-triazine-2,4-diamine 

4 6-chloro-N2,N4-bis(2-methylpropyl)-1,3,5-triazine-2,4-diamine 

5 6-chloro-N2,N4-dicyclopentyl-1,3,5-triazine-2,4-diamine 

6 6-chloro-N2,N4-dicyclohexyl-1,3,5-triazine-2,4-diamine 

7 6-chloro-N2,N4-dicycloheptyl-1,3,5-triazine-2,4-diamine 

8 6-chloro-N2,N4-dicyclooctyl-1,3,5-triazine-2,4-diamine 

9 6-chloro-N2,N4-bis(1-phenylethyl)-1,3,5-triazine-2,4-diamine 

10 6-chloro-N2,N4-bis(1-(p-tolyl)ethyl)-1,3,5-triazine-2,4-diamine 

11 6-chloro-N2,N4-bis(1-(4-chlorophenyl)ethyl)-1,3,5-triazine-2,4-diamine 

12 N2,N4-bis(1-(4-bromophenyl)ethyl)-6-chloro-1,3,5-triazine-2,4-diamine 

13 6-chloro-N2,N4-dicyclohexyl-N2,N4-dimethyl-1,3,5-triazine-2,4-diamine 

14 6-chloro-N2,N4-dicyclohexyl-N2-phenyl-1,3,5-triazine-2,4-diamine 

15 6-chloro-N2,N4-dicyclohexyl-N2,N4-diphenyl-1,3,5-triazine-2,4-diamine 

16 6-chloro-N2,N4-bis(1-methylcyclopentyl)-1,3,5-triazine-2,4-diamine 

17 6-chloro-N2,N4-bis(1-methylcyclohexyl)-1,3,5-triazine-2,4-diamine 

18 6-chloro-N2,N4-bis(1-methylcycloheptyl)-1,3,5-triazine-2,4-diamine 

19 4,6-dichloro-N-(1-methylcyclopentyl)-1,3,5-triazine-2-amine 

20 4,6-dichloro-N-(1-methylcyclohexyl)-1,3,5-triazine-2-amine 

21 4,6-dichloro-N-(1-methylcycloheptyl)-1,3,5-triazine-2-amine 

 

 Descriptors that were used as input variables for the ANN were selected from the pool 

of 55 calculated descriptors by using hierarchical forward selection procedure in NCSS 

2023 program (21). The total number of selected input variables was 4, including ATSm5 

(autocorrelation descriptor weighted by scaled atomic mass), minHBa (minimum E-states 

for strong hydrogen bond acceptors), sumI (sum of the intrinsic state values I) and DELS2 

(sum of all atoms intrinsic state differences, the measure of total charge transfer in the mo-

lecule). Their values, including the logarithm of BCF, are given in Table 2. It also can be 

seen in Table 2 how the compounds were split into training, test and validation sets. There-

fore, test and validation set contain 3 randomly selected compounds each, whilst the trai-

ning set contains 15 compounds. 

 

Table 2. The values of input (logBCFcaesar) and output variables (ATSm5, minHBa, sumI, 

DELS2) used in the QSPR modeling 

 

Compound Set logBCFcaesar ATSm5 minHBa sumI DELS2 

1 Train 0.88 25.07 0.66 30.35 12.12 

2 Train 1.08 27.74 0.65 31.01 11.94 

3 Train 1.40 29.74 0.65 34.01 13.62 

4 Train 1.13 27.07 0.65 34.01 13.51 

5 Train 1.85 31.74 0.68 35.01 14.70 

6 Test 2.02 34.07 0.67 38.01 15.35 
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Table 2. Continuation 
 

Compound Set logBCFcaesar ATSm5 minHBa sumI DELS2 

7 Train 2.07 36.40 0.67 41.01 16.01 

8 Validation 1.93 44.40 0.67 44.01 16.51 

9 Train 1.97 42.40 0.57 50.35 15.17 

10 Train 1.90 44.40 0.57 53.68 16.86 

11 Train 2.59 48.30 0.58 52.37 21.65 

12 Validation 1.75 55.71 0.59 51.81 17.97 

13 Train 2.06 42.07 0.68 41.01 14.31 

14 Train 1.96 51.90 0.63 49.18 17.06 

15 Train 1.58 69.73 0.59 60.35 18.80 

16 Train 2.06 36.40 0.66 38.85 16.59 

17 Train 2.08 40.73 0.65 41.85 17.34 

18 Test 2.00 45.07 0.65 44.85 18.09 

19 Train 1.38 34.84 0.72 28.44 13.55 

20 Validation 1.56 37.01 0.72 29.94 13.96 

21 Test 1.71 39.17 0.72 31.44 14.36 

 

NON-LINEAR QSPR MODELING: ARTIFICIAL NEURAL NETWORKS 

 

 The non-linear QSPR modeling was performed by using ANN method with Broyden–

Fletcher–Goldfarb–Shanno (BFGS) learning algorithm. The networks were trained with 

feedforward multilayer perceptron (MLP) and radial basis function (RBF) in Statistica 12.0 

software (22). Prior the networks’ training, the number of minimum hidden units was set at 

2, whilst the maximum was 10. The total number of the trained networks was 200 among 

which 12 networks were selected based on their statistical and predictive performance. The 

global sensitivity analysis (GSA) was used to estimate the influence of each input variable 

on networks’ performance (23). The GSA coefficient presents how the output of the ANNs 

changes by variations in the parameters that affect the ANN. The GSA higher than 1 means 

the greater change in the ANNs performance. If the GSA is less than 1, the variable should 

be omitted from the modeling (14). The validity of the ANNs was estimated based on: cor-

relation coefficient (R), correlation coefficients of training set (Rtrain), correlation coeffi-

cients of test set (Rtest), correlation coefficients of validation set (Rvalid), root mean square 

error of training set (RMSEtrain), root mean square error of test set (RMSEtest), root mean 

square error of validation set (RMSEvalid). The predictive ability of the ANNs was checked 

by the residual’s analysis and comparison of observed and predicted logBCFcaesar values.  

 

SUM OF RANKING DIFFERENCES APPROACH 

 

 The sum of ranking differences is a non-parametric robust method (24) that was applied 

to rank and compare the established QSPR models. It is based on calculation of absolute 

differences of ranks between the established reference ranking and the values predicted by 

each ANN-QSPR model. In the present study, row average was used as a reference ranking 

since it is most likely that the ranking will be achieved by the average values (25). The 

ranking procedure was validated by comparison of ranks by random numbers (CRRN) and 
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7-fold cross-validation (26). The SRD methodology is explained in details in the literature 

(24-26). 
 
 

RESULTS AND DISCUSSION 

 

ANN-QSPR MODELS 

 

 The ANN modeling resulted in high quality ANNs whose statistical parameters are pre-

sented in Table 3. There are twelve selected ANNs with a number of hidden neurons going 

from 5 to 10. There are different hidden and output activation functions used in the ANNs 

modeling, including exponential (Exp), logistic (Log), hyperbolic tangent function (Tanh), 

sine and identity functions. As it can be seen from the data in Table 3, there are different 

numbers of training cycles after which a network is obtained (the numbers in brackets given 

in the names of each network). The inputs and outputs are highly correlated (Rtrain > 0.94) 

by all the networks. Also, there is a good concurrence between the data from the training 

and validation sets (Rtest > 0.90, Rvalid > 0.99). All the networks are described by quite 

acceptable root mean square errors for the data from the training, test and validation sets. 

 The training set was used for the training of the networks so the inputs could precisely 

predict the output, whilst the test set was used to estimate the generalization error. The pur-

pose of the validation set was to detect the most suitable network configuration and para-

meters of the training procedure by comparing validation set error and training set error 

during training (27). The input and output data were not normalized prior to the training of 

the networks since the training with the normalized data did not result in any network with 

acceptable statistical characteristics. 
 

VALIDATION OF THE ANN-QSPR MODELS AND APPLICABILITY DOMAIN 
 

 One of the aspects of validation of the established QSPR models is comparison of expe-

rimental or target data and the data predicted by the models. This approach, besides the 

validation based on evaluation of calculated statistical parameters, provides more specific 

view on predictive ability of the QSPR models since it compares the actual amplitude of the 

differences between target and predicted data, as well as randomness of their distribution. 

This is particularly important in determination of error predictability, which should be mi-

nimized. 

 The comparison of the target data and the data predicted by twelve ANN-QSPR models 

is presented in Figure 1a. It can be seen that significant amount of the data is concentrated 

around y = x line. For some models certain deviations of the points from the y = x line are 

observable. The regression analysis of the target and predicted data showed that all the 

equations have the intercept equal to zero, whilst the slope is very close to one. The model 

MLP 4-5-1 (76) is described by the relationship between target and predicted data which is 

closest to the ideal case: y = 0.9999 x. The strong relationship between target and predicted 

data implies that the networks are well trained and have a good predictive ability. 

The residual amplitude, presented as the absolute difference between the target and 

predicted data and their distribution around y = 0 axis is presented in Figure 1b. The absolu-

te value of the residuals is less than 0.32 which can be considered satisfactory. The highest 

positive absolute error in the predicted logBCFcaesar parameter is noticeable in the MLP 4-

10-1 (18) model (+0.32), whilst the highest negative error is observable in the MLP 4-6-1 

(28) model (-0.28). The average value of positive and negative residuals is ±0.16. 
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The applicability domain of the established ANN-QSPR models is defined based on the 

ranges of the input and output data: logBCFcaesar (0.88-2.59), ATSm5 (25.07-69.73), 

minHBa (0.57-0.72) and DELS2 (11.94-21.65). In order to predict logBCFcaesar parameter 

for a novel compound, the values of its input parameters (molecular descriptors) should fall 

into the defined ranges so the prediction output can be considered reliable. 

 

  a) 

 
  b) 

 
Figure 1. The relationships between target logBCFcaesar data and logBCFcaesar data 

predicted by the established ANN-QSPR models (a) and distribution of the residuals 

presented versus target logBCFcaesar data for the established ANN-QSPR models (b). 

 

 The results of conducted GSA analysis are presented in Table 4. It can be noticed that 

the GSA coefficients of all input parameters are significantly higher than 1, meaning that all 

the parameters have significant influence on the network’s performance and prediction out-
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put. Based on average GSA values, it can be seen that the sumI descriptor has the highest 

significance, followed by DELS2, ATSm5 and minHBa descriptors. The order of signifi-

cance of descriptors in individual models deviates from the order of average values. For 

example, minHBa descriptor has the highest significance in the MLP 4-5-1 (76) model 

(GSA = 179.92), whilst in the model MLP 4-10-1 (65) its significance is barely above the 

limit (GSA = 1.16). 

 

Table 4. The GSA coefficients of the input variables of the ANN-QSPR models 

 

ANN identity sumI DELS2 ATSm5 minHBa 

MLP 4-10-1 (18) 9.01 4.98 4.22 2.46 

MLP 4-9-1 (17) 8.90 8.20 10.83 2.94 

MLP 4-9-1 (64) 79.14 14.54 29.55 4.84 

MLP 4-9-1 (65) 83.32 70.88 35.01 51.80 

MLP 4-7-1 (33) 27.88 18.93 28.55 10.72 

MLP 4-8-1 (96) 45.10 12.64 46.90 12.50 

MLP 4-6-1 (46) 68.75 7.25 29.76 4.34 

MLP 4-8-1 (13) 27.98 10.41 12.90 3.20 

MLP 4-6-1 (28) 15.08 4.64 4.68 5.57 

MLP 4-7-1 (31) 25.70 32.43 28.16 4.13 

MLP 4-10-1 (65) 20.58 11.07 16.98 1.16 

MLP 4-5-1 (76) 142.08 156.84 85.21 179.92 

Average 46.13 29.40 27.73 23.63 

 

SRD ANALYSIS OF THE ANN-QSPR MODELS 

 

 The selection of “the best” QSPR model for prediction of certain features is not an easy 

task. Besides the simple comparison of the statistical parameters, sometimes it is necessary 

to have another point of view in the model’s selection. The SRD procedure provides better 

distinctive and pattern recognition ability; it can clearly divide the QSPR models into good 

and bad ones and reveal certain similarities to experimental or target data (28). 

 The results of the SRD procedure are presented in Figure 2. Here it can be noticed that 

all the networks are placed quite close to the reference ranking (left side of the graph), but 

the network closest to the reference is MLP 4-9-1 (65). The network that is furthest from 

the reference is MLP 4-6-1 (28) and it can be considered “the worst”. The networks that 

have the same ranking as the target values are MLP 4-6-1 (46) and MLP 4-7-1 (31). 

 The target values are included in the ranking analysis for checking purposes. The ana-

lysis indicates that the models MLP 4-10-1 (18), MLP 4-8-1 (13) and MLP 4-6-1 (28) are 

not better than target values, so their application should be avoided. 
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Figure 2. The ranking of 12 ANN-QSPR models by SRD together with target 

logBCFcaesar values with row average as a reference ranking. The statistical characteristics 

of Gaussian fit are the following: first icosaile (5%), XX1 = 112; first quartile, Q1 = 132; 

median, Med = 146; last quartile, Q3 = 160; last icosaile (95%), XX19 = 180. 

 

 The data in Table 5 indicate that all the established ANN-QSPR models are depicted by 

negligible probability of having random character. The model MLP 4-9-1 (65) has the 

lowest probability, whilst the model MLP 4-6-1 (28) has the highest but minor probability. 

The SRD procedure was validated by 7-fold cross-validation approach which confirmed the 

validity of the conducted SRD analysis as well as the order of the analyzed networks. 

 

Table 5. The values of p%–intervals and the ranking of the ANNs (first icosaile – XX1, 

first quartile – Q1, median – Med, last quartile – Q3, last icosaile – XX19) 

 

Ranking results p% 

Name SRD x < SRD < y 

MLP 4-9-1 (65) 14 1.09E-08 2.02E-08 

MLP 4-10-1 (65) 16 2.02E-08 3.67E-08 

MLP 4-9-1 (64) 18 3.67E-08 6.58E-08 

MLP 4-8-1 (96) 18 3.67E-08 6.58E-08 

MLP 4-9-1 (17) 20 6.58E-08 1.17E-07 

MLP 4-7-1 (33) 20 6.58E-08 1.17E-07 

MLP 4-5-1 (76) 20 6.58E-08 1.17E-07 

Target 22 1.17E-07 2.04E-07 

MLP 4-6-1 (46) 22 1.17E-07 2.04E-07 

MLP 4-7-1 (31) 22 1.17E-07 2.04E-07 

MLP 4-10-1 (18) 24 2.04E-07 3.64E-07 

MLP 4-8-1 (13) 26 3.64E-07 6.44E-07 

MLP 4-6-1 (28) 28 6.44E-07 1.13E-06 

XX1 112 4.35 5.31 

Q1 132 22.27 25.19 

Med 146 49.80 53.57 

Q3 160 74.46 77.55 

XX19 180 94.61 95.53 
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CONCLUSION 

 

 The results described in the present study show that the obtained ANN-QSPR models 

are suitable for prediction of bioconcentration factor (logBCFcaesar) based on in silico mo-

lecular descriptors of a series of s-triazine compounds as pesticide candidates. The models 

were formed based on autocorrelation descriptor weighted by scaled atomic mass 

(ATSm5), minimum E-states for strong hydrogen bond acceptors (minHBa), sum of the 

intrinsic state values I (sumI) and sum of all atoms intrinsic state differences, the measure 

of total charge transfer in the molecule (DELS2). All models have high predictive power 

which was confirmed by the applied validation procedures. The SRD procedure was used in 

order to rank and select the most suitable models. The results of the SRD indicate that most 

of the models are suitable for applications, whilst the application of the models MLP 4-10-1 

(18), MLP 4-8-1 (13) and MLP 4-6-1 (28) is questionable. 
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Structural engineers, in particular, face the ongoing challenge of ensuring the durability and sa-

fety of critical infrastructure components, such as composite beams in bridges and buildings. With 

aging infrastructure and increasing demands for sustainability and longevity, innovative solutions are 

essential. The safety and longevity of structures, such as composite beams in buildings and bridges, 

are paramount concerns. As our infrastructure ages and environmental sustainability becomes in-

creasingly important, innovation in materials and methods is crucial. In this context, we explore a 

transformative solution the development of advanced crack-filling materials. These materials hold the 

promise of revolutionizing civil engineering by addressing structural challenges and ex-tending the 

lifespan of critical infrastructure components. This exploration will delve into the significance of in-

frastructure, the challenges faced by structural engineers, and the potential impact of advanced 

crack-filling materials on the field. In this paper we are highlighting the development of a crack fil-

ling material for the composite section using Multi Walled Carbon Nanotubes (MWCNTs) and Car-

bon fibers (CFs). The use of these two nano materials will subsequently be able to reduce the cracks 

and heal the composite section wherever necessary. The flexural strength of the beams is significantly 

increased 15% by the addition of MWCNTs and 67% by the addition of MWCNTs and CFs. The 

cracked MWCNTs beam coated with MWCNTs, epoxy, CFs gained strength and failed at 1100 N. 

This is because the coating helped to distribute the load across the crack and prevented the crack 

from propagating further. The cracked carbon fibers beams coated with MWCNTs, Epoxy and CFs 

gained strength and failed at 1760 N. This is because the MWCNTs + CFs helped to bridge the crack 

and transfer the load across the crack. Cement mortar with MWCNTs + CFs after coating increased 

by 400% This suggests that the coating is effective at restoring the strength of the cracked beams. 

Keywords: Durability, Composite beams, Crack-filling, Sustainability, Infrastructure. 

 
 

INTRODUCTION 
 

 The drying process is usually responsible for volume changes in concrete. However, 

early drying shrinkage poses an issue as well, since it happens without any moisture trans-

fer to the atmosphere. Autogenous shrinkage is the word used to describe this volume de-

crease, which is associated with chemistry and internal structure alterations (1, 2). Since 

autogenous shrinkage causes cracking, it should be managed (3). Although the phenomena 

of autogenous shrinkage have long been known about, only recently has its practical signi-

ficance in concrete technology come to light. When silica fume or other natural admixtures 

are applied to high-strength concrete with a low water-binder ratio, there is a noticeable 

drop in the paste specimen's internal relative humidity value during sealed hydration (4). 

The autogenous shrinkage that causes internal tensile strains as a result of constraint from 

the aggregates is intimately linked to this autogenous shift in relative humidity. In order to 

https://doi.org/10.2298/APT2455155J
https://orcid.org/0009-0003-9843-7453
https://orcid.org/0000-0003-3633-0928
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address the previously described issue, researchers began experimenting with macro- and 

microfibers as a micro-level reinforcing method in cementitious composites (5, 6). Cemen-

titious composites, however, exhibit defects at the nanoscale where fiber reinforcing is inef-

fective (7). The outstanding mechanical, electrical, and thermal properties of carbon nano-

tubes (CNTs), as well as their capacity to stop cracks from growing at the nanoscale, make 

them particularly interesting (8, 9). The unique strength and stiffness of the nanotubes are 

attributed to the carbon-carbon-carbon bond. Carbon nanotubes are supposed to be the 

toughest and hardest nanomaterials found to date in terms of elastic modulus and tensile 

strength (10, 11). To make an effective cement composite with CNTs, the criteria needed is 

well-dispersed CNTs within the cement paste matrix and the bond between nanotubes and 

the cement paste (12). It is very difficult to disperse the CNTs in Cement paste due to the 

reason that it has a strong surface attraction and high aspect ratio (13). Insufficient disper-

sion leads to development of defect sites, which encourages the creation of CNT packs and 

reduces the usefulness of CNTs (14). To improve the dispersion of CNTs in cement-based 

materials, researchers used chemical (using surfactant) and physical (using ultrasonication) 

approaches (15). Nevertheless, problems with the connectivity of carbon nanomaterials 

inside the cement matrix can arise when a surfactant is used as a dispersant (16). Cement 

paste and CNTs surfaces must adhere firmly to one another in order to facilitate crack 

bridging, which can offer significant mechanical reinforcement (17). To get around prob-

lems with nanofiber dispersion and bonding inside the cement matrix, Sanchez and Ince 

(18) use extremely fine silica fume particle sizes, ranging from 100 to 500 nm. The practice 

of ultra-sonication can be eliminated since silica fume particles have the ability to instinc-

tively isolate the grouped MWCNTs within the cement paste matrix. Functionalized carbon 

nanotubes were employed by Cwirzen (19) to reduce autogenic shrinkage. In his first test, 

the amount of CNTs (1.4 wt.%) decreased by about 50%. Comparing experimental data 

from Konsta-Gdotous et al. (20) to the plain cement paste, a decrease in autogenic shrink-

age was detected with an increase in the number of long MWCNTs. The flexural strength 

of specimens reinforced with 0.048 wt.% percent MWCNTs was 30-40% greater than that 

of specimens reinforced with ordinary paste. The cement paste specimen doped with 

MWCNTs (0.045 wt.%), which were distributed by sonication before mixing with matrix, 

produced a 50% greater compressive strength, according to Cwirzen et al. (21). According 

to Collins et al. (22), the compressive strength of cement paste was completely impacted by 

the use of polycarboxylate additive in unification with ultrasonication. In cement paste 

specimens, Shah et al. (20, 23) examined the effects of different doses of CNTs, varying 

between 0.02 wt.% and 0.1 wt.% by weight of cement, less CNTs lead to enhancement in 

the mechanical properties of nanocomposites. Researchers have also looked into how CNTs 

affect paste and concrete sensing capabilities as well as resilience to frost (24). The first 

piezo-resistive composites of cement with MWCNTs were made by Li et al. (25) using 

functionalized CNTs, and the resistivity was assessed under uniaxial compression. A piezo-

resistive sensor of SWCNT (Single Walled Carbon Nanotubes) with cement was created by 

Saafi (26) to detect mutilation in concrete constructions. The present study experimentally 

investigates the development of a crack filling material for the composite section using 

MWCNTs and CFs. The use of these two nano materials will subsequently be able to re-

duce the cracks and heal the composite section wherever necessary. The mechanical proper-

ties for Plain Cement to Coated beam under single point load is evaluated. Scanning elec-

tron microscopy (SEM) analysis is also done to study the microstructure of the composite 

beams. 
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MATERIALS AND METHODOLOGY 

 

MATERIALS  

 

 Cement: Ordinary Portland Cement (OPC) confirming to IS 8112-1989 has been used, 

it is used for all types of building. 

 Carbon fibers: They are five to ten micro meters in diameter and are made up of car-

bon atoms as shown in Figure 1. Chopped CFs shows high aspect ratio and high ductility. It 

has electrical conductivity and good mechanical properties. The CFs will be long in length, 

they are chopped and made into fine particles as shown in the figure, so that it would be 

helpful to mix in the cement mixture. 

 

 
 

Figure 1. Carbon fibers 

 

Table 1. Stipulations of CFs  

 

Sl No. Distinctive Property Implications 

01 Sourced from Arrow Tex, India 

02 Diameter 8µm 

03 Length 10mm 

04 Weight 200g/m2 

05 Density 1.8 g/cc 

06 Tensile strength 3500 N/mm2 

07 Tensile Modulus 285 x 10 3 N/mm2 

08 Poisson ratio 0.25 

 

 MWCNTs: Nano filler which is used in this project is MWCNTs (Figure 2), which is 

multifunctional element and has electrical properties and mechanical properties. This is a 

nano filler in which good properties are present and also helps to get the good results while 

testing (Table 2). 
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Figure 2. MWCNTs 

 

Table 2. Stipulations of MWCNTs 

 

Sl no Material Multi walled Carbon Nanotubes (MWCNTs) 

01 Manufacturing Process Chemical Vapor Deposition (CVD) 

02 Diameter 10-30 nm 

03 Length 1-2 microns 

04 Purity >95% (MWCNTs) 

05 Amorphous carbon < 3% 

06 Residue (Calcination in air) <2% 

07 Average interlayer distance 0.34 nm 

08 Special surface area > 350 m2/g 

09 Bulk density 0.05-0.17 g/cm3 

10 Real density 1-2 g/cm3 

11 Charging 2180 (capacity: mA h/g) 

12 Discharging 534 (capacity: mA h/g) 

13 Volume Resistivity 
0.1-0.15 ohm·cm (measured at pressure in 

powder) 

 

 Epoxy resin primarily acts as an excellent adhesive or bonding agent. Epoxy resin can 

enhance the performance and durability of beams, it is typically used in combination with 

traditional structural materials like concrete, steel, or wood. Epoxy resin typically exhibit 

minimum shrinkage during curing which helps to maintain tight and secure bond. 

 This research involves casting of M20 grade column with dimensions of 150 x 150 x 

300 mm. The column will be wrapped with twill weave carbon fiber sheets of 200bGSM 

Bonded using Epoxy resin and Hardener. Additionally, a damper of 150 x150 x 10 mm is 

composed of M25 grade concrete added with 3% of 1mm chopped carbon fiber will be em-

bedded within the column at the C.G. of failure point to enhance its structural integrity and 

performance. 

 Specimens to be cured for 28 days and Conducting Compression test using a Universal 

Testing Machine to determine the ultimate load-carrying capacity of the column and indivi-

dual dampers. Impact test to know the energy absorption in concrete. 
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Scheme 1. Experimental procedure 

 

MIX DESIGN 

 

 Table 3 represents the Mix design for casting of the cement composite beams. It indica-

tes the volume of cement, sand and nanomaterials used for the experimental research. 

 

Table 3. Mix Design of Beams 

 

Item Specification Units 

No. Of Beams 33  

Size of Beam 100 x 30 x 30 mm 

Volume of 1 Beam 90000 mm3 

Volume of 33 Beam 2970000 mm3 

 297 x 10-5 m3 

Dry Volume 1.54 m3 

Grade of Beam Cement Mortar M25  

Mix Proportion 1: 1  

Water/Cement Ratio 0.5  

Volume of Cement for 1 m3 1109 kgs 

Volume of Sand for 1 m3 1232 kgs 

Volume of Water 4.30 liters 

Cement for 1 beam 100 gm 

Sand for 1 beam 111 gm 

MWCNTs (0.3% weight of cement) 0.3 gm 

Carbon Fiber (1% volume of beam) 1.8 gm 

Cement for 33 beams 3300 gm 

Sand for 33 beams 3663 gm 

MWCNTs (mixing + coating) 10 gm 

Carbon Fiber (mixing + coating)   20 gm 

Epoxy gel (For Coating) 200 gm 



APTEFF 55 (2024) 155-168   Jalgar et al. 

160 

 Figure 3 indicates the steps followed in casting of beams which include weighing and 

mixing of materials, ultrasonication for proper mixing of nano materials and the casting the 

samples in the mold and curing them (Figure 4). 

 

 
Figure 3. Method of casting beams 

 

 

 
 

Figure 4. Casted beams after curing 

 



APTEFF 55 (2024) 155-168   Jalgar et al. 

161 

RESULTS AND DISCUSSIONS 

 

FLEXURAL STRENGTH TEST 

 

 The flexural strength of the beams is significantly increased by the addition of MWCNTs 

and CFs. The cracked beams coated with MWCNTs, epoxy, and CFs also have a higher flexural 

strength than the cracked plain beams. This suggests that the coating is effective at restoring the 

strength of the cracked beams. 

 

CONTROLLED BEAM SAMPLE 

 

 The graph in Figure 5 illustrates the interplay between applied force and displacement 

for an unaltered cement beam. Serving as a crucial benchmark, the ultimate flexural 

strength for this plain cement beam stands at 1200N. This value establishes a baseline for 

subsequent comparisons of flexural strength among mixed and coated beams. 

 

 
Figure 5. Force/Displacement Graph of Controlled (without nanomaterials) beam samples  

 

 The graph in Figure 6 under consideration illustrates the relationship between applied 

force and displacement for a cement beam treated with a graphene oxide coating. Of parti-

cular significance is the observation that the flexural strength of the sample, once it reaches 

the point of cracking, registers at 350N. This indicates a noticeable decline in flexural 

strength from an initial value of 1200N to the observed 350N after the sample undergoes 

cracking.  

 

 
Figure 6. Force/Displacement Graph of Controlled Beam after Cracking 
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CEMENT MORTAR WITH MWCNTS MIXING 

 

 The graph in Figure 7 illustrates the correlation between applied force and displacement 

for a cement beam mixed with MWCNTs. Notably, the ultimate flexural strength, determi-

ned as 1350N, indicates a significant and substantial increase in flexural strength attributed 

to the incorporation of MWCNTs from 1200N of controlled beam. 

 

 
Figure 7. Force/Displacement Graph of Cement Mortar with MWCNTs mixing 

 

MWCNTS COATING WITH EPOXY RESIN 

 

 The graph in Figure 8 illustrates the correlation between applied force and displacement 

for a MWCNTs coating with Epoxy Resin applied to beams. Notably, the ultimate flexural 

strength, measured at an impressive 1120N, is attributed to the self-healing ability of 

MWCNTs. This remarkable recovery in strength occurs after the beams have experienced 

cracking, showcasing the efficacy of MWCNTs in restoring structural integrity. In contrast, 

the flexural strength of plain beams post- cracking was only 350N. This stark difference 

underscores the substantial enhancement brought about by the MWCNTs coating 

 

 
Figure 8. Force/Displacement Graph of MWCNTs coating with Epoxy resin 

 

CEMENT MORTAR WITH MIXING MWCNTS AND CFS 

 

 The graph in Figure 9 illustrates the correlation between applied force and displacement 

for Cement Mortar enhanced with MWCNTs and CFs. Notably, the ultimate flexural 

strength achieved is 2000, surpassing the strength of plain beams, which stands at 1200. 

This substantial increase in flexural strength underscores the effectiveness of incorporating 

MWCNTs and CFs in the Cement Mortar mixture. 
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Figure 9. Force/Displacement Graph of Cement Mortar with mixing MWCNTs and CFs 

fiber 

 

MWCNTS + CFS COATING WITH EPOXY RESIN 

 

 The graph in Figure 10 illustrates the correlation between applied force and displace-

ment for a coating comprising MWCNTs and CFs, combined with Epoxy resin. Notably, 

the ultimate flexural strength, determined at 1750N, is achieved after the beams undergo 

cracking and subsequent healing. It's noteworthy that the ultimate flexural strength of a 

plain beam after cracking is 350N. 

 

 
Figure 10. Force/Displacement Graph of Cement Mortar with MWCNTs + CFs coating 

with Epoxy resin 

 

 CFs and MWCNTs are renowned for having similar high stiffness and strength proper-

ties. They strengthen the structure when integrated into a material matrix, increasing its re-

sistance to the spread of cracks. Because it more evenly distributes stresses throughout the 

material, this reinforcement aids in the prevention of cracks from occurring in the first 

place. Because of their special structure, MWCNTs potentially have self-healing capabili-

ties. When fractures arise, the migration of carbon atoms inside the nanotubes can help the 

breaches close at the nanoscale. Over time, this self-healing mechanism aids in preserving 

the material's structural integrity. 

 The results of Flexural strength test are as shown in Figure 11. 
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Figure 11. Flexural strength 

 

COMPRESSION STRENGTH TEST 

 

 The cubes were tested for Compressive strength in Concrete Compression Machine 

(specimen sizes were 100mm x 30 mm × 30 mm). At the age of 28 days, compressive tests 

were performed on an automatic pressure machine with a loading rate of 0.5 kN/s. The re-

sults of Compression test are as shown in Figure 12. 

 The mechanical characteristics of materials can be greatly improved by the addition of 

MWCNTs and carbon fibres. The material's resistance to fracture initiation and propagation 

is facilitated by enhancements in its tensile strength, flexural strength, and toughness, all of 

which work together. 

 
Figure 12. Compressive strength 
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SEM ANALYSIS 

 

 SEM analysis is a non-destructive analytical technique. When the sample material is 

subjected to electrons, x-rays that are distinctive of the elements present are released. The 

various inorganic elements contained in the sample are identified by the spectrum profile, 

which is produced when the energy emissions are converted into spectral peaks of differing 

intensities (i.e. lead, iron, copper, zinc etc.). 

 In the SEM analysis of a controlled cement beam as shown in Figure 13, the image re-

veals the presence of cracks. These cracks are notable features that can provide insights into 

the structural characteristics of the cement beam. SEM allows for a detailed examination of 

the surface, and the observed cracks may offer valuable information about the material's 

behavior under different conditions. 

 

 
Figure 13. SEM analysis of Controlled beam 

 

 In the SEM analysis of a cement beam enhanced with MWCNTs and CFs, the image in 

Figure 14 reveals a noteworthy observation: there are fewer cracks compared to the plain 

controlled cement beam. This finding indicates an improvement in the structural integrity 

of the cement beam when reinforced with MWCNTs and CFs. The incorporation of these 

materials seems to contribute to minimizing the formation of cracks, suggesting enhanced 

strength and durability. This is a promising result as it implies that the modified cement 

beam may exhibit better performance and resilience under various conditions. 

 Within the material matrix, MWCNTs and CFs both serve as reinforcement. These 

reinforcing features serve to redistribute loads around the crack tip during crack propaga-

tion, which stops the crack from spreading farther. These materials can lessen the stress 

concentration at the crack tip, which slows or stops the crack from propagating, by disper-

sing mechanical loads efficiently. 

 The interfacial connection between the reinforcement and the matrix can be strengthe-

ned by adding MWCNTs and CFs to a matrix material. By reducing the amount of crack 

propagation and encouraging crack closure, stronger interfacial bonding contributes to the 

material's integrity. 
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Figure 14. SEM analysis of MWCNTs + CFs 

 

 

CONCLUSIONS 

 

 The flexural strength of the beams is significantly increased 15% by the addition of 

MWCNTs and 67% by the addition of MWCNTs and CFs. 

• The cracked plain beam did not gain its original strength and failed early during 

the flexural test. This is because the crack in the beam weakened the beam and 

made it more susceptible to failure. 

• The cracked MWCNTs beam coated with MWCNTs, epoxy, CFs gained strength 

and failed at 1100 N. This is because the coating helped to distribute the load 

across the crack and prevented the crack from propagating further. 

• The cracked CFs beams coated with MWCNTs, Epoxy and CFs gained strength 

and failed at 1760 N. This is because the MWCNTs + CFs helped to bridge the 

crack and transfer the load across the crack. 

• The cracked beams coated with MWCNTs, Epoxy and CFs also have a higher 

flexural strength than the cracked plain beams.  

- Cement mortar with MWCNTs after coating = Increased by 220% 

- Cement mortar with MWCNTs + CFs after coating = Increased by 400% 

This suggests that the coating is effective at restoring the strength of the 

cracked beams. 

 Strong covalent connections forming a tubular arrangement between carbon atoms give 

MWCNTs their distinctive structure. When a crack appears, the movement of carbon atoms 

inside the nanotubes can help the cracks close at the nanoscale. Through the reorganization 

of carbon bonds, this self-healing mechanism enables the material to regain its integrity. 

 In Conclusion, the addition and coating of MWCNTs and CFs to the beams is an effec-

tive way of restoring the strength of the beams at Nano & Micro Levels. 
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The production and consumption of fruit brandy (rakija) in Bosnia and Herzegovina has a long 

tradition. The imperative of every brandy producer is to have a quality product that is appealing to 

the consumer. The aim of our work was to examine the content of C8-C22 fatty acid esters in three 

samples of domestic fruit brandy (labeled Sample I, II and III). Samples I and II were made from 

pear, while sample III was from plum. After liquid-liquid extraction, using the solvent system hexane 

and diethyl ether (1:1), analysis of fatty acid esters was performed using the GC/MS method (gas 

chromatography with a mass detector). In Sample I and Sample II, eleven C8-C22 fatty acids esters 

were detected, while in Sample III, eight esters were detected. In Sample I and Sample II, the 

following fatty acid esters have been identified: Ethyl benzoate, Ethyl octanoate, Ethyl nonanoate, 

Ethyl decanoate, Ethyl undecanoate, Ethyl dodecanoate, Ethyl tridecanoate, Ethyl tetradecanoate, 

Ethyl pentadecanoate, Ethyl hexadecanoate, Ethyl eicosanoate. In Sample III the following fatty acid 

esters have been identified: Ethyl hexanoate, Ethyl benzoate, Ethyl octanoate, Ethyl nonanoate, Ethyl 

decanoate, Ethyl undecanoate, Ethyl dodecanoate, Ethyl tridecanoate. In all three Samples Ethyl 

decanoate and Ethyl undecanoate had the highest percentage, which reached up to 11% of the total 

percentage of detected compounds. As our results show, the developed methodology is effective for 

the identification of C8-C22 fatty acid esters in fruit brandies, and its further development is needed 

to be a tool for the quality determination of fruit brandies. 

Keywords: volatile compounds, GC/MS, liquid-liquid extraction, quality, taste. 

 

INTRODUCTION 

 

 Fruit brandy (native name rakija) production is highly prevalent in the Western Balkans 

region due to the long tradition and culture of consuming this alcoholic beverage. This is a 

traditional alcoholic beverage, produced by distilling fermented fruits. To produce fruit 

brandy in Bosnia and Herzegovina, plums are the most used, followed by pears, while 

apples are used the least. The largest share of plums from the region of Bosnia and Her-

zegovina is used for the production of the fruit brandy (1). The long tradition of homemade 

production of this spirit is more and more transferred to the modern distilleries, either large-

scale producers or small, family-owned distilleries. 

 What makes fruit brandy unique is its aroma and flavor. The sensory properties of 

alcoholic beverages (such as taste, aroma, color, texture) are influenced by a large number 

of compounds such as alcohols, volatile acids, volatile esters, terpenes, volatile aldehydes 

and acetals, with the most important being alcohols (isoamylol, 1-hexanol, 2-phenylethyl 

alcohol etc.), terpenes and esters. Although present in small quantities, their impact is signi-

ficant (2,3). The properties are also influenced by the preparation and fermentation of fruits 

raw material, distillation technology and maturation (4). Also, the quality and local charac-

https://doi.org/10.2298/APT2455169T
https://orcid.org/0000-0002-1772-4668
https://orcid.org/0000-0001-8846-6494
https://orcid.org/0000-0001-5209-8431
https://orcid.org/0000-0003-1530-0391


APTEFF 55 (2024) 169-175   Trifković et al. 

170 

ter of fruit brandy can be influenced by the soil, climate and varieties of the fruit (5,6). The 

aroma and flavor of fruit brandy originate from compounds present in the fruit used for its 

production, as well as from compounds formed during the production process. There are 

four types of compounds that influence the aroma of brandy, and they are categorized based 

on the phase in which they are formed. Primary compounds are those present in the fruit 

used for brandy production. The secondary compounds are formed during the fermentation 

process, while tertiary compounds arise during the distillation process. Lastly, quaternary 

compounds develop during the maturation of brandy, often in wooden barrels, imparting a 

yellow color to the spirit. All these compounds together contribute to the final aroma and 

flavor of fruit brandy (7,8). The aromatic compounds defining the flavor and aroma of 

alcoholic beverages depend on the type of drink and their origin. Group of compounds that 

contribute significantly to the aroma and taste of brandy are esters. Esters are formed in the 

esterification process of alcohols with acids, during fermentation and aging. This can be 

influenced by many factors, such as the temperature, oxygen availability and yeast strains 

used for the fermentation (7). Determining the content of volatile compounds can be used 

as the method for qualifying alcoholic beverages according to the type, country and prove-

nience region (9). Gas chromatography coupled with a suitable detector, such as FID (Fla-

me Ionization Detector) or mass detector (MS), is commonly used to determine the quali-

tative and quantitative composition of aromatic compounds of alcoholic beverages (7). 

 As the number of distilleries increases, the quality of the fruit brandy is crucial for the 

sale. There is a need for an affordable, objective, and replicable method to evaluate the 

quality of fruit brandy produced by local distilleries. In this work we offer a simple 

methodology to analyze esters of C8-C22 fatty acids as one of the most important groups of 

volatile compounds present in these beverages that affect flavor and aroma. The extraction 

of C8-C22 fatty acid esters from fruit brandy samples was performed using the liquid-liquid 

extraction method. The qualitative composition of volatile aromatic compounds was 

determined using gas chromatography with a mass detector (GC/MS). 

 

EXPERIMENTAL 

 

 The following chemicals were used for the extraction and analysis: Hexane, purchased by 

Lach-Ner; Diethyl Ether, purchased by Lach-Ner; Sodium Chloride, purchased by Lach-Ner. 

 Three types of fruit brandy were kindly donated for this work by the local producers 

from the municipality of Sanski Most and municipality of Novi Grad, Bosnia and Herzego-

vina. One producer donated a spirit made of pears (Sample I), while the other producer 

donated one spirit made of pears (Sample II) and another made of plums (Sample III). The 

fruit origin, geographical origin, and alcohol content in percentages of the samples can be 

found in Тable 1. 

 

Table 1. Characteristics of fruit brandy used in the experiment 

 

Samples 
Fruit 

origin 
Geographical origin 

Alcohol 

content, (%) 

Sample I pears Lušci Palanka, Sanski Most 48 

Sample II pears Mala Novska Rujiška, Novi Grad 45 

Sample III plums Mala Novska Rujiška, Novi Grad 45 
 For each sample three replicas were analyzed to test the replicability of the method. 
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EXTRACTION OF THE VOLATILE COMPOUNDS 

 

 For the extraction of the volatile compounds present in the samples, liquid-liquid extrac-

tion was chosen, using two organic solvents (hexane and diethyl ether, 1:1 v/v). In the 

Erlenmeyer flask 15 mL of the solvent mixture was placed, together with 20 mL of sample, 

10 mL of distilled water and 7.65 g of NaCl. The magnetic stir bar was placed in the flask 

and the opening was sealed with laboratory stretch film to minimize loss of volatile com-

pounds during the extraction. The mixture was placed on the magnetic stirrer for 45 minu-

tes at room temperature, while the speed was set to 750 rpm. 

 After extraction, the mixture was left for a couple of minutes for layers to separate, and 

the upper, organic layer was taken with the pipette and transferred to vials and analyzed by 

gas chromatography. 

 

GC-MS ANALYSIS 

 

 GC conditions: HP-5 column (30 m × 0.25 mm i.d., 0.25 µm film thickness, Agilent Tech-

nologies 7890B). Helium gas was used as the carrier gas was used, at a flow rate of 1 

mL/min. The temperature of the injector was 250 °C. The oven temperature was held at 40 °C 

for 2 min, and then increased to 80 °C at a rate of 5 °C/min, to 160 °C at a rate of 7 °C/min, to 

200 °C at a rate of 9 °C/min, to 280 °C at a rate of 20 °C/min, and finally held at 280 °C for 

10 min. Samples were injected in splitless mode with the injection volume of 1 µL. 

 MS conditions: The electron impact (EI) energy was 70 eV, and the ion source tempe-

rature was set at 230 °C. Scanning was performed from m/z 33 to 348. 

 For each sample, its mass spectrum was compared with that of the standard in the 

NIST05a Database (Agilent Technologies Inc.). The compound was identified when its 

matching rate was higher than 80%.  
 

RESULTS AND DISCUSSION 

 

 By liquid-liquid extraction and GC-MS analysis methods, the qualitative composition of 

the examined samples was determined, identifying fatty acid esters that influence the aroma 

and taste of the spirit. The aromatic volatile compounds obtained through GC-MS analysis 

of the samples are presented in Table 2. In addition, representative GC-MS spectra of the 

samples are given in Figures 1-3.  

 Table 2 includes only compounds obtained in all three replicates, enhancing the me-

thod's reliability in analyzing brandy and identifying compounds that may influence its taste 

and aroma. In Sample I and Sample II, eleven C8-C22 fatty acids esters were detected, 

while in Sample III, eight esters were detected. Supplemental Table 1 presents values of es-

ters retention times and percentage overlap with the database. In Sample I and Sample II, 

the following fatty acid esters have been identified: Ethyl benzoate, Ethyl octanoate, Ethyl 

nonanoate, Ethyl decanoate, Ethyl undecanoate, Ethyl dodecanoate, Ethyl tridecanoate, 

Ethyl tetradecanoate, Ethyl pentadecanoate, Ethyl hexadecanoate, Ethyl eicosanoate. In the 

Sample III following fatty acid esters were detected: Ethyl hexanoate, Ethyl benzoate, Ethyl 

octanoate, Ethyl nonanoate, Ethyl decanoate, Ethyl undecanoate, Ethyl dodecanoate, Ethyl 

tridecanoate.  
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Table 2. Identified esters in fruit brandy samples with GC/MS chromatography 

 

Class  Chemical compound Sample I Sample II Sample III 
Aroma description according to: 

(8) (10) (11) (12) (13) (14) (15) 

E
st

er
 

Ethyl hexanoate - - + Chamomile, flower, celery, fruit 

Ethyl benzoate + + + Fruity, fat 

Ethyl octanoate + + + Pineapple pear-like aroma 

Ethyl nonanoate + + + Grape 

Ethyl decanoate + + + Cognac, coconut 

Ethyl undecanoate + + + Coconut and fat flavor 

Ethyl dodecanoate  + + + Characteristic fruity aroma 

Ethyl tridecanoate  + + + Baked apple 

Ethyl tetradecanoate  + + - Ether 

Ethyl eicosanoate  + + - Fruity, waxy smell 

Ethyl hexadecanoate  + + - Fatty, fruit, sweet, wax 

Ethyl pentadecanoate  + + - Wax 

 

 
Figure 1. Representative GC/MS spectra of fruit brandy Sample I (fruit origin pears, 

geographical origin Lušci Palanka, Sanski Most, Bosnia and Herzegovina). 
 

 
Figure 2. Representative GC/MS spectra of fruit brandy Sample II (fruit origin pears, 

geographical origin Mala Novska Rujiška, Novi Grad, Bosnia and Herzegovina). 
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Figure 3. Representative GC/MS spectra of fruit brandy Sample III (fruit origin plum, 

geographical origin Mala Novska Rujiška, Novi Grad, Bosnia and Herzegovina). 

 

 The three most prevalent aromatic compounds, in terms of the area they cover, in 

Sample I are Ethyl decanoate (4,66%), Ethyl undecanoate (4,66%) and Ethyl benzoate 

(1,59%), in Sample II are Ethyl decanoate (10,58%), Ethyl undecanoate (10,58%) and Ethyl 

octanoate (4,16%) and in the Sample III are Ethyl decanoate (10,80%), Ethyl undecanoate 

(10,80%) and Ethyl octanoate (4,42%). As we can see, the most prevalent aromatic com-

pounds in all three samples are Ethyl decanoate and Ethyl undecanoate, whose percentage 

reaches up to 11% in relation to the total percentage of detected compounds. The per-

centage of detected compounds is more similar between Samples II and III which is made 

from different types of fruit but originate from same geographical area (Mala Novska 

Rujiška, Novi Grad). It is possible that the type of aromatic compounds found in fruit 

brandy is also influenced by the geographical origin of the fruit from which the brandy is 

made. During GC-MS analysis of brandy, Coldea et al. (9) also have shown that detected 

fatty acid esters significantly depend on the type of brandy as well as the region of their 

origin. 

 The quality of a fruit brandy depends on its composition, which is responsible for its 

aroma and taste. To determine the composition of fatty acid esters in the samples, we used 

the GC-MS analysis method with appropriate analysis parameters described in Material and 

Methods. Esters contribute significantly to the aroma and taste of the brandy and they have 

a low organoleptic threshold (16). The floral and fruity aroma precisely originates from 

esters of fatty acids (17, 18) and it is considered that ethyl esters are beneficial for the spirit 

(7).  

 Tešević et al. (7) have shown that the most abundant esters in the analyzed samples of 

brandy were esters of fatty acids between C9 and C20. In our samples of fruit brandy, esters 

were also in the range of C8 and C22. However, the number of esters varies among the 

samples. In Samples I and II, eleven esters were detected, while in Sample III, eight esters 

were detected. The formation of esters is influenced by numerous factors such as the type 

of fruit, yeast, fermentation and distillation process (19). 

 Cvetković et al. (8) concluded that ethyl esters of C8, C10 and C12 acids positively 

affect the quality of fruit spirits, because of the fruity and floral flavor and odor. All these 

esters were identified by our methodology. Cvetković et al. (8) also found that ethyl hexa-

noate with the green apple and anise aroma, ethyl benzoate (floral and fruity), ethyl deca-

noate (fruity) and ethyl dodecanoate (floral and fruity) mostly contribute to the aroma of lo-
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cal spirits. The authors found ethyl hexadecanoate only in the sample of grape spirit and 

concluded that this compound together with ethyl tetradecanoate influence the aroma/taste 

of this spirit. However, we found ethyl hexadecanoate in our Samples I and II (pear origina-

ted brandies). These results may indicate that the formation of ethyl hexadecanoate depends 

not only on the fruit of origin, but also on the fermentation process and yeast strains. 

 According to Stanzer et al. (20) ethyl esters of long chain fatty acids (e.g. ethyl dodeca-

noate, ethyl tetradecanoate, ethyl hexadecanoate) contribute to a positive aroma profile, 

when present in low concentrations, while otherwise they are responsible for candle wax 

and clear tones. In our study, we also detected long chain fatty acids (C14-C22) with the 

highest percentage detected in ethyl dodecanoate (2.96%) in the Sample III. The percentage 

of other esters of long chain fatty acids was below 2%. 

 For the flavor of distilled spirits special importance have the low-boiling ethyl esters 

like ethyl hexanoate, ethyl octanoate and acetates (21). In our work ethyl hexanoate was 

found only in the Sample III, while the ethyl octanoate was found in all three samples. The 

percentage of the area covered by ethyl hexanoate in Sample III was 0.56%, while the per-

centage of ethyl octanoate varies between samples, where the smallest percentage was in 

Sample I, 0.70% and in the Sample II and III was very similar, 4.16 and 4.42% respective-

ly. Tešević et al. (7) have shown that these two compounds, ethyl hexanoate and ethyl deca-

noate, cover a large percentage of area. Similar to our results, ethyl decanoate has the lar-

gest percentage, up to 20% in one plum brandy sample, of all detected compounds. 

However, they found a small percentage of ethyl undecanoate, which is contrary to our re-

sults. Exactly, the different qualitative and quantitative composition of fruit brandy is what 

makes it unique in terms of taste and aroma, giving it its distinctive character, a “rakija 

fingerprint”. 

 

CONCLUSION 

 

 We can conclude that our methodology is effective in identifying fatty acid esters in dif-

ferent types of fruit brandies, that contribute to its flavor and aroma, and can influence the 

quality of a spirit. However, as not only the presence, but also the concentration of these 

compounds influences the flavor of the spirits, further development of the methodology to 

enhance quantitative analysis is necessary. Also, future research will go in the direction of 

developing methods for extraction and GC/MS detection of other classes of volatile brandy 

components that contribute to their quality. 
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One of the most important stages in the creation of a number of spirits is aging. The aim of the 

work is to study the effect of discrete-pulse energy input on the physicochemical parameters of oak 

extracts. It was determined that it is most effective to process oak chips in a rotor-pulsation apparatus 

with a flow shear rate of 50· 103 s-1 and a duration of 11 hours and an extractant strength of 60% by 

volume. An increase in the extraction temperature from 25 to 40 ºС contributes to an increase in the 

optical density of solutions from 0.64 to 0.78 units, while energy consumption does not increase. It 

was determined that when the solid/liquid ratio decreases from 1:10 to 1:20, the content of tannins in 

the extract decreases almost twice. The dependence of the change in the average surface diameter of 

oak particles on the processing duration in the rotor-pulsation apparatus was determined at a flow 

shear rate of 50· 103 s-1, a solid/liquid ratio of 1:10, a temperature of 40 ºС, and an ethanol concen-

tration of 60% vol. The most intensive dispersion took place in the first two hours. The particle size 

decreased by more than 2000 μm. After 4 hours of processing, the reduction was 150 μm, and after 6 

hours - 100 μm. Further processing from 6 to 12 hours led to a decrease in the size of the particles by 

50 μm. The maximum concentration of tannins was 7.4 g/L with an average particle size of 400 μm, 

which corresponds to 10–12 hours of processing. 

Keywords: alcoholic beverages, extraction, oak, rotor-pulsation apparatus, discrete-pulse energy 

input. 

 

INTRODUCTION 
 

One of the stages in the creation of a number of alcoholic beverages, namely, whisky, 

brandy, or cognac is aging (1). This stage is associated with the gradual extraction of 

compounds contained in the wood of oak barrels in which wine or water-alcohol mixtures 

are aged (2). 

This stage also promotes the micro-oxidation reactions associated with the diffusion of 

oxygen through the wood pores. These reactions significantly affect the final sensory and 

aromatic properties of alcoholic beverages.  

The use of wood barrels for wine aging involves long times (from 6 to 18 months in 

barrels) and high economic costs, so various techniques have been investigated to obtain 

similar products (3).  

Some alternative ways to age alcoholic beverages are described below: 

Wood fragments. The principle of the method is to use for alcoholic beverages produc-

tion residual material from the manufacturing of oak barrels or old discarded barrels instead 

of whole barrels. Advantages. Low cost-wood is reused. Testing new botanical varieties 

with low investment. Increase very old barrels. Possibility of dosage variation. Disadvanta-

ges. De-standardization of formats, and lack of knowledge, regarding the sensory contri-

bution. Need for combined use with micro-oxygenation (4,5). 

https://doi.org/10.2298/APT2455177O
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Micro-oxygenation (MOX) is a technique that consists in introducing small and measu-

red amounts of oxygen into wines with the objective of improving wine color, aroma, and 

texture. It involves the use of specialized equipment to regulate the oxygen doses applied. 

An important stipulation of micro-oxygenation is that the oxygen is introduced at a rate 

equal to or less than the oxygen uptake rate of the wine thus, avoiding the accumulation of 

dissolved oxygen (6). The basic equipment needed for MOX includes an oxygen supply, a 

dosing system and a micro-porous diffuser. Advantages. Simulates gas transfer in barrels. 

Possibility of using steel tanks for aging and not just wooden barrels. Combined use with 

wood fragment. Disadvantages. Specialized equipment required. When unregulated, it can 

oxidize the drink in excess, sensory compromise. Main effects. Presence of O2 for yeast 

during fermentation. Reduction in addition of SO2. Improved color. Reduced contamina-

tion. (7).  

Pulsed electric field technology. Pulsed electric field (PEF) processing is a method that 

uses short bursts of high voltage electric. It is one of the most promising nonthermal novel 

processing technologies that is utilized to increase the extraction of various polyphenols 

from red and white grape varieties during winemaking and to improve color properties (8, 

9, 10). Advantages. Decreased aging time. Use of grapes in pre-fermentation. The use in 

wines, in addition to accelerating esterification, also acts on contamination. Disadvantages. 

Specialized equipment required. It can give the product a metallic flavor. Reduction in 

energy activation of chemical reactions. Main effects. Reduction in addition of SO2. Increa-

sed extraction of compounds from grapes (6). 

High hydrostatic pressure. This technology consists in exposing the wine at room tem-

perature to high hydrostatic pressure (up to 600 MPa). Advantages. Decreased aging time. 

Low cost equipment. No heating. Disadvantages. If time is prolonged, it can destroy aro-

matic compounds. Main effects. Reduction in energy activation of chemical reactions. In-

creased extraction of compounds from grapes (11, 12, 13). 

Microwaves. The principle of microwave processing is the dissipation of electromag-

netic waves in the irradiated medium. Microwaves are non-ionizing electromagnetic waves 

of frequency between 300 MHz and 300 GHz, even though, only a few frequencies are 

allowed for industrial, scientific, and medical uses (ISM frequencies), generally comprised 

between 0.915 and 2.45 GHz (14). Advantages. Decreased aging time. Microbiological 

control. Disadvantages. Specialized equipment is required. Hot spots. Difficult to scale up. 

High specific energy consumption. Main effects. Increased extraction of compounds from 

grapes. Induction of free radical formation. Reduced contamination (15). 

Ozonization. It is known that ozone, which is a modification of oxygen, has a greater 

oxidizing capacity than oxygen. A broad review of research on the effect of ozone on 

bioactive compounds in grapes and wine is made in the paper (16). In particular, most of 

the published papers report an increase in antioxidant compounds (e.g., polyphenols) and 

stress-related volatiles, confirming the hypothesis that ozone could be used to improve 

berry and wine compositional and sensory quality.  

The experience of the possibility of improving bioactive compounds and, consequently, 

the health-related properties of grapes and wine by using ozone was summarized. As a 

result of the research on the influence of ozonization of wood extracts on their physical and 

chemical and organoleptic indicators, it was determined that ozonization has a complex 

effect on extracts. The positive aspects of ozonization of extracts include an increase in the 

content of such volatile compounds as ethers and aldehydes, the degree of oxidation of 

tannins, and as the negative an increase in the content of methanol, the main components of 

the sow fraction, and the creation of traces of acetone (17). The research on the effect of 
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ultrasound on the extraction process in the technology of wine (18-22) and whiskey (23) 

production was more extensive. 

In particular, the effect of ultrasonic treatment of extracts on physicochemical and or-

ganoleptic properties was studied (17). The dynamics of the dyes and tannins concentration 

during ultrasound treatment of extracts with a frequency of 22 and 44 kHz, an intensity of 

0.5 W/cm2 was investigated. Before ultrasonic treatment, pre-infusion was carried out for 

16 hours at a temperature of 25 °C. Moreover, treatment of extracts with ultrasound was 

carried out for 10 hours, every 30 min., and duration of action of 5 min. The optical density 

of the extracts was measured every 60 min. within 10 hours. 

It was showed that ultrasonic treatment intensifies the extraction of wood dyes. The du-

ration of extraction was reduced when using ultrasound treatment to 10 hours compared to 

periodic infusion. The optical density of extracts at 7 hours of infusion with ultrasound 

reached a value of 0.38, which was observed in the process of infusion without processing 

at 25 °C for only 16 days. 

A comparative analysis of some quality parameters of extracts obtained during the in-

fusion of oak chips without ultrasound treatment for 18 days (control) and treated with ul-

trasound was also carried out (24). The amount of extracted carbohydrates increased by an 

average of 38% regardless of the frequency of ultrasound treatment. Additionally, the 

amount of total extracts increased depending on the frequency of ultrasound treatment: at a 

frequency of 22 kHz - by 8.5%, at 44 kHz - by 19% relative to the control. The tannins con-

centration in the extracts increased by 5.13% as a result of ultrasound treatment with a 

frequency of 22 and 44 kHz, respectively. The amount of gallic acid in the extracts did not 

depend on the frequency of ultrasound treatment. The increase in the amount of total extract 

and tannins when using ultrasound was probably due to the effects of heating and mixing in 

the liquid phase. Furthermore, the pyrogallic hydroxyl groups concentration decreased from 

19.0 during extraction without the use of ultrasound to 14.2 and 13.6% during treatment 

with a frequency of 22 and 44 kHz, respectively. 

A significant decrease in the content of aromatic aldehydes in the extracts was also 

found under ultrasonic exposure, which negatively affects the intensity of their aroma. 

As noted in the literature, the use of ultrasound to intensify the extraction of target pro-

ducts from different types of raw materials is associated with the phenomenon of ultrasonic 

cavitation caused by the passage of ultrasonic waves in a liquid medium (25). The essence 

of this phenomenon is the formation and subsequent collapse of cavities or bubbles in a 

liquid medium, suddenly subjected to a pressure release. At the same time, local high-am-

plitude pressure pulses are emitted throughout the entire working volume, exerting a power-

ful dynamic effect on the surrounding medium. When initiating cavitation in the volume of 

the extractant with raw material particles, periodic formation and collapse of bubbles occur 

both in the volume of the extractant outside the particles and in the raw extract reagent, 

which is in the pores and cells inside the particles. As a result, molecular diffusion in the 

capillaries is replaced by convective diffusion, which accelerates the penetration of the sol-

vent into the cellular structures of the raw material and the movement of target substances 

into the extractant, which ultimately contributes to the intensification of mass exchange. 

Due to the action of shock pulses at the stage of bubble collapse, destruction of cellular 

structures and transfer of useful substances into the extractant can occur due to their 

washing out (26). The applicability of ultrasonic cavitation and its implementation devices, 

however, for industrial applications is limited due to high specific energy costs, difficulty in 

equipment design and process scale-up, safety and regulatory issues (27). These disadvanta-

ges are absent in devices that generate hydrodynamic cavitation – the process of formation, 
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growth and collapse of cavitation bubbles in a liquid caused by the passage of liquid 

through sharply narrowing holes. 

One of the methods for intensifying mass transfer processes in the liquid media, the 

phenomenon of hydrodynamic cavitation is corresponding to, is the method of discrete-

pulse energy input (28-32). 

Its principle is to concentrate the energy stationary introduced and arbitrarily distributed 

in the working volume in local discrete points of the system and then pulse it to achieve the 

necessary thermal physical effects. The application of the method involves the creation of a 

large number of working bodies or working elements evenly distributed in a dispersed me-

dia, which transform stationary thermal, mechanical, or other types of energy into energeti-

cally powerful pulses, discrete in time and space, which ensures the most efficient and eco-

nomical use of energy (33). 

This principle is implemented to varying degrees in developing innovative methods for 

intensifying extraction processes primarily in ultrasonic, microwave, pulsation, and electric 

discharge extraction, as well as in the use of rotor-pulsation and vibration devices. All these 

methods use the effects of cavitation, which is considered one of the powerful mechanisms 

of the discrete-pulse energy input principle.  

The objective of our study was to investigate the impact of discrete-pulse energy input 

on the physicochemical parameters of oak extracts used for aging (maturation of alcohols). 

 

EXPERIMENTAL 

 

Oak chips with an average surface diameter of particles of 3000 μm and water-ethanol 

solution with a volume fraction of ethanol of 40, 50, 60, and 65% were used as the material 

for studies.  

The extraction was carried out on an experimental setup with a rotor-pulsation apparatus. 

The rotor-pulsation unit of the rotor-pulsation apparatus consists of two rotors, a stator, and 

a centrifugal pump impeller (34).  

The studies were carried out as follows. Through the receiving pipeline, the mixture of 

water-alcohol solution with oak waste is sent to the rotor-pulsation apparatus, where it is 

exposed to shock waves, interphase turbulence, microcavitation and vortices, which leads 

to intensive crushing of the particles of the substance, an increase in the surface area of 

phase contact. Thanks to this, the rate of mass transfer of extractive substances from the 

solid phase (oak) to the liquid phase (water-alcohol solution) increases. If it is necessary to 

carry out oxidation processes, the design of the rotor-pulsation apparatus provides for the 

supply of air to the receiving pipe, where the mixture of the extractant and the extracting 

substance circulates. For this purpose, the rotor-pulsation apparatus has an ejector equipped 

with a flowmeter and a vacuum gauge. 

The efficiency of the rotor-pulsation apparatus is determined by the fact that the fol-

lowing processes are simultaneously carried out, namely, dispersion, mixing, heating, dis-

solution, and extraction. One of the main parameters of the rotor-pulsation apparatus ope-

ration is the shear flow rate inside the rotor-pulsation unit. It can be changed by changing 

the angular speed of the rotor`s rotation, the inner radius of the rotor, and the thickness of 

the gap between the stator and the rotor. During the experiments, the flow shear rate was 

20∙103, 30∙103, and 50∙103 s-1. 

The effect of the shear flow rate, temperature, processing duration, and the average 

surface diameter of the particles on the indicators of the extracts was determined. The 

change in optical density, the content of the total extract, and tannins were measured. 
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The effect of the volume fraction of ethanol in the water-ethanol solution, as well as the 

extraction temperature on the yield of target components from chopped wood was studied, 

based, first of all, on the requirement for the accumulation of a greater number of extractive 

components of wood, which correlates with the value of the optical density of the extracts. 

The efficiency of the extraction of substances from oak shavings was judged by the 

dynamics of changes in the color of the extracts and by the amount of extract extracted 

from wood, which characterizes the intensity of accumulation of colored substances. The 

color of the extracts was determined by the photocalorimetric method. The optical density 

of the samples was measured at a wavelength of 440 nm. 

The concentration of tannins was determined by the method based on the oxidation of 

the tannins of cognacs and cognac spirits with a solution of potassium permanganate in the 

presence of the indigo carmine indicator and their determination by the titrimetry (35). 

The mass concentration of the total extract was measured by a gravimetric method based 

on drying at a temperature of 105±2° C to a constant mass of the residue obtained as a 

result of the evaporation of a certain volume of the product in an evaporating cup brought 

to a constant mass. The mass of the empty cup and the mass of the cup with dry residue was 

determined by weighing. The mass concentration of the total extract was calculated from 

the difference in the mass of the cups (36). 

The granulometric composition was determined by the method of sieve analysis. The 

weight of the studied material was sifted through a set of sieves, and then the percentage of 

the residue on each of the sieves was determined relative to the weight of the initial 

weighing (37, 38). 

 

RESULTS AND DISCUSSION 

 

In the course of the experiments, the dynamics of changes in the optical density of the 

extracts depending on the duration of processing in the rotor-pulsation apparatus were stu-

died at flow shear rates of 20∙103, 30∙103, and 50∙103 s-1 at different concentrations of etha-

nol in the extractant (Figures 1-3). The temperature of the process in all cases was 25 ºС. 

 
Figure 1. Dependence of the optical density of the extracts on the duration of processing at 

a shear flow rate of 20∙103 s-1 and the concentration of ethanol in the extractant 
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Figure 2. Dependence of the optical density of the extracts on the duration of processing at 

a shear flow rate of 30∙103 s-1 and the concentration of ethanol in the extractant 

 

 
Figure 3. Dependence of the optical density of the extracts on the duration of processing at 

a shear flow rate of 50∙103 s-1 and the concentration of ethanol in the extractant 
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the extract ant and the processing duration. An increase in the flow shear rate from 20 to 

50∙103 s-1 has a positive effect on the optical density. Thus, the optical density value of 0.5 

units was observed with a processing duration of 18 hours, an extractant strength of 60-

65%, and a shear flow rate of 20∙103 s-1.  

When the shear flow rate increased to 30∙103 s-1, the maximum value of the optical 

density was 0.57 units and it was reached in 16 hours of processing at extractant strength of 

60-65% by volume.  
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Increasing the shear flow rate to 50∙103 s-1 made it possible to increase the optical den-

sity to 0.64 in 11 hours of processing, and the strength of the extractant to 60-65% by 

volume. It is most effective to process oak raw materials in a rotor-pulsation apparatus with 

a shear flow rate of 50∙103 s-1 for duration of 11 hours and extractant strength of 60% vol. 

Increasing the shear flow rate by more than 50∙103 s-1 is impractical for technical and 

energy reasons.  

It is well known that an increase in the extraction temperature contributes to an increase 

in the total extract in the solution. For this purpose, the dynamics of changes in the optical 

density of the extracts depending on the processing temperature and the volume fraction of 

ethanol in the extractant were determined. The processing duration of the mixture of ex-

tracted raw materials and the extractant was 11 hours at a flow shear rate of 50∙103 s-1 

(Figure 4). 

 
Figure 4. Dependence of the optical density of the extracts on the volume fraction of 

ethanol in the extractant at the processing temperature 

 

Increasing the extraction temperature from 25 to 40 ºС helps to increase the optical 

density of solutions from 0.64 to 0.78 units, while energy consumption does not increase. 

The solution is heated due to dissipation energy. A further increase in the extraction tempe-

rature leads to a decrease in the volume of the mixture and a loss of its strength. Con-

tinuation of studies on the extraction of oak chips was carried out at a temperature of 40 ºС. 

The solid/liquid ratio is of great importance during extraction. The results of studies on 

the effect of the solid/liquid ratio on the concentration of tannins in extracts are presented in 

Table 1. During the experiment, the solid/liquid ratio was 1:10, 1:15, 1:20. Processing of 

the mixture of the extracted substance and the extractant was carried out in a rotor-pulsation 

apparatus for 11 hours at a flow shear rate of 50∙103 s-1, a temperature of 40 ºС and water-

ethanol solution strength of 60% vol. 
 

Table 1. Dependence of the concentration of tannins in the extracts on the solid/liquid ratio 
 

solid/liquid ratio 1:10 1:15 1:20 

Concentration of tannins, g/L 7.4 5.7 3.8 
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Intensification of extraction is associated with an increase in the specific surface of the 

particles and, accordingly, the contact area between the surface of the oak particles and 

water-ethanol solution.  

Above in the work, it was indicated that several processes take place at the same time, 

including dispersion, during the processing of various media in the rotor-pulsation appa-

ratus. The dependence of the average surface diameter of oak particles on the processing 

duration in the rotor-pulsation apparatus at a flow shear rate of 50∙ 103 s-1, solid/liquid ratio 

1:10, temperature 40 ºС, ethanol concentration 60% vol is presented in Table 2.  

 

Table 2. The dependence of the average surface size of oak particles and the concentration 

of tannins in extracts on the processing duration 

 

Processing duration, 

hour 
0 2 4 6 8 10 12 14 

Average surface size 

of particles, μm 
3000 900 750 650 500 450 400 400 

Concentration of 

tannins, g/L 
0 2.9 3.8 4.6 6.0 7.2 7.4 7.4 

 

The initial average surface diameter of the particles was 3000 μm. After 12 hours of pro-

cessing in a rotor-pulsation apparatus, it decreased to 400 μm. Further processing practi-

cally did not reduce the size. The most intensive dispersion took place in the first two 

hours. The particle size decreased by more than 2000 μm. After 4 hours of processing, the 

reduction was 150 μm, after 6 hours - 100 μm. Further processing from 6 to 12 hours led to 

a decrease in the size of the particles by 50 μm. 

Table 2 shows the dependence of the concentration of tannins in the extracts on the 

average surface size of the particles. The maximum concentration was 7.4 g/L with an 

average particle surface size of 400 mm, which corresponds to 11-12 hours of processing in 

the rotor-pulsation apparatus under the above-mentioned conditions. As in the case of the 

average surface diameter of the particles, the concentration of tannins changes more inten-

sively in the first two hours. It increases almost 3 times, while afterwards decreases. After 

10-12 hours of processing, the tannins concentration practically does not change. The obtai-

ned experimental data confirm the results of the studies presented in Figure 3. 

According to the process duration of processing a mixture of oak waste with an average 

particle diameter of 3000 μm and a water-alcohol solution with the strength of 60% vol. in 

the rotor-pulsation apparatus, it is possible to judge a decrease in the average particle size 

and an increase in the concentration of tannins. Increasing the dispersion of oak waste 

affects not only the change in the concentration of tannins in the extracts but also the yield 

of the total extract. Table 3 shows the change in the total extract concentration from the 

average diameter of the particles. 
 

Table 3. Dependance of the total extracts concentration from the average diameter of the 

particles 
 

Average surface size 

of particles, μm 
3000 900 750 650 500 450 400 

Total extract, g/L 0.1 4.9 8.8 11.2 14.7 15.1 15.2 
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With a decrease in the average diameter of the particles, an increase in the concentration 

of the total extract is observed. The concentration increases most intensively when the 

particle size decreases from 3000 to 900 μm. Additionally, in the particle diameter range of 

500-400 μm, the concentration of the specified components changes very little. 

 

CONCLUSION 

 

The paper examines the method of extracting substances from oak chips by the method 

of discrete-pulse energy input in a rotor-pulsation apparatus in order to intensify the process 

of artificial aging of alcoholic beverages. As a result of the work, it was established that due 

to the complex physical effects of impact on the media, extraction occurs much faster 

compared to conventional methods of extraction. The dependence of the optical density of 

the extractant, as an indicator of the efficiency of extracting substances from oak shavings, 

on the intensity of processing of the mixture of water-alcohol solution and oak shavings and 

the strength of the water-alcohol solution was determined. The dependence of the concen-

tration of tannins total extract on the dispersion of raw material particles during processing 

is also determined.  
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Bisphenol A (BPA) is one of the chemical compounds used in the industry. The ongoing accumu-

lation of this organic compound has a significant and harmful impact on the environment and human 

health. This study has several objectives, including the reduction of waste rates, the development of a 

less inexpensive adsorbent material than commercial activated carbon, and the purification of pollu-

ted water. The choice of waste used is based on its abundance and availability. To this end, pomegra-

nate peel was selected as a precursor for the preparation of activated carbon using H3PO4 at diffe-

rent temperatures was carried out. The characterization of the best adsorbent by SEM, TGA/DTA, 

XRF, FTIR, and XRD depicted that AC500 has a heterogeneous surface with a higher carbon percent 

(93%), the disappearance of several organic functions, giving way to C-C bonds, and an amorphous 

structure. The rates of moisture and ash are 2.69% and 3.9%, respectively. The values of the iodine 

and methylene blue numbers are 842.45 mg·g-1, and 476.23 mg·g-1, respectively, indicating the mi-

croporous and mesoporous structure of AC500, which confirms the SEM results. The acidic character 

of AC500 has been proven by PZC (5.1), zetametry, and Boehm titration. This new structure imparts it 

with an adsorption capacity exceeding 91% for the removal of BPA. The obtained results suggest that 

pomegranate peel holds promising potential as a sustainable resource, offering a hopeful perspective 

for environmental pollution remediation. 

 

Keywords: Bisphenol A, agri-food waste, pomegranate peel, adsorption. 

 

INTRODUCTION 
 

 The issue of the phenolic endocrine disruptor raised worries among people because the 

contaminants have been often detected in the different water sources recently. There are va-

rious sources that allow Bisphenol A (BPA) into the environment. Low quantities of BPA 

are allowed to be thrown in the atmosphere and surface water by the industry and elabo-

ration firms because a food contamination would take place if the objects that contain BPA 

or BPA monomer are found in the environment (air, water and soil). Therefore, humans 

shall be affected through the oral track due to the consumption of the foods conserved in 

packages that contain polymerized BPA. The molecules of the monomer or non-monomer 

BPA may move to the foods matrices or the drinking water through plastic (bottles, con-

serves, cans, baby bottles…) (1). New discoveries showed that the Bisphenol A represents 

the estrogenic activity at a low dose of 0.23 pg/ml of the culture milieu. Moreover, many 
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tests in vitro and in vivo confirmed that the Bisphenol A increases the infertility, affects the 

genital tracts, and causes the breast cancer (2).  

 Therefore, it is important to develop an efficient technology to eliminate the Bisphenol 

A of the hydric milieu. Many methods of degradation and/ or removal Bisphenol A from 

wastewater have been researched, including the biological treatment (3), photocatalysis (4), 

electrochemical processes (5), piezocatalysis (6), and adsorption (7).Various adsorbents 

have been used for removing Bisphenol A from wastewater, such as zeolites, polymers, chi-

tosan, clays and activated carbons (8). 

 The adsorption on the activated carbon is generally considered as one of the most effi-

cient methods to control the organic contaminants in water. Many studies found out the 

efficiency of the activated carbon in adsorption the Bisphenol A. Bautista-Toledo (9) consi-

ders that the Bisphenol A adsorption depends mainly on the nature of the surface of the 

activated carbon and the chemical properties of the solution.  

 The choice of pollutant was made based on its toxicity, knowing that it is used in the 

manufacture of plastic utensils (bottle, box, feeding bottle...). The transfer of Bisphenol A 

to containers has been proven. Even at low doses, the BPA is considered as a major endo-

crine disruptor, it is carcinogenic, and exposure to BPA can cause hypertension, diabetes 

type 2, cardiovascular diseases, and blood disorders. To the best of our knowledge, pome-

granate peel has not been used for the removal of BPA. This agri-food is rich in carbon 

(63%), its physical and/or chemical modification gave an adsorbent as effective as commer-

cial activated carbon in the removal of BPA. 

 Thus, our work aims at valorizing the agri-food waste through activating it to get a per-

forming activated carbon to eliminate the endocrine disruptor “Bisphenol A”. The prepared 

activated carbon is considered a new generation adsorbent that is inexpensive and as effi-

cient as commercial activated carbon. 

 

EXPERIMENTAL 

 

PRE-TREATMENT OF THE RAW MATERIAL 

 

 A very important collection of the pomegranate peel has been carried out. The prepa-

ration of the barks takes three physical steps: 

a) Washing has been made through contacting waste with distilled water to eliminate 

the residues. 

b) Drying the waste was carried out with the solar energy and in furnace between 40 °C 

and 50 °C in order to prevent the eventual alteration of the physiochemical proper-

ties of the materials. 

c) The grinding has been conducted to get homogenous powder needed for the labora-

tory studies. The process gave little grains of less than 2 mm. 

 

Preparation of the activated carbon 

 

 The dry pomegranate peel has been impregnated during 2 h with a phosphoric acid solu-

tion of 1N concentration. The waste was suspended in the acid solution until boiling under 

reflux at a temperature of 115 °C. At the end of this step, the powders were separated of the 

solution through a simple filtration without washing. The obtained material was placed in a 

ceramic crucible and carbonized in a muffle furnace from 300 °C to 800 °C for 1h. After 

carbonization, the samples were washed with distilled water many times until getting a 
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pH≥6 of the filtrate in order to eliminate the ashes. The activated carbon obtained was dried 

in the furnace at 100 °C for 24 h. 

 In the end, six materials were obtained, namely: 

 

Calcined Activated Carbon at 300 °C (AC300) 

Calcined Activated Carbon at 400 °C (AC400) 

Calcined Activated Carbon at 500 °C (AC500) 

Calcined Activated Carbon at 600 °C (AC600) 

Calcined Activated Carbon at 700 °C (AC700) 

Calcined Activated Carbon at 800 °C (AC800) 

 

CHOICE OF THE BEST ADSORBENT 

 

 The activated carbon’s adsorption of BPA is tested. 

 The BPA adsorption rate has been determined through adding a mass of 0.3 g of each 

prepared activated carbon in a series of beakers of 50 ml of BPA solution of an initial con-

centration of 20 mg·L-1. The assays have been carried out under constant agitation during 

24 h. The samples were filtered in order to determine the residual concentrations of BPA at 

a maximal wavelength λmax= 276 nm through spectrophotometer UV-visible (PerkinElmer 

Lambda 45).  

 

 
 

Figure 1. BPA adsorption rate by different types of AC 

 

 According to Figure 1, the most important elimination rate (91%) of Bisphenol A is 

obtained for the (AC500). Based on these adsorption tests, (AC500) will be chosen for the 

next assays of this study. 

 

CHARACTERIZATION OF THE PREPARED ACTIVATED CARBON (AC500) 

 

Zero-point charge pH (pHpzc) 

 

 The pHpzc refers to the pH value at which the net charge of the adsorbent surface is null. 

A rapid and simple way to determine the zero-point charge is through putting 50 ml of 
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distilled water in a beaker and adjusting the pH of each (values between 2 and 12) through 

adding the NaOH or HCl solutions (0.1 M). Then, 0.5g of the material is added to each er-

lenmeyer to be characterized. The suspensions must be maintained under agitation at an 

ambient temperature during 24 h; thus, the final pH is measured. In tracing the curve ΔpH = 

ƒ(pHi), the value of pHpzc results from the intersection of the curve with the x-axis (10). 

 

Measuring the zeta potential 

 

 It allows the determination of the electric charge of a particle. Therefore, we measured 

the zeta potential of the synthesized carbon AC500 to be able to determine the surface charge 

and, thus, predict the type of interaction between the carbon particles and the adsorbed 

molecules. These measures have been conducted by using zeta-potential analyzer Malvern 

Zetasizer. 

 

Boehm titration 

 

 A mass of 0.15 g of each sample has been mixed with 50 ml of a water solution of 0.1 N 

of the reagent (NaOH, or Na2CO3, or NaHCO3, or HCl). The dispersions were agitated for 

72 h at a speed of 300 rpm and 25 °C. Then, they were filtered. To determine the rates of 

the oxygenated groups and the basic groups, titrations in the return of the filtrate (30 mL) 

were made respectively with the solutions HCl (0.1 mol·L-1) and NaOH (0.1 mol·L-1). 

 

Iodine number 

 

 Iodine number allows measuring the microscopic contents of an adsorbing material. The 

iodine adsorption capacity of each material has been determined according to the operatory 

mode that follows (10): 10 ml of the iodine solution at 0.01 N has been titrated using a 

solution of sodium thiosulfate 0.1 N in the presence of a starch solution as an indicator until 

the disappearance of the color. The reading volume corresponding to Vb. 0.05 g of the acti-

vated carbon had been mixed at 15 ml of an iodine water solution (0.1 N) and vigorously 

agitated for 5 min. The mixture was titrated with a standard solution of sodium thiosulfate 

using a starch solution as an indicator and maintaining the volume of the burette at VS. The 

iodine number is calculated through the following formula: 

 

I. N. =
(Vb−Vs )N.  (126.9).  (

15

10
)

M
                                               [1] 

  

• I.N: iodine number (mg. g-1) 

• Vb and VS: volume of sodium thiosulfate solution required for blank and sample 

titrations respectively (mL) 

• N: normality of sodium thiosulfate solution (N) 

• 126.9: Atomic weight of iodine (g·mol-1). 

• M: mass of AC500 used (g). 

 

Methylene Blue number 

 

 The methylene blue number (mg. g-1) is an indicator of the carbon’s capacity of adsor-

bing the average and big organic molecules. It characterizes the carbon mesopores. In order 
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to determine this number, we used the method of the European Center of the Chemical 

Industry Federations as used by Al-Eraky et al (11). In an Erlenmeyer of 250 ml, 0.1 g of 

the AC500 and 10 ml of the blue methylene solution at a concentration of 1.944·10-5 M are 

introduced. The mixture is agitated for 20 min and is, then, filtered. The residual concentra-

tion in the methylene blue is determined with a UV-visible spectrophotometer at a wave-

length of 620 nm. Besides, the methylene blue number is given by the following relation: 

 

M. B. =
 V×M  × (Ci−Cr)

mc
 ×  100                                             [2] 

  

• V: Volume of methylene blue solution (ml)  

• M: Atomic weight of methylene blue (g.mol-1)  

• Ci: initial concentration of methylene blue (mol. L-1)  

• Cr: residual concentration of methylene blue (mol. L-1)  

• mc: Mass of AC500 used (g). 

 

Ash rate 

 

 The ash rate determines the inorganic, inert, amorph, and unused part present inside the 

activated carbon. The ash rates are determined with the method described in the literature 

(12). A sample of 0.5 g of the AC500 is dried in a furnace at 80 °C for 24h and, then, is put 

in a ceramic crucible which is put in a muffle furnace at a temperature of 650 °C for 3 

hours. After cooling in an ambient temperature, the ceramic crucible is weighted. The ash 

rate is measured as follows: 

 

Ash% =
M3−M2

M1
×  100                                                  [3] 

 

• M1: initial mass of AC500 used (g). 

• M2: mass of crucible before carbonization (g). 

• M3: mass of the filled crucible after carbonization (g). 

 

The moisture rate 

 

  The moisture rate is a relation expressed in percentage and calculated with equation [4] 

(12). A dose of 0.5 g of the AC500 was put in a ceramic crucible and weighted. This sample 

is dried and put in a furnace at 110 °C until the weight becomes constant. When taking it 

out of the furnace, the crucible is cooled at an ambient temperature and, then, weighted. 

The moisture rate is calculated as follows: 

 

moisture % =
M1−M2

M1
 ×  100                                             [4] 

 

• M1: initial mass of AC500 used (g). 

• M2:  mass of the filled crucible after drying (g). 

• M3: mass of the filled crucible before drying (g). 
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TGA/DTA Analysis 

 

 The thermogravimetric analysis and differential thermal analysis consist of measuring 

the variation of the mass of a sample according to the increase of the temperature. TGA 

allows understanding the behavior of the adsorbent and evaluating the quantity of the surfa-

ce functions and their proportions based on the characteristic temperatures of decompositi-

on (13). This analysis is made by simultaneous thermal analyzer PERKINELMER STA 

8000 in the center of the physio-chemical analyses in Bejaïa (Algeria). The thermal evalua-

tion of the materials (10 mg) is made at 50 °C till 1000 °C following a ramp of 10 °C·min-1. 

 

X-ray Fluorescence  

 

 It is an elementary analysis technique that allows the determination of the thermal 

species contained in a sample. 

 In this work, we used it to determine the chemical composition of the pomegranate peel 

and AC500. The analysis is made with ZSX Primus II de Rigaku. 

 

FTIR analysis 

 

 The surface functional groups were studied with FTIR (Perkin Elmer Universal ATR 

Sampling Accessory). The FTIR specters of pomegranate peel and of the resulting raw 

material (AC500) are between 650 and 4000 cm-1. 

 

XRD analysis 

 

 The XRD diffractograms were registered with a panalytical x'pert pro diffractometer in 

the set 2θ between 10-920° with a step of 0.02° and a counting time of 1s, using Kα ray of 

the copper (λ = 1,5406 Å). 

 

SEM analysis 

 

 The morphology of the adsorbent material is given in luminous images at different 

magnifications by the scanning electron microscope (Quanta 250 of FEI Company). 

 

Adsorbate 

 

 The endocrine disturber of this study is the Bisphenol A (BPA) with the chemical 

formula C15H16O2 (M=228.28 g·mol-1), which is in the form of soluble crystals in water. 

The pollutant was used without any preliminary purification.  

 

 
 

Figure 2. Molecular structure of Bisphenol A 
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RESULTS AND DISCUSSION 

 

CHARACTERIZATION OF THE ADSORBENT 

 

 The pHpzc of AC500 is 5.1 which shows that the surface is positively charged (high con-

tent of acid groups) (Figure 3a). 

 Undoubtedly, this is due to the fact that the solution used in the chemical activation is 

acid (activation with H3PO4). This result agrees with those obtained by the zetametry (Fi-

gure 3b) and Boehm titration (Table 1). It shows that AC500 has acid functions and that 

there are oxygenated groups that allow an important adsorption of the cationic pollutants. In 

fact, H3PO4 is a strong oxidant that can oxidize the surface carbon atoms and make them 

lose electrons to be positively charged (14). 

 The activated carbon surface may acquire a negative or positive charge according to the 

pH of the medium. When the pH of the solution is less than the pHpzc of AC500 (pH<pHzpc), 

this has a basic behavior that encourages the adsorption of the anionic species. Contrarily, if 

the pH of the medium is more than the pHpzc of the AC500 (pH>pHzpc), the surface of the ac-

tivated carbon presents a negative charge that encourages the adsorption of the cationic 

species (15). 

 

   
         (a) Zero-point charge pH (pHpzc)                                 (b) Zeta potential 

 

Figure 3. Surface charge of the AC500 

 

 The main chemical and textural properties of the prepared activated carbon are grouped 

in Table 1. 

 

Table 1. Physico-chemical parameters of AC500 

 

Characteristics Values 

pHzpc 

Acid functions (%) 

Basic functions (%) 

Iodine number (mg·g-1) 

Methylene Blue number (mg·g-1) 

Ash content (%) 

Moisture content (%) 

5.1 

75.3 

24.7 

842.45 

476.23 

3.9 

2.69 
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 The value of the iodine number of the AC500 that is superior to 842.45 mg·g-1 indicates 

that the adsorbent possesses a very developed microporosity. The value of the methylene 

blue number of AC500 (476.23 mg·g-1) shows the presence of mesopores. 

 The rates of the moisture and ashes are 2.69% and 3.9%, respectively. According to the 

results, the low ashes content indicates that the precursor may resist the high temperature 

treatment during the carbonization and the chemical activation (16). This parameter has a 

significant effect on the quality of the activated carbon. Thus, the high rate of ash reduces 

the specific surface. In fact, the inorganic nature of the ashes makes the activation process 

difficult because they clog the pores of the carbonized structure (17). 

 Thanks to the thermogravimetric analysis, the loss of the mass of the raw pomegranate 

powder and of AC500 (Figure 4) according to the heating temperature can be tracked. 

 Figure 4 represent TGA and DTA curves of the mass losses by the thermal decom-

position made at a heating speed of 10 °C/min for the pomegranate peel and AC500. The 

thermal degradation of the two samples has four (04) steps. 

 

 
(a) Thermogravimetric analysis (TGA) 

 

 
b) Differential thermal analysis (DTA) 

 

Figure 4. Thermal analysis of pomegranate peel and AC500 
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 The first step of the loss of the mass is made at about 110 °C. This loss corresponds to 

physiosorbed water.  

 The second step takes place at about 200-325 °C for the pomegranate peel. This loss is 

due to the liberation of gaseous components (CH4, CO2, CO, H2) and the degradation of the 

hemicellulose. 

 The third step is due to the degradation of the cellulose which is observed at about 325-

390 °C. The lignin, due to its complex structure, undergoes the last step of the thermal 

degradation and takes place in a large set of temperatures between 100-900 °C (18). 

 The results of the XRF analysis of the pomegranate peel and the AC500 allow having the 

major composition of the chemical elements. The analysis shows that the two samples are 

majorly constructed of carbon. The highest rate is that of the carbon. This result confirms 

that the activated carbon AC500 is a strongly carbonized material. The other minerals: 

phosphor, potassium, and chlorine result from the composition of the start precursors or the 

activating agent. 

 The presence of phosphor may be due to the reaction of the phosphate ions with the 

precursor of the pomegranate peel. The rates of the different elements are given in Table 2. 

 

Table 2. XRF results of pomegranate peel and AC500 prepared 

 

Element (%)  C O P K Cl 

Pomegranate peel 63 33 0.04 1.07 0.69 

AC500 93 0 4.07 0.65 0.07 

 

 Examination of the FTIR spectra (Figure 5) shows different absorption bands which are 

collected in Table 3.  

 

 
 

Figure 5. FTIR spectra of pomegranate peel and AC500 
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Table 3. Spectral characteristics of pomegranate peel and AC500 

  

 The X rays diffraction studies can determine the degree of the crystalline or the amorph 

nature of the activated carbon. XRD profile of the pomegranate peel and the prepared 

activated carbon AC500 are shown in Figure 6. 

 

 
Figure 6. X-ray diffraction spectra of pomegranate peel and AC500 

Wavenumbers (cm-1) Attribution 

Pomegranate peel 

3200-3400 the elongation vibrations of the hydrogen of the hydroxyls groups O-H 

(of the carboxyls, phenols, or alcohol) and the adsorbed water (19) 

1721 
the liaisons C=O of the carboxylic acid functions of hemicellulose and 

lignine (20) 

1604 the liaisons C=C of the aromatic cycles (20,21). 

1318.38 the band is attributed to the methoxy groups C-O of the lignin (22). 

1181.3 C-O (alcohols, carboxylic acids, ester, and ethers) (20) 

1016 the elongation vibration C-O-C of cellulose and hemicellulose (23) 

AC500 

 

 

 

 

 

 

2979 and 2998 

 

 

1604 

 

1054 

867 

A change in the intensity and the width of the peaks is noticed: 

There is an increase in the intensity and the width of the vibration band 

due to the grouping of O-H (3284 cm-1 for the natural pomegranate and 

of 3671 cm-1 for the AC500). 

We notice a disappearance of some groupings and the appearance of 

others such as: 

- Appearance of weak bands (C-H) at 2979 and 2998 cm-1 (20). 

- Disappearance of the functions C=O (1721 cm⁻¹)  

- The functions C=C of the aromatic cycles [20]. 

- Decrease of the intensity of the bands between 1000 and 1350 cm-1  

  (C-O) of the synthesized material. 

- The band at 1054 cm-1 is attributed to the C-O functions (23). 

- Appearance of a band at 867 cm-1 corresponding to the aromatic  

  liaisons C-H (22). 



APTEFF 55 (2024) 189-202   Boussaid et al. 

199 

 The Figure 6, generally shows the amorph structure of both materials and a weak crys-

tallinity of the samples in the domain between 10° and 43°. 

 The diffraction diagram of the raw pomegranate peel presents a peak at 22° due to the 

presence of native cellulose that is present in the composition of the pomegranate peel. 

 The diffraction diagram of the activated carbon shows certain patterns and presents the 

diffraction intense peak at 25° due to the presence of the carbon/graphite. 

 A small peak at 43° is due to the presence of dehydrated hemicellulose. The appearance 

of this peak shows that the activation process has been well made. The same was observed 

in many works (24, 25, 26). 

 A morphological study was carried out through observation by SEM in order to analyze 

the structure of the pomegranate peel particles and of the synthesized activated carbon 

AC500 and their texture. The observations at different magnifications of the pomegranate 

peel and AC500 before and after BPA adsorption are shown in Figure 7a-c, respectively. 

 

  
(a) Pomegranate peel (b) AC500 before adsorption 

 

 
(c) AC500 after adsorption 

 

Figure 7. SEM images 

 

 The images show a heterogeneous distribution of the pores on the surface of the ma-

terials analyzed. In fact, the aim of the examination with SEM is to illustrate the porosity, 

mainly the one created by the activation. A developed porosity allows increasing the 

specific surface of the adsorbent material and, thus, the number of the active sites on which 

the molecules may eventually be fixed (11). In addition, an observation at a strong magni-

fication reveals the presence of an internal porosity with micrometers pore sizes (Figure 

7b).  
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 This internal porosity shall contribute to increasing the specific surface and the adsorp-

tion capacity. Regarding the morphological aspect of activated carbon after bisphenol A 

adsorption, SEM image reveal a modification of activated carbon morphology and the pores 

filling by bisphenol A (Figure 7c). A radical change in the surface texture of activated car-

bon was observed.  

 

 

CONCLUSION 

 

 In conclusion, pomegranate peel, after chemical treatment with H3PO4 followed by 

carbonization at 500 °C, gives rise to a highly efficient adsorbent material with a Bisphenol 

A (BPA) removal rate exceeding 91%. Comparing this adsorption percentage to that of un-

treated pomegranate peel, which is 0%, allows us to infer a significant modification to the 

material's structure through chemical and thermal activation. This has been confirmed 

through physicochemical characterizations. 

 The obtained results indicate that after activation, several organic functions have disap-

peared, giving way to C-C bonds. This implies that the carbonaceous skeleton becomes 

predominant in the composition of the developed activated carbon. According to scanning 

electron microscopy (SEM) images, the formation of pores is clearly visible. By comparing 

the two SEM images of pomegranate peel and activated carbon, a radical change in the sur-

face texture was observed. Finally, pomegranate powder can be classified as an economical 

precursor for activated carbon production, exhibiting excellent adsorptive characteristics for 

the removal of BPA from aqueous solutions. This confirms the potential of activated carbon 

derived from pomegranate peel for commercial applications. 
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Pesticides have an important role in agriculture since they can prevent large crop losses which is 

crucial in order to keep pace with population growth that is estimated to be 9.7 billion people by the 

year 2050. The use of pesticides is not always in accordance with good agricultural practice so the 

human and environmental exposure to pesticides are a continuing concern. Some triazine derivatives 

are well-known commercially available pesticides with proven activity. The researchers have task to 

design and develop new pesticides with diminished negative influence on environment and humans 

together with a good crop protection ability. In order to achieve this, many computational and arti-

ficial intelligence tools have been used along with extensive experimental work. A group of twenty-

one 6-chloro-1,3,5-triazine derivatives was investigated in the domain of bioconcentration factor, as 

an indicator of the bioaccumulation potential of a substance, and multiple linear regression (MLR)-

quantitative structure-property relationship (QSPR) modeling was conducted. The proposed MLR-

QSPR model was extensively statistically validated in order to provide reliable model for further re-

search work. All conducted procedures, internal and external validation as well as normality test of 

residuals indicated good fitness, absence of systematic error in model development and high predic-

tive ability of the proposed model. 

 

Keywords: chemometrics, ecotoxicity, multiple linear regression, pesticides. 

 

INTRODUCTION 
 

 Considering today’s fast-growing population, agricultural and food industry have to 

ensure enough food supplies. Since it is necessary to maintain good quality with the highest 

possible crop yield, the use of various pesticides is widespread. Pesticides affect weed, 

insect, bacteria, fungi, etc. but also contribute to the environmental (water, soil and crops) 

pollution (1-3). One of the many derivative groups used in agricultural purposes are triazine 

derivatives (4). The first use of triazine herbicides was in 1957 when simazine was 

approved for commercial use (5). Triazines are effective in weed control and they are used 

as pesticides (6), herbicides (7) and antifungal compounds (8). In today’s modern society 

and agriculture, new pesticides have to meet toxicological, ecological, environmental and 

economical requirements. 

 In silico approach can have a great contribution regarding the estimation of the 

influence of compounds on the environment since pesticides can have high toxic effect on 

water, soil and crops as well as on human health (9, 10). Quantitative structure-activity 

relationship (QSAR) mathematical models together with in silico methods are commonly 

used for prediction of: toxicity towards aquatic organisms (11, 12), bioconcentration factor 

(BCF) (13, 14) and biodegradability (15, 16). The bioconcentration factor (BCF) represents 

an indicator of the bioaccumulation potential of a substance and it is a key parameter when 

environmental risk assessment is considered (17, 18). The use of chemometric tools with 
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aim to obtain models for BCF prediction is useful for the cost reduction (number of animals 

used in the experiments which are of expensive nature) and for the environmental risk 

assessment (aquatic toxicology). There are many ways for BCF prediction including vario-

us physicochemical properties expressed as molecular descriptors (19-21). Nowadays, dif-

ferent software solutions such as VegaNIC (Virtual models for property evaluation of che-

micals within a global architecture) (22), Toxicity Estimation Software Tool (TEST) (23), 

Chemical Properties Estimation Software System (ChemProp) (24), etc are being used. The 

maximum and limit values when it comes to the bioconcentration are regulated by legisla-

tion of individual region or country. If focusing on the European Union, regulatory 

framework refers to the European Chemical Agency of the European Union, REACH – Re-

gistration, Evaluation, Authorization and Restriction of Chemicals Regulation, Regulation 

(EC) No 1907/2006 (25). The BCF has a great roll in life cycle and environmental risk 

assessment and it was extensively researched when it comes to triazine derivatives and their 

residues. Researchers investigated triazine herbicides in terms of environmental risk asses-

sment and toxicity in the Yellow Sea and Bohai Sea of China (26), risk assessment of 

triazine herbicides in surface waters in Southeast Florida (27), thermal and metabolic 

factors affecting bioaccumulation of triazine herbicides by rainbow trout (28), etc. 

 This study represents the continued research regarding the triazine derivatives, particu-

larly the derivatives of 6-chloro-1,3,5-triazine derivatives, after our previously published re-

searches (29-33). In this paper, BCF was the central point of interest. Multiple linear rela-

tionship (MLR) modeling was used to correlate selected molecular descriptors (maxsCl, 

LipoaffinityIndex and ATSp5) with the bioconcentration factor (BCFmeylan) in order to 

obtain statistically meaningful and valid model. The justifiability of the presented quanti-

tative structure-property relationship (QSPR) model was evaluated through internal and 

external validation procedures and the model was confirmed to be of high statistical quality 

and significant predictive ability. 

 

MATERIAL AND METHODS 

 

THE SERIES OF 6-CHLORO-1,3,5-TRIAZINE DERIVATIVES 

 

 The set of the studied compounds included twenty-one 6-chloro-N2,N4-, 6-dichloro-N- 

and 6-chloro-N2,N4-bis(1-methylcyclopentyl) triazine derivatives. The IUPAC names of the 

studied compounds are listed in Table 1. The compounds were synthesized at the Faculty of 

Technology and Metallurgy, University of Belgrade, according to the procedures given pre-

viously in the literature (34, 35). 

 

Table 1. The IUPAC names of the analyzed triazine derivatives 

 

Compound IUPAC name 

1 6-chloro-N2,N4-dipropyl-1,3,5-triazine-2,4-diamine 

2 6-chloro-N2,N4-bis(propan-2-yl)-1,3,5-triazine-2,4-diamine (propazine) 

3 N2,N4-bis(butan-2-yl)-6-chloro-1,3,5-triazine-2,4-diamine 

4 6-chloro-N2,N4-bis(2-methylpropyl)-1,3,5-triazine-2,4-diamine 

5 6-chloro-N2,N4-dicyclopentyl-1,3,5-triazine-2,4-diamine 

6 6-chloro-N2,N4-dicyclohexyl-1,3,5-triazine-2,4-diamine 

7 6-chloro-N2,N4-dicycloheptyl-1,3,5-triazine-2,4-diamine 

Table 1. Continuation 
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Compound IUPAC name 

8 6-chloro-N2,N4-dicyclooctyl-1,3,5-triazine-2,4-diamine 

9 6-chloro-N2,N4-bis(1-phenylethyl)-1,3,5-triazine-2,4-diamine 

10 6-chloro-N2,N4-bis(1-(p-tolyl)ethyl)-1,3,5-triazine-2,4-diamine 

11 6-chloro-N2,N4-bis(1-(4-chlorophenyl)ethyl)-1,3,5-triazine-2,4-diamine 

12 N2,N4-bis(1-(4-bromophenyl)ethyl)-6-chloro-1,3,5-triazine-2,4-diamine 

13 6-chloro-N2,N4-dicyclohexyl-N2,N4-dimethyl-1,3,5-triazine-2,4-diamine 

14 6-chloro-N2,N4-dicyclohexyl-N2-phenyl-1,3,5-triazine-2,4-diamine 

15 6-chloro-N2,N4-dicyclohexyl-N2,N4-diphenyl-1,3,5-triazine-2,4-diamine 

16 6-chloro-N2,N4-bis(1-methylcyclopentyl)-1,3,5-triazine-2,4-diamine 

17 6-chloro-N2,N4-bis(1-methylcyclohexyl)-1,3,5-triazine-2,4-diamine 

18 6-chloro-N2,N4-bis(1-methylcycloheptyl)-1,3,5-triazine-2,4-diamine 

19 4,6-dichloro-N-(1-methylcyclopentyl)-1,3,5-triazine-2-amine 

20 4,6-dichloro-N-(1-methylcyclohexyl)-1,3,5-triazine-2-amine 

21 4,6-dichloro-N-(1-methylcycloheptyl)-1,3,5-triazine-2-amine 

 

MULTIPLE LINEAR REGRESSION MODELING 

 

 The MLR modeling was carried out using NCSS 2023 program (36). The variable 

selection from the pool of various molecular descriptors was done by forward selection 

with switching algorithm. The search was stopped when the number of terms reached 3. 

The selected and considered molecular descriptors were calculated by PaDEL program (37) 

on the basis of two-dimensional molecular structures that were previously drawn and pre-

sented to the PaDEL program. The MLR model was selected based on the statistical para-

meters and predictive performance of the MLR model. The predictive ability was estimated 

applying internal and external validation procedures. The input parameters of the MLR mo-

del included the following molecular descriptors: maxsCl (atom type electrotopological sta-

te, maximum atom-type E-State: -Cl), LipoaffinityIndex (index of lipoaffinity) and ATSp5 

(autocorrelation descriptor weighted by polarizability). The logarithm of bioconcentration 

factor (logBCF), estimated by VegaNIC software (BCFmeylan, version 1.0.2, based on 

Meylan approach), was the output variable in the MLR modeling procedure (22). All the 

data used in the modeling are presented in Table 2. Values for maxsCl varied from 0.5696 

(compound 10) to 0.8939 (compound 11), for LipoaffinityIndex varied from 4.3972 

(compound 1) to 14.0103 (compound 15) and for ATSp5 varied from 865.41 (compound 1) 

to 50.8953 (compound 15). Regarding the BCFmeylan values ranged from 1.08 (compound 

2) to 3.74 (compound 11). Bioconcentration factor represents the absorption of pollutants 

from the dissolved phase. It can be calculated applying the following equation: 

 

BCF = c / cw             [1] 

 

where c represents the equilibrium concentration of pollutant in the organisms (μg/kg), 

whilst cw is the concentration of pollutant in the water phase (μg/L). The BCF plays a 

crucial role as an initial screening parameter for bioaccumulative and toxic substances in 

environmental risk assessment cycle. It provides quantitative insights into a contaminant’s 

uptake by organisms from water (38).  

Table 2. The input and output parameters used in the MLR modeling 
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Compound No. BCFmeylan maxsCl LipoaffinityIndex ATSp5 

Training set: 

1 1.38 0.6638 4.3972 865.41 

2 1.08 0.6464 4.4934 988.84 

4 1.93 0.6502 5.7406 1070.31 

5 2.43 0.6776 6.1413 1442.43 

6 3.08 0.6738 7.4564 1637.08 

7 3.73 0.6700 8.7716 1851.33 

8 3.16 0.6669 10.1187 2416.19 

9 2.89 0.5737 9.1508 2182.26 

10 3.61 0.5696 10.4107 2392.94 

11 3.74 0.8939 9.4198 2449.47 

13 3.58 0.6774 9.5055 2349.55 

14 2.80 0.6296 10.7158 3292.75 

15 1.49 0.5855 14.0103 5089.53 

16 3.03 0.6555 7.5715 1856.53 

17 3.68 0.6517 8.8914 2177.11 

18 3.19 0.6479 10.2114 2534.50 

19 1.66 0.7235 4.4942 1010.39 

21 2.31 0.7197 5.8260 1335.49 

External test set: 

3 1.93 0.6464 5.6838 1191.73 

12 3.39 0.5851 9.5588 2562.89 

20 1.99 0.7216 5.1601 1164.06 

 

VALIDATION OF THE REGRESSION MODEL 

 

 The validity of the formed MLR model was estimated by internal and external valida-

tion procedures. The internal validation included the calculation of the following parame-

ters: determination coefficient (R2), adjusted determination coefficient (R2
adj), variation 

coefficient (VC), mean square error (MSE), average percent error (APE) and Fischer’s test 

(F). The internal validation included the application of cross-validation and calculation of 

corresponding parameters: leave-one-out (LOO) cross-validation determination coefficient 

(R2
cv) and predicted residuals sum of squares (PRESS). The external validation was carried 

out in the way that compounds 3, 12 and 20 were omitted from the training set and used as 

external test set. The compounds for the external test set were randomly chosen. The pre-

dictive power of the established MLR model was estimated by comparison of the observed 

and predicted logBCF values as well as by the analysis of randomness of residuals distri-

bution. The multicollinearity of the model was estimated by variance inflation factor (VIF). 

If the VIF is less than 10, the multicollinearity is limited (39). 
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RESULTS AND DISCUSSION 

 

MULTIVARIATE LINEAR REGRESSION MODEL 

 

 The descriptors selection was carried out so the number of the independent variables 

meets the criteria known as Topliss-Costello rule according to which the ratio of the num-

ber of objects (compounds) and the number of molecular descriptors included in model is 

equal or less than five (40). The MLR modeling resulted in the following mathematical 

model: 

logBCFmeylan = - 3.12 (±1.02) + 3.78 (±1.31) maxsCl + 

+ 0.89 (±0.1) LipoaffinityIndex - 0.002 (±0.000) ATSp5                     [2] 

 

 The bioconcentration factor of the investigated molecules is best correlated with 

maxsCl, LipoaffinityIndex and ATSp5. From the presented MLR model it can be observed 

that atom type electrotopological state, maximum atom-type E-State and index of lipoaffi-

nity descriptors contribute positively to the value of logarithm of bioconcentration factor 

while negative value in front of autocorrelation descriptor weighted by polarizability indi-

cate that the greater the value of descriptor, the lower the value of logBCFmeylan is. The 

modeling was done based on raw data (non-scaled data), considering the fact that the data 

normalization was not resulted in any acceptable model. 

 

VALIDATION AND APPLICABILITY DOMAIN OF THE MLR MODEL 

 

 The usefulness of the established MLR model was validated using the plots showing 

observed versus predicted logBCF values (Figure 1).  

 

 
Figure 1. The linear relationship between observed bioconcentration factor and 

bioconcentration factor predicted by the established MLR model (  – training set,  –

 external test set) 
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 The significant value of the slope (0.8551) and acceptable intercept value (0.3926) vali-

date the proposed model. Since the comparison of the observed and predicted data can indi-

cate how the data are correlated, it can be concluded that presented model correlates the da-

ta well. In order to investigate the existence of a systematic error in development of the 

QSPR model the observed values of logBCF were plotted versus residuals (Figure 2). Pre-

sented graph shows that the residuals are randomly distributed on both sides of the zero 

axis. This leads to the conclusion that there is the absence of systematic error in the deve-

lopment of the presented MLR-QSPR model. Compounds used for training and external 

test set (compounds 3, 12 and 20) were separated and marked differently in both presented 

graphs. 

 

 
Figure 2. The distribution of the residuals for the established MLR model (  – training set, 

 – external test set) 

 

 In Figure 3 histogram and normal probability plot of the residuals of logBCF parameter 

are presented. The obtained results indicate that there are not any substantive departures 

from normality either outliers among data. It can be concluded that observed data are nor-

mally distributed. The histogram shows that the majority of the residuals is concentrated 

around zero. Small number of the residuals crosses the value of +0.6. Table 3 shows the 

conducted normality tests of residuals as a measure of the goodness of fit. The used tests 

and statistic values were as follows: Shapiro-Wilk (0.982), Anderson-Darling (0.144), 

D'Agostino Skewness (0.434), D'Agostino Kurtosis (-0.584) and D'Agostino Omnibus 

(0.529). For all presented test p-value ranged from 0.5593 to 0.9707. It can be concluded 

that the observed residuals are normally distributed according to all five conducted tests. 
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(a)             (b) 

 
Figure 3. Histogram (a) and normal probability plot (b) of the residuals of logBCF 

parameter 

 

Table 3. Normality tests of residuals 

 

Test of H0: Residuals Normally Distributed 

Test 
Test statistic 

value 
p-value Reject H0 at α = 0.02? 

Shapiro-Wilk 0.982 0.9676 No 

Anderson-Darling 0.144 0.9707 No 

D'Agostino Skewness 0.434 0.6643 No 

D'Agostino Kurtosis -0.584 0.5593 No 

D'Agostino Omnibus 0.529 0.7675 No 

 

 The VIF values of the independent variables are shown in Table 4. As one of the most 

important features, while building MLR model, is to avoid multicollinearity so this require-

ment was also fulfilled. There is no significant influence of multicollinearity since all the 

VIF values are lower than 10.  

 

Table 4. The VIF values of the independent variables 

Independent variable VIF 

maxsCl 1.08 

LipoaffinityIndex 9.15 

ATSp5 9.11 

 

 Table 5 gives insight regarding the internal and external validation parameters together 

with their optimal values. The quality of the predictive power of the presented model was 

tested using the leave-one-out (LOO) method. Parameters used for model assessment were: 
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correlation coefficient (R2), adjusted correlation coefficient (R2
adj), coefficient of variation 

(CV), mean square error (MSE), average percentage error (APE), Fisher’s test (F), cross-va-

lidation correlation coefficient (R2
cv) and predicted residual error sum of squares (PRESS). 

All presented parameters were in accordance with stated optimal values which indicate the 

high predictive ability of the presented MLR-QSPR model. 

 

Table 5. The internal and external validation parameters of the MLR model 

 

Parameter Value Optimal value 

R2 0.8551 > 0.80 

R2
adj 0.8241 > 0.70 

CV 0.1363 
Lower the CV implies smaller residuals relative to the 

predicted value 

MSE 0.1365 < 0.2 

APE 11.4% < 20% 

F 27.5 Higher F means better fitting of the data 

R2
cv 0.6507 > 0.60 

PRESS 4.6054 It depends on the nature of the data 

 

 The applicability domain of the presented model is defined by the values of the used mo-

lecular descriptors and output variable. This implies the following values: maxsCl (0.5696-

0.8939), LipoaffinityIndex (4.3972-14.0103), ATSp5 (865.41-5089.53) and BCFmeylan 

(1.08-3.74). 

 

CONCLUSION 

 

 In the present study, data set comprising of twenty-one 6-chloro-1,3,5-triazine derivati-

ves was investigated concerning the bioconcentration factor as a key parameter when envi-

ronmental risk assessment is perceived. Using in silico approach, suitable molecular de-

scriptors were chosen (maxsCl, LipoaffinityIndex and ATSp5) and logBCFmeylan was pre-

dicted using QSPR-MLR mathematical modeling. The proposed model was statistically 

assessed using internal and external validation and resulted in: VIF < 9.15 for all three mo-

lecular descriptors, R2 = 0.8551, R2
adj = 0.8241, R2

cv = 0.6507 and PRESS = 4.6054. The ob-

served versus predicted values and observed values versus residuals were graphically eva-

luated indicating the absence of systematic error. Normal probability of the residuals and 

normality test of residuals indicated normal distribution. The presented study of the mo-

deling of bioconcentration factor provides valuable MLR model that could be used for pre-

diction of bioconcentration factor of novel triazine derivatives, structurally similar to the 

compounds used in the modeling. 

 

Acknowledgement 

 

 The present research is financed in the framework of the project of Provincial Secreta-

riat for Higher Education and Scientific Research of AP Vojvodina (Project: Molecular en-

gineering and chemometric tools: Towards safer and greener future, No. 142-451-3457/ 

2023-01/01). 

 



APTEFF 55 (2024) 203-213   Karadžić Banjac et al. 

211 

REFERENCES 

 
1. Akash, S.; Sivaprakash, B.; Rajamohan, N.; Muruga Pandiyan, C.; Vo, D.V.N. Pesticide pollu-

tants in the environment – A critical review on remediation techniques, mechanism and toxico-

logical impact. Chemosphere. 2022, 301, 134754. 

2. Rajmohan, K.S.; Chandrasekaran, R.; Varjani, S. A review on occurrence of pesticides in en-

vironment and current technologies for their remediation and management. Indian J. Microbiol. 

2020, 60, 125-138. 

3. Leoci, R.; Ruberti, M. Pesticides: An overview of the current health problems of their use. J. 

Geosci. Environ. Prot. 2021, 9, 1-20. 

4. Sharma, A.; Sheyi, R.; de la Torre, B.G.; El-Faham, A.; Albericio, F. s-Triazine: A privileged 

structure for drug discovery and bioconjugation. Molecules. 2021, 26 (4), 864. 

5. LeBaron, H.M.; McFarland, J.E.; Burnside, O.C. The triazine herbicides: A milestone in the de-

velopment of weed control technology. In The triazine herbicides, 50 years revolutionizing agri-

culture; LeBaron, H.M.; McFarland, J.E.; Burnside, O.C., Eds.; Elsevier: Amsterdam, 2008, 1-12. 

6. Gupta, A.K.S.; Bhattaharya, T.; Hajela, K.; Shankar, K.; Ahmad, S. Synthesis and pesticidal 

activities of some substituted 1,2,4-triazines. Pest. Sci. 1985, 16 (1), 65-72. 

7. Koizumi, K.; Kuboyama, N.; Tomono, K., Tanaka, A.; Ohkl, A.; Kohno, H.; Wakabayashi, K.; 

Böger, P. Novel 1,3,5-triazine derivatives with herbicidal activity. Pest. Sci. 1999, 55 (6), 642-

645. 

8. Mekheimer, R.A.; Abuo-Rahma, G.E-D,; Abd-Elmonem, M.; Yahia, R.; Hisham, M.; Hayallah, 

A.M.; Mostafa, S.M.; Abo-Elsoud, F.A.; Sadek, K.U. New s-triazine/tetrazole conjugates as 

potent antifungal and antibacterial agents: Design, molecular docking and mechanistic study. J. 

Mol. Struct. 2022, 1267, 133615. 

9. Su, R.; Li, D.; Wu, L.; Han, J.; Lian, W.; Wang, K.; Yang, H. Determination of triazine herbicides 

in juice samples by microwave-assisted ionic liquid/ionic liquid dispersive liquid-liquid micro-

extraction coupled with high performance liquid chromatography. J. Sep. Sci. 2017, 40 (14), 

2950-2958. 

10. Narenderan, S.T.; Meyyanathan, S.N.; Babu, B. Review of pesticide residue analysis in fruits and 

vegetables. Pre-treatment, extraction and detection techniques. Food Res. Int. 2020, 133, 109141. 

11. Chatterjee, M.; Roy, K. Prediction of aquatic toxicity of chemical mixtures by the QSAR ap-

proach using 2D structural descriptors. J. Hazard. Mater. 2021, 408, 124936. 

12. Toma, C.; Cappelli, C.I; Manganaro, A.; Lombardo, A.; Aening, J.; Benfenati, E. New models to 

predict the acute and chronic toxicities of representative species of the main trophic levels of 

aquatic environments. Molecules. 2021, 26 (22), 6983. 

13. Xu, J-Y.; Wang, K.; Men, S-H.; Yang, Y.; Zhou, Q.; Yan, Y-G. QSAR-QSIIR-based prediction 

of bioconcentration factor using machine learning and preliminary application. Environ. Int. 2023, 

177, 108003. 

14. Bertato, L.; Chirico, N.; Papa, E. Predicting the bioconcentration factor in fish from molecular 

structures. Toxics, 2022, 10 (10), 581. 

15. Lee, M.; Min, K. A comparative study of the performance for predicting biodegradability clas-

sification: The quantitative structure–activity relationship model vs the graph convolutional net-

work. ACS Omega, 2022, 7 (4), 3649-3655. 

16. Jiang, S.; Liang, Y.; Shi, S.; Wu, C.; Shi, Z. Improving predictions and understanding of primary 

and ultimate biodegradation rates with machine learning models. Sci. Total Enivron. 2023, 904, 

166623. 

17. Petoumenou, M.; Pizzo, F.; Cester, J.; Fernández, A.; Benfenati, E. Comparison between bio-

concentration factor (BCF) data provided by industry to the European Chemicals Agency 

(ECHA) and data derived from QSAR models. Environ. Res. 2015, 142, 529-534. 

18. Lunghini, F.; Marcou, G.; Azam, P.; Patoux, R.; Enrici, M.H.; Bonachera, F.; Horvath, D.; 

Varnek, A. QSPR models for bioconcentration factor (BCF): are they able to predict data of 

industrial interest? SAR QSAR Environ. Res. 2019, 30 (7), 507-524. 



APTEFF 55 (2024) 203-213   Karadžić Banjac et al. 

212 

19. Dearden, J.C.; Hewitt, M. QSAR modelling of bioconcentration factor using hydrophobicity, 

hydrogen bonding and topological descriptors, SAR QSAR Environ. Res. 2010,  21, 671-680. 

20. Aranda, J.F.; Bacelo, D.E.; Leguizamón Aparicio, M.S.; Ocsachoque, M.A.; Castro, E.A.; 

Duchowicz, P.R. Predicting the bioconcentration factor through a conformation-independent 

QSPR study. SAR QSAR Environ. Res. 2017, 28, 749-763. 

21. Mansouri, K.; Grulke, C.M.; Judson, R.S.; Williams, A.J. OPERA models for predicting phy-

sicochemical properties and environmental fate endpoints. J. Cheminformatics. 2018, 10, 1-19. 

22. VegaNIC application, Laboratory of Environmental Chemistry and Toxicology of Mario Negri 

Institute of Pharmacological Research, http://vega-qsar.eu. 

23. Martin, T.; Harten, P.; Young, D. TEST (Toxicity Estimation Software Tool), US Environmental 

Protection Agency, Washington, USA, 2012, https://www.epa.gov/chemical-research/toxicity-

estimation-software-tool-test. 

24. UFZ, ChemProp, Helmholtz Centre for Environmental Research – UFZ, Leipzig, DE, 2018, 

http://www.ufz.de/ecochem/chemprop. 

25. European Chemicals Agency ECHA, https://echa.europa.eu/home. 

26. Yang, L.; Li, H.; Zhang, Y.; Jiao, N. Environmental risk assessment of triazine herbicides in the 

Bohai Sea and the Yellow Sea and their toxicity to phytoplankton at environmental concentra-

tions. Environ. Int. 2019, 133 (A), 105175. 

27. Fernandez, M.V.; Gardinali, P.G. Risk assessment of triazine herbicides in surface waters and 

bioaccumulation of Irgarol and M1 by submerged aquatic vegetation in Southeast Florida. Sci. 

Total Environ. 2016, 541, 1556-571. 

28. Tarja, N.; Kirsti, E.; Marja, L.; Kari, E. Thermal and metabolic factors affecting bioaccumulation 

of triazine herbicides by rainbow trout (Oncorhynchus mykiss). Environ. Toxicol. 2003, 18 (4), 

219-226.  

29. Salaković, B.; Kovačević S.; Karadžić Banjac M.; Jevrić. L.; Podunavac-Kuzmanović, S.; Anto-

nović, D. Comparative chemometric analysis, ranking and selection of lipophilicity parameters of 

6-chloro-1,3,5-triazine derivatives with acyclic and cyclic substituents. APTEFF. 2022, 53, 88-99. 

30. Karadžić Banjac, M.; Kovačević, S.; Jevrić, L.; Podunavac-Kuzmanović, S. Artificial intelligence 

in prediction of ecotoxicity of a series of s-triazine compounds as potential pesticides. APTEFF. 

2023, 54, 245-253. 

31. Kovačević, S.; Karadžić Banjac, M.; Anojčić, J.; Banjac, V.; Ilić, P.; Salaković, B.; Podunavac-

Kuzmanović, S.; Jevrić, L. Comparative analysis of anisotropic lipophilicity of a series of 6-

chloro-1,3,5-triazines determined in reversed phase ultra high performance liquid chromatography 

system. Agriculture, 2023, 13, 2212. 

32. Kovačević, S.; Karadžić Banjac, M.; Jevrić, L.; Podunavac-Kuzmanović, S. Linear quantitative 

structure-ecotoxicity relationship modeling of a series of symmetrical triazine derivatives based 

on physicochemical parameters. APTEFF. 2023, 54, 255-264. 

33. Salaković, B.; Kovačević S.; Karadžić Banjac M.; Podunavac-Kuzmanović, S.; Jevrić. L.; Pajčin, 

I.; Grahovac, J. New perspective on comparative chemometric and molecular modeling of anti-

fungal activity and herbicidal potential of alkyl and cycloalkyl s-triazine derivatives. Processes. 

2023, 11, 358. 

34. Bončić-Caričić, G.A.; Tadić, Ž.D.; Jeremić, D.S. Electron impact mass spectrometry of some 

2,4,6-substituted s-triazines. Effect of the ring size. Int. J. Mass Spectrom. Ion Phys. 1983, 47, 

451-454. 

35. Antonović, D.; Bončić-Caričić, G.A. Gas chromatographic retention indices for N-substituted 

amino s-triazines on DB-1 and DB-5 capillary columns. J. Serb. Chem. Soc. 1994, 59 (12), 993-

996. 

36. NCSS Statistical Software (2023). NCSS, LLC. Kaysville, Utah, USA, ncss.com/software/ncss. 

37. Yap, C.W. PaDEL-descriptor: An open source software to calculate molecular descriptors and 

fingerprints. J. Comput. Chem. 2011, 32 (7), 1466-1474. 

38. Wang, W.-X. Chapter 4 – Bioaccumulation and Biomonitoring, Editor(s): Julián Blasco, Peter M. 

Chapman, Olivia Campana, Miriam Hampel, Marine Ecotoxicology, Academic Press, 2016, 99-

119. 



APTEFF 55 (2024) 203-213   Karadžić Banjac et al. 

213 

39. O’Brien, R.M. A caution regarding rules of thumb for variance inflation factor. Qual. Quant. 

2007, 41, 673-690. 

40. Topliss, J.G.; Costello, R.J. Chance correlations in structure-activity studies using multiple re-

gression analysis. J. Med. Chem. 1972, 15, 1066-1068. 



 

 



Acta Periodica Technologica  APTEFF, 55, 215-223 (2024) 

BIBLID: 1450-7188 (2024) 55, 1-245  https://doi.org/10.2298/APT2455215H 

  Original research paper 

* Corresponding author: Liubov Hozhenko, e-mail: ittf_tds@ukr.net 215 

 

THE APPLICATION OF HYDRODYNAMIC CAVITATION METHODS TO 

INCREASE THE EFFICIENCY OF THE PROCESS OF EXTRACTING 

BIOLOGICALLY ACTIVE SUBSTANCES FROM THE WALNUT SEPTUMS 

 
Liubov P. HOZHENKO1* , Georgiy К. IVANITSKY1,2 , Bogdan Ya. TSELEN1 ,  

Natalia L. RADCHENKO1 , Anna Ye. NEDBAILO1  

 
1 Institute of Engineering Thermophysics of the National Academy of Sciences of Ukraine,  

Maria Kapnist Str. 2a, Kyiv, Ukraine 

2 National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”,  

Beresteiska Avenue 37, Kyiv, Ukraine 

 

Received: June 20th, 2024. Revised: September 10th, 2024. Accepted: September 12th, 2024. 

The article presents experimental studies of the intensification of the process of extracting biolo-

gically active substances from the walnut septum using the mechanisms of the method of discrete-

pulse energy input (DPEI) in pulsating dispersers. On the basis of the obtained results of studies of 

the effects of the shock action of the liquid flow and hydrodynamic cavitation on the physicochemical 

parameters of the aqueous extract of walnut septum, the effectiveness of the application of the most 

rigid mechanism of the method of DPEI is shown. In the course of experimental studies, it was estab-

lished that the amount of dry substances released during the extraction process in a cavitation-type 

pulsating disperser is approximately 2 times greater than in an impact-type pulsating disperser. The 

use of hydrodynamic cavitation made it possible to maximally extract biologically active substances 

from walnut partitions in 20 minutes of cavitation treatment, which proportionally exceeds the shock 

effect of hydrodynamic impact by 57 %. It has been established that the cavitation effect is the most 

effective mode of the method of DPEI when applied in the extraction processes from plant raw 

materials, which is currently one of the most effective ways to achieve high-energy indicators in food 

and chemical technologies for obtaining thermolabile substances. 

 

Keywords: Method of discrete-pulse energy input, Hydrodynamic cavitation, Extraction, Walnut 

septum. 

 

 

INTRODUCTION 

 

 The main task in the development of energy-efficient technologies is always aim at 

increasing the technical and economic indicators of production. Therefore, increasing the 

productivity of equipment and reducing energy consumption for technological operations 

requires the creation and implementation of efficient devices with low specific energy and 

material capacity, a high degree of influence on processed substances. At the same time, the 

economic, rational, resource-saving and energy-efficient production of biologically active 

components of natural origin for further use in various industries always remains an urgent 

problem. The article presents the results of a complex study of the technological modes of 

obtaining biologically active components from the plant raw materials when the cavitation 

mechanism is initiate. The walnut septum with a specific structure consists of unique useful 

elements. Extract from walnut membranes has immunoprotective, antimicrobial, phago-

cytic, mitotic and antioxidant activity and is widely used in the pharmaceutical, food, and 

chemical industries (1-5). 

https://doi.org/10.2298/APT2455215H
https://orcid.org/0000-0002-8999-1917
https://orcid.org/0000-0002-0486-2359
https://orcid.org/0000-0001-5213-0219
https://orcid.org/0000-0002-5315-1609
https://orcid.org/0000-0002-8590-5823


APTEFF 55 (2024) 215-223   Hozhenko et al. 

216 

 In the Institute of Engineering Thermophysics of the National Academy of Sciences of 

Ukraine, on the basis of the concept of discrete-pulse energy input (DPEI), for many years, 

the development of highly efficient mass transfer devices, in particular jet pulsating dis-

persers (extractors) of various types for extraction from plant raw materials (6). These devi-

ces, such as impact type pulsating dispersers (extractors), have found wide application in 

industry (7, 8). The intensification of the extraction processes in these jet pulsation devices 

is based on such mechanisms of DPEI, as periodic acceleration and deceleration of the 

flow, the action of shear stresses of developed turbulence. On the basis of mathematical 

modeling of hydrodynamic and heat-mass exchange processes in the liquid and gas tracts of 

pulsating dispersers, analytical methods and calculations were developed, and rational 

designs and optimal modes of operation of such devices were proposed (7-9). 

 The application of traditional extraction methods is limited by the fact that they accele-

rate only the external hydrodynamic transfer processes in the extractant in the vicinity of 

the plant particle, while the rate of the extraction process is limited by the rate of internal 

transfer. To accelerate the internal diffusion transfer of the target component from the plant 

cell through the complex capillary structure of the plant particle to the surface of the par-

ticle in the extractant, it is necessary to use cavitation methods (10, 11). Unlike the above-

mentioned references, where extraction is carried out by traditional infusion methods at 

high temperatures and with the use of alcohol as a solvent, cavitation methods allow the ex-

traction process to be carried out at low or moderate temperatures and without the addition 

of alcohol (12-14). 

 Pulsation dispersers (extractors) created at the Institute of Engineering Thermophysics 

of the NAS of Ukraine work based on the principle of DPEI, including impact type pul-

sation dispersers (extractors) and our proposed modification – a cavitation type pulsating 

disperser, in which cavitation mechanisms are used. As you know (6), cavitation is one of 

the most rigid mechanisms of the DPEI principle and therefore it is advisable to apply it in 

extraction processes. 

 The purpose of the work study of the influence of hydrodynamic cavitation mechanisms 

on the efficiency and productivity of the extraction process from raw materials using the 

example of walnut septums in pulsation extractors created on the basis of the DPEI prin-

ciple. 

 On the example of the extraction of bioactive substances from the walnut septum, to 

compare cavitation extraction methods with other dynamic extraction methods as a further 

development of the DPEI concept (6, 13, 15). 

 Experimental studies of the process of extracting walnut septum were carried out in pa-

rallel in impact and cavitation type pulsating dispersers developed at the Institute of Engi-

neering Thermophysics of the NAS of Ukraine. 

 

 

EXPERIMENTAL 

 

 The extraction process with intensive mixing provides the condition for the growth of 

the convective diffusion coefficient to infinity, that is, the convective mass transfer is car-

ried out instantaneously, and the mass transfer coefficient is determined only by the dif-

fusion coefficient in the pores of the plant material. Initiation of the cavitation mechanism 

during processing in a cavitation reactor leads to a significant acceleration of the process at 

its slowest stage, that is, it allows influencing the internal diffusion coefficient. Due to the 

intense oscillation of the particles of the “solid-liquid” system, there is a local increase in 
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temperature in places of friction, a decrease in the viscosity of the extractant, and, therefore, 

an increase in the internal diffusion coefficient. 

 The schematic diagram of the impact type pulsating disperser is presented in Figure 1. 

 The principle of operation and operating parameters are previously described (7-9). 

 
Figure 1. Schematic diagram of an impact type pulsating disperser 

 

 The schematic diagram of the cavitation type pulsating disperser is presented in Figure 2. 

 

 
Figure 2. Schematic diagram of a cavitation type pulsating disperser and the main dynamic 

effects of the DPEI method that are implemented: a) stage of liquid intake into the working 

chamber; b) the stage of liquid ejection from the chamber 
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 The extractant mixture with crushed plant material is in the loading tank under atmos-

pheric pressure pa at temperature Tl. During the operation of the extractor, the liquid mixtu-

re enters the working chamber from the tank or flows out of the chamber into the tank 

through a cylindrical pipe that is hermetically connected to the lower surface of the cham-

ber. The upper and lower surfaces of the working chamber have the shape of a spherical 

segment, between which there is an elastic membrane that separates the liquid and gas 

tracts of the device. Through a hole on the upper surface, the working chamber is connected 

to the gas path. A three-way solenoid valve periodically connects the chamber to a high-

pressure receiver (HPR) connected to the compressor, or to a low-pressure receiver (LPR) 

connected to a vacuum pump, at set time intervals. Pressure values in HPR can be set in the 

interval pcomp=0,2÷0,5 MPa, and in LPR - in the interval pvac=0,001÷0,003 MPa.  

 At the stage of connecting the chamber to the HPR, the membrane intensively pushes 

the liquid out of the chamber through the pipe into the tank under the action of high pres-

sure. When the membrane covers the hole on the lower surface of the chamber, all the 

liquid leaves the chamber. At this moment, the flow velocity in the pipe reaches its maxi-

mum value (about 10 m/s) and the liquid continues to move down the pipe by inertia (with-

out contact with the membrane). After the separation of the liquid mixture from the mem-

brane in the upper part of the pipe, a cavity is formed under vacuum with a continuously 

growing volume, which is gradually filled with steam. It was established that due to the 

rapid movement of the liquid column, the vapor pressure in the cavity is significantly lower 

than the saturated vapor pressure psat(Tl). The pressure in the liquid at the boundary with the 

cavity instantly drops from pcomp=0,3 МPа to pl<psat(Tl)=0,002 MPa, which leads to boiling 

of the liquid mixture near the free surface. 

 The pressure difference pa-psat(Tl) and the action of the frictional force against the wall 

cause a sharp braking of the liquid mixture in the pipe, which then changes direction and 

moves with increasing speed towards the chamber until it reaches the entrance to the 

chamber. If by this point the chamber is still connected to the HPR, then the entrance to the 

chamber is blocked, and the moving liquid mixture immediately stops. If the chamber is 

already connected to the LPR, then the liquid mixture from the pipe quickly fills the cham-

ber and stops on the membrane adjacent to the upper surface of the chamber. In both cases, 

a momentary stoppage of flow initiates the phenomenon of hydraulic shock. The next time 

the camera is connected to the HPR, the cycle is repeated. The frequency of cycle repe-

titions, depending on the mode, is in the range of 0,5 to 1,5 Hz. 

 Figure 2 also shows the main dynamic effects of the method of DPEI, implemented in a 

cavitation-type pulsating disperser. These include: the dynamic effect of the jet flowing 

from the pipe into the tank and contributing to intensive turbulent mixing of the mixture; 

the effect of hydraulic shock resulting from the inhibition of the reverse flow on the surface 

of the membrane, which is accompanied by high-frequency changes in compression and 

rarefaction in the chamber and pipe and, as a result, the occurrence of secondary cavitation 

effects. But the most powerful cavitation effects occur after the exit of the liquid from the 

chamber into the pipe. 

 Since the research was carried out using an apparatus in which the processes of disper-

sion, mixing and extraction are implemented at the same time, in order to obtain an uncon-

taminated extract of walnut septums, the raw materials were loaded chopped on a mechani-

cal manual extruder to optimal sizes l=5÷10 mm (2-5, 13). The determined dimensions of 

the raw material depend on the geometrical parameters of the working tube of the device, 

so that during processing the raw material does not compact in the cross-section of the tube. 

In the course of research, it was established that further grinding to obtain the smaller par-
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ticle sizes is impractical. As a result of the conducted experimental studies, water systems 

of a brown color without crushed particles after filtering were obtained. On the basis of the 

analysis of economic and technological aspects, the development of technological regimes 

of the process of extraction from the walnut septums was carried out at a temperature 22 С 

and hydraulic modules 1:10. Samples of the liquid were taken during the processing at five-

minute intervals for further determination of the content of dry substances according to the 

State Standard of Ukraine (DSTU 804:2015). For research of physical and chemical pro-

perties used a measuring complex EZODO PCT-407. Study of the microstructure were car-

ried out by the method of optical microscopy on a light microscope Axio Imager Z1m pro-

duction by Carl Zeiss. 

 

 

RESULTS AND DISCUSSION 

 

 The obtained results shown in Figure 3 testify that 15 min processing in a cavitation 

reactor ensures the equilibrium of concentrations of target substances in the raw material 

and extract. However, the significance of the salt content in the samples obtained in the im-

pact type disperser has a stable character (Figure 4). This can be explained by the unsatu-

ration of the solution at temperature 22 С, because during the extraction process under the 

influence of the cavitation mechanism, a significant local increase in temperature is obser-

ved (up to 40 С) and, accordingly, the growth of the internal diffusion coefficient. 

 

 
 

Figure 3. Dependence of the amount of dry substances in the aqueous extract of walnut 

septums on the duration of processing: 1 – impact type pulsating disperser; 2 – cavitation 

type pulsating disperser 

 

 Although in both cases, there was a place for the use of devices that using the DPEI 

method but the implementation of its most powerful cavitation influence takes place in a 

cavitation type disperser. It should be noted that during the research, the temperature of 

22°С was not maintained in the cavitation-type disperser, unlike the shock-type disperser 

where temperature of the liquid was a constant. However, the relatively maximum yield of 
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the amount of dry substances (0,35%) can be achieved at a constant temperature of the pro-

cessed medium of 22 °С in a cavitation type disperser. Therefore, comparing Figures 3 and 

4 it is possible to substantiate the obtained indicators of physicochemical parameters 

against the background of the quantitative composition of the target substances in the sys-

tem depending on the duration and intensity of the effect of the cavitation mechanism in 

pulsation-type reactors.  

 

 
 

Figure 4. Dependence of the salt content in the aqueous extract of walnut septums on the 

duration of processing: 1 – impact type pulsating disperser; 2 – cavitation type pulsating 

disperser 

 

 The measured redox potential (ORP) values differ by an order of magnitude depending 

on the temperature effect on the environment during the initiation of the cavitation mecha-

nism. However, to describe the quality of the obtained liquid saturated with target sub-

stances, it is necessary to have data on biological and chemical parameters during oxidation 

reactions. Commonly known that the oxygen content in water is an inversely related to 

temperature, i.e. it always decreases with its increase. A local increase in temperature due 

to the implementation of the cavitation mechanism in the system leads to the release of 

oxygen. A decrease the ORP indicates an increase in renewable substances in the system, 

and an increase the ORP an increase in oxidizing substances. Accordingly, it is possible to 

influence on the relaxation of ORP through cavitation processing. Because of the cavitation 

effect on the liquid medium, the decrease in the ORP value is proportional to the decrease 

in pressure pulses. In all selected samples, the value of the hydrogen index was within the 

limits рН=6,5÷6,78. 

 Before loading, walnut membranes were crushed on a manual extruder to the specified 

sizes, related to the geometry of the working nodes of the pulsating disperser and sub-

sequent filtering of the mixture. 

 Appearance of particles of walnut septums for processing in devices and in water mix-

ture, depending on the treatment, is presented in Figure 5. Particles of crushed raw mate-

rials for processing in devices are presented in Figure 5a. As a result of optical microscopy, 

it became clear that in the process of extraction on the impact type pulsating disperser, the 

particles were still crushed to a size of about 150-200 μm (Figure 5b). When processing on 
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the cavitation type pulsating disperser, the particles were crushed more strongly up to 50-

100 μm (Figure 5c). 

 

   
a) b) с) 

 

Figure 5. Image of the structure of the received samples of walnut septum particles:  

а) – before processing; b) – after 20 min of processing in an impact type pulsating 

disperser; c) – after 20 min of processing in a cavitation type pulsating disperser. 

 

 In the course of conducting experimental research, it was established that due to the ca-

vitation effect on the processed medium, the equilibrium concentration in the “solid-liquid” 

system is reached faster than due to the impact of the shock action by mixing. This explai-

ned by the uniform distribution of pressure pulses during the cavitation effect on the pro-

cessed medium in the cavitation type disperser. 

 The application of the cavitation method for the extraction of biologically active sub-

stances from walnut septum with other extractants besides water at other temperatures, the 

analysis of the biochemical composition of the extract, etc. will be the next topic of our 

research. 

 

 

CONCLUSION 

 

 The dynamic effects of hydrodynamic cavitation, which are characteristic of pulsation 

type reactors, have different effects on water systems during the extraction process, depen-

ding on the duration of processing and temperature regimes. The obtained values of physi-

cochemical parameters (pH and salt content) allow evaluating the efficiency of the extrac-

tion process using a complex of mechanisms of the DPEI method. The pH value of the 

aqueous extract of the partitions of walnut septums for 25 minutes at a temperature of 22 °C 

was within the range of pH=6,5÷6,78. The salt content did not change significantly when 

processed in an impact type pulsating disperser. The use of the cavitation mechanism ma-

kes it possible to remove the target components approximately 2 times more than with pul-

sating hydrodynamic impact. The determination of the amount of dry substances released 

from the duration of processing showed that 15 min of cavitation effect on the liquid me-

dium during the extraction of walnut septums ensures the balance of mass concentrations of 

the “solid-liquid” system. Therefore, it is leads to a reduction in the duration of the process 

of extracting target substances without additional heating to the boiling temperature. The 

results of optical microscopy to confirm a uniform powerful effect of pressure pulses on the 

particles of plant material in the processed environment. When comparing the use of impact 

and cavitation type pulsating dispersers for the strong rough structure of walnut septums, 

the efficiency of the extraction process under the influence of the cavitation mechanism is 2 

times greater. Therefore, the use of the more powerful cavitation mechanism of the method 

of DPEI leads to a 2-fold increase in the yield of biologically active substances. At the same 
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time, the maximum removal from the walnut septums (0,35 %) is achieved after 20 minutes 

of cavitation processing, which is 57 % proportionally more than the shock effect of hydro-

dynamic impact. 

 The technology of obtaining biologically active substances from plant raw materials is 

important for the extraction of thermolabile substances, which ensures the optimal appli-

cation of cavitation mechanisms of the DPEI method in mass transfer devices. 
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In this study, the antimicrobial efficacy of a cloud-point extract (CPE) derived from the peels of 

horned melon (Cucumis metuliferus) was evaluated. By employing cloud-point extraction, a cutting-

edge extraction technique, bioactive phytochemicals were effectively isolated from the peels, yielding 

a rich concentration of antioxidants and antimicrobial agents. The antifungal activities of the extract, 

including growth inhibition, minimal inhibitory concentration (MIC), and time-kill kinetics, were tes-

ted against phytopathogenic fungal species isolated from fruits, namely Aspergillus sp., Penicillium 

sp., Trichoderma sp., and Geotrichum sp. The extract exhibited notable antimicrobial properties, with 

inhibition zones measuring between 16 and 31 mm, and MIC values ranging from 3.75 to 60 mg/mL. 

High-performance liquid chromatography (HPLC) analysis identified several phenolic compounds 

within the CPE, including p-hydroxybenzoic acid, gallic acid, protocatechuic acid, caffeic acid, cate-

chin, syringic acid, and vanillic acid. These findings suggest that the CPE of horned melon peels 

holds noteworthy promise as a natural antimicrobial agent, with potential applications in food pre-

servation and safety. Furthermore, this research indicates the potential of suppressing fungal growth 

on fresh fruit samples as well, since the work included monitoring the development of fungal contami-

nation on grape samples coated with CPE extract, encouraging the sustainable extraction and appli-

cation of natural bioactive compounds. 

 

Keywords: Cloud-point extraction, Horned melon peels, Antifungal activity, Phytochemical analysis. 

 

INTRODUCTION 

 

 Antimicrobial resistance (AMR) poses a global threat to human health and economic 

stability, significantly affecting agricultural productivity, food security, and contributing to 

food waste (1, 2). The growing resistance of microorganisms underscores the urgent need 

for the discovery and development of new antimicrobial agents. Plants are well-known 

sources of abundant metabolites with antimicrobial properties, capable of inhibiting the 

growth of a variety of microorganisms (3). While many synthetic antimicrobial compounds 

are available, their high production costs and adverse side effects, when compared to plant-

derived compounds, highlight the necessity of replacing them with natural alternatives. 

Natural compounds are favoured for their low toxicity, biodegradability, and eco-friendly 

nature (4). Moreover, plant-based bioactive compounds often exhibit unique biocidal me-

chanisms distinct from conventional antibiotics, which may have a profound impact on 

managing resistant pathogens (5). Among the most widely used natural antimicrobial 

agents are essential oils and plant extracts obtained from different parts of the plant, such as 

roots, seeds, leaves, pulp, and flowers (6). The presence of secondary metabolites, inclu-

ding tannins, terpenoids, alkaloids, phenolics, and flavonoids, makes these extracts pro-

mising candidates for combating viral, bacterial, fungal, and protozoan infections (7). The 
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distinct mechanisms of action exhibited by plant-derived bioactive compounds offer a sub-

stantial advantage over traditional antibiotics, particularly in the treatment of resistant mic-

roorganisms. As a result, these compounds have broad applications in both pharmaceuticals 

and traditional medicine (5). Recent interest has focused on the extraction of valuable se-

condary metabolites and evaluating their antimicrobial potential, with particular attention to 

extraction methods that minimize environmental impact. Green extraction technologies, 

such as cloud-point extraction (CPE), ultrasound-assisted extraction (UAE), and micro-

wave-assisted extraction (MAE), are gaining traction due to their ability to reduce energy 

consumption, lower environmental pollution, and produce high-quality extracts (8). CPE, in 

particular, is a novel solid-liquid extraction technique that offers a cost-effective, non-toxic, 

and efficient method for concentrating a wide range of analytes (9). CPE operates based on 

the principle of separating compounds by exploiting the cloud point of non-ionic surfac-

tants, which leads to the partitioning of hydrophobic and hydrophilic molecules into distinct 

phases. This technique is particularly advantageous for isolating thermally sensitive com-

pounds, as it requires mild conditions and minimal use of organic solvents, making it an en-

vironmentally friendly and sustainable approach (10).  

 In the present study, the peels of horned melon (Cucumis metuliferus), a globally culti-

vated exotic fruit rich in flavonoids, phenolic compounds, glycosides, and carotenoids, 

were selected as the source material (11). This fruit is native to Africa and recognized for 

its unique appearance and potential health benefits, such as antidiabetic, antihypertensive, 

antimicrobial and antioxidant effects (11). The primary objective of this research was to 

assess the antimicrobial potential of horned melon peel extracts against a range of fungi. 

Additionally, an applicability test was conducted to evaluate the fungal growth control of 

the CPE extract on fresh grape samples, focusing on its efficacy against the most resistant 

fungal strain. 

 

EXPERIMENTAL 

 

PLANT MATERIAL AND CHEMICALS 

 

 Horned melon fruits were organically grown in the Pannonia Plain, Novi Sad, Serbia, 

on the Fruška Gora Mountain (45°12′ N, 19°45′ E). The peel was manually separated under 

aseptic conditions and freeze-dried using a Martin Crist Alpha 2-4 freeze-drier (Osterode, 

Germany) for 2 hours at -40 °C. Primary drying occurred at 0.01 mbar and temperatures 

between -40 °C and 20 °C for 48 hours, followed by ultimate drying at 20 °C to 30 °C and 

0.005 mbar for 4 hours. The freeze-dried peel was stored at -20 °C, manually milled into a 

coarse powder, and kept in a freezer at -20 °C until extraction. Tween 80 was obtained from 

Alfa Aesar (Karlsruhe, Germany), and all other chemicals were of analytical grade. 

 

Cloud-Point Extraction 

 

 The extraction followed the method of Travičić et al. (9). In brief, the horned melon 

peel sample was mixed with water at a 1:50 ratio, with 10% Tween 80 added. The pH was 

adjusted to 3, and the mixture was stirred for 20 minutes on a magnetic stirrer, followed by 

centrifugation at 4000 rpm for 10 minutes. NaCl (18%) was added to the supernatant, and 

the mixture was incubated at 45 °C for 20 minutes to allow micelle formation. A second 

centrifugation at 4000 rpm for 10 minutes yielded the targeted surfactant-rich phase as the 

top layer. 
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CHEMICAL ANALYSIS 

 

 Polyphenolic compounds were identified and quantified using high-performance liquid 

chromatography (HPLC) on a Shimadzu Prominence system (Shimadzu, Kyoto, Japan), 

equipped with an LC-20AT binary pump, CTO-20A thermostat, and SIL-20A autosampler, 

connected to a DAAD detector. Separation was carried out on a Luna C18 RP column (250 

mm × 4.6 mm, 5 μm particle size; Phenomenex, Torrance, CA, USA), with a C18 pre-

column (4 × 30 mm, Phenomenex). Standards were dissolved in 50% methanol, and chro-

matograms were recorded from 190 to 800 nm, with identification and quantification at 

absorption maximums. Concentrations were calculated based on chromatograms and cali-

bration curves of standard solutions. 

 

ANTIFUNGAL ACTIVITY ASSESSMENT 

 

 The antifungal potential of the CPE is evaluated through a series of in vitro assays 

growth inhibition assays. The CPE is tested against four fungal species which are isolated 

from fruit samples: Aspergillus sp., Penicillium sp., Trichoderma sp., and Geotrichum sp. 

Inhibition zones are measured to assess the effectiveness of the extract using the disk-

diffusion method (12), while minimal fungicidal concentration (MFC) is determined using 

microtiter assay described in detail by Šovljanski et al (13). The time-dependent fungicidal 

potential is studied to understand the rate at which it kills the fungal cells during contact 

between CPE extract and sensitive fungi by applying a test-kill kinetics study (14). 

 

APPLICABILITY TEST  

 

 Fresh grapes were purchased from a local market, thoroughly washed with distilled wa-

ter, and air-dried in a laminar flow chamber at room temperature. Aspergillus sp. was cultu-

red on potato dextrose agar (PDA, HiMedia, Mumbai, India) at 25 °C for 5 days, harvested, 

and filtered to create a spore suspension at 6 log spores/mL. All grape samples are measu-

red and divided into sterile containers to obtain two sets of samples: uncontaminated 

samples (controls) and contaminated samples (artificially contaminated samples with 

fungal suspension). In each set, samples are additionally separated into following groups: 

Group A (control, no treatment, sprayed with water), Group B (control treated with 

extraction solvent, sprayed with surfactant-rich phase without horned melon extract), and 

Group C (treated with CPE extract from horned melon peels). All contaminated samples are 

treated with 100 µL of the fungal suspension, while the control received the same volume 

of sterilized water. All samples were aerobically stored at 21 °C and 85% relative humidity 

for 8 days. Digital images of each grape were captured under consistent lighting and 

distance to document fungal growth. 

 

RESULTS AND DISCUSSION 

 

 The cloud-point extract (CPE) from horned melon peels exhibited a rich profile of poly-

phenolic compounds, as identified by HPLC analysis (Table 1). Catechin was the most 

abundant polyphenol, with a concentration of 42.19 mg/100g, followed by vanillic acid 

(5.55 mg/100g) and gallic acid (3.72 mg/100g). Other phenolic compounds, including pro-

tocatechic acid (2.81 mg/100g), syringic acid (2.49 mg/100g), caffeic acid (0.52 mg/100g), 

and p-hydroxybenzoic acid (0.37 mg/100g), were present in smaller amounts. The presence 



APTEFF 55 (2024) 215-233   Cvanić et al. 

228 

of catechin as the dominant polyphenol is notable, given its well-documented antioxidant 

and antimicrobial properties. Previous studies have highlighted catechin's significant role in 

various plant extracts, contributing to their biological activities, particularly antimicrobial 

and antioxidant effects (15). The high catechin content in the CPE from horned melon peels 

suggests a potential for strong bioactivity, aligning with findings from catechin-rich sources 

such as green tea (16). Gallic acid, the second most abundant polyphenol, is also known for 

its potent antimicrobial and antioxidant effects. Studies on gallic acid have shown its ability 

to inhibit the growth of various microorganisms (17), supporting its role in the antifungal 

activity observed in the current study. 

 The antifungal potential of the CPE was evaluated against four fungal species: Aspergil-

lus sp., Penicillium sp., Trichoderma sp., and Geotrichum sp. The extract exhibited notable 

antifungal activity, with inhibition zones ranging from 16.00 mm to 31.00 mm. The largest 

inhibition zone was observed for Penicillium sp. (31.00 mm), followed closely by Tricho-

derma sp. (30.33 mm) and Geotrichum sp. (26.67 mm). Aspergillus sp. showed the smallest 

inhibition zone at 16.00 mm (Table 1). Regarding the minimal fungicidal concentration 

(MFC), Trichoderma sp. displayed the greatest susceptibility, with an MFC of 3.75 mg/mL. 

Further, Penicillium sp. and Geotrichum sp. also showed significant susceptibility, with 

MFC values of 7.50 mg/mL and 30.00 mg/mL, respectively, while Aspergillus sp. required 

a much higher concentration (60.00 mg/mL) for fungicidal action. These results align with 

existing literature on plant-derived polyphenols, which are known to exhibit antimicrobial 

properties by disrupting fungal cell membranes and inhibiting growth (18). The strong anti-

fungal activity of the CPE, particularly against Penicillium sp., suggests its potential as a 

natural antifungal agent. Comparable studies have demonstrated similar efficacy in poly-

phenol-rich plant extracts, supporting their use in agricultural and food preservation appli-

cations (19). 
 

Table 1. Evaluation of dominant polyphenolic compounds and antifungal potential of the 

CPE extract 
 

HPLC analysis of polyphenolic compounds 

The identified compound 
Concentration 

(mg/100g) 
Total content (mg/100g 

dw) 

p-hydroxybenzenic acid  0.37 

57.65 

Gallic acid 3.72 

Protocatechic acid 2.81 

Caffeic acid 0.52 

Catechin 42.19 

Syringic acid 2.49 

Vanillic acid 5.55 

Antifungal potential 

Test fungi 
Inhibition zones 

(mm) 

Minimal fungicidal concentration 

(mg/mL) 

Aspergillus sp. 16.00±0.00 60.00±0.00 

Penicillium sp. 31.00±1.00 7.50±0.00 

Trichoderma sp. 30.33±0.56 3.75±0.00 

Geotrichum sp. 26.67±0.56 30.00±0.00 
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 Since the cloud-point extract from horned melon peels contains significant amounts of 

catechin and other polyphenolic compounds, which contribute to its observed antifungal 

properties, the time-kill kinetics was conducted to make additional view of the pharmaco-

dynamic potential of the fungicide effect. Figure 1 demonstrates the effectiveness of the 

cloud-point extract (CPE) of horned melon peels against tested fungal species. For Asper-

gillus sp., the extract shows moderate fungicidal activity which are additionally confirmed 

that this specie is the most resistant one using in this study (Figure 1a). At MIC, there is a 

steady reduction in fungal concentration over time, with significant inhibition observed by 

48 hours and almost complete kill at 96 hours. At 0.5 MIC, the CPE extract shows less 

inhibition, and the fungal load remains relatively stable, suggesting that higher concentra-

tions are necessary for effective control of Aspergillus growth. Since the MIC concentration 

for Aspergillus sp. is the initial concentration of CPE extract, multiple MICs were unable to 

test. 

 

 
Figure 1. Time-kill kinetics study for CPE extract 

 

 For Penicillium sp., the CPE extract exhibits potent antifungal activity even at lower 

concentrations (Figure 1b). The MIC and 2xMIC concentrations demonstrate a rapid decli-

ne in fungal load within the first 24 hours, with near-complete elimination by 48 hours. The 

4x MIC shows complete inhibition much earlier, at 24 hours, emphasizing its efficiency. At 

0.5 MIC, the reduction is slower, but there is still significant inhibition observed over time. 

The pronounced response to CPE in Penicillium sp. further supports the high susceptibility 

of this fungal strain, which aligns with previous reports of Penicillium being highly sensi-

tive to polyphenolic compounds (19). In the case of Trichoderma sp., the extract shows 

rapid and effective antifungal action (Figure 1c). At MIC, the fungal load decreases to 

undetectable levels within the first 24 hours, and this effect is maintained through 96 hours. 

The killing effect is equally pronounced at 2x and 4x MIC concentrations, where fungal 

eradication occurs within 24 hours. Even at 0.5 MIC, the extract significantly reduces 
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fungal growth, indicating strong efficacy of the CPE against this fungal strain. This con-

firms the susceptibility of Trichoderma sp. to the polyphenolic compounds in the extract, 

particularly catechin, which is known to disrupt fungal cell walls (18). Geotrichum sp. 

shows a dose-dependent response to the CPE extract (Figure 1d). At MIC, there is a clear 

reduction in fungal load, although the effect is not as immediate as seen with Penicillium or 

Trichoderma. The 2x and 4x MIC concentrations display stronger inhibitory effects, with 

significant fungal reduction by 48 hours. However, at 0.5 MIC, there is only a moderate 

decrease in fungal concentration, suggesting that higher doses are necessary for effective 

fungicidal activity. The time-kill kinetics data reveals that the CPE extract of horned melon 

peels exhibits a strong antifungal effect across all tested fungal species, even though the 

degree of effectiveness varies between species. Penicillium sp. and Trichoderma sp. show 

the highest susceptibility, with rapid fungal kill even at MIC concentrations. Aspergillus sp. 

and Geotrichum sp. require higher initial concentrations for similar levels of inhibition, 

indicating more moderate susceptibility.  

 Based on the results shown in Table 1 and Figure 1, it is clear that the CPE of horned 

melon peels possesses significant antifungal potential. However, the study also reveals that 

Aspergillus sp. is the most resistant fungal species, requiring the highest concentration of 

CPE extract for effective growth inhibition. Aspergillus is a well-known phytopathogen, 

which poses challenges in both agricultural and food preservation settings due to its ability 

to survive and thrive under various conditions. Given this resistance, Aspergillus sp. was 

chosen for further in vivo evaluation of the CPE extract's applicability. The in vivo assess-

ment involved testing the CPE extract on grapes, a highly perishable fruit prone to fungal 

contamination during storage. The experiment monitored fungal growth and the effective-

ness of the CPE extract in inhibiting fungal development on grape samples over an 8-day 

storage period. This test is critical in determining whether the CPE extract can be applied in 

practical settings, such as food preservation, where controlling fungal spoilage is para-

mount. 

 Figure 2 demonstrates the in vivo antifungal assessment of the CPE extract on grape 

samples over an 8-day storage period.  

 The study aimed to evaluate the potential of the CPE extract in preventing fungal 

growth, specifically Aspergillus sp., a known phytopathogen. The experiment involved both 

uncontaminated and contaminated samples treated with water (Control A), extraction sol-

vent (Control B), and CPE extract (Test C). 

 Based on the obtained results, the uncontaminated grape samples treated with water 

(control A) showed no significant fungal growth across the 8-day storage period. However, 

by day 8, the samples began to show slight degradation, with minor shriveling and color 

changes, indicating organoleptic unacceptability. Grape samples treated with the extraction 

solvent (control B) exhibited slightly better preservation than those treated with water, but 

the overall trend of spoilage remained similar by day 8, where the samples showed slight 

yellowing and shriveling, indicating the limited protective effect of the solvent. The samp-

les treated with the CPE extract (control C) remained in notably better condition throughout 

the 8 days. Minimal visual degradation was observed, and no fungal growth was detected. 

The grapes maintained their color and texture better than the other controls, suggesting that 

the polyphenolic compounds in the CPE extract provided protective effects against spoilage 

and oxidative degradation, likely due to the extract's antioxidant properties. 

 Given contamination samples with Aspergillus sp., the contaminated samples treated 

with water (sample A) showed rapid fungal growth, with visible mold development by day 

3. By day 5, extensive fungal colonization was observed, and by day 8, the grapes were 
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heavily deteriorated, indicating that water alone had no inhibitory effect on Aspergillus sp. 

growth which was expected. Grape samples treated with the extraction solvent (sample B) 

showed a slightly delayed onset of fungal growth compared to water-treated samples. 

However, by day 5, fungal growth became more prominent, and by day 8, the samples were 

almost entirely colonized by Aspergillus sp., indicating that the extraction solvent had 

minimal antifungal activity on its own. In stark contrast to the control groups, the samples 

treated with the CPE extract demonstrated significant resistance to fungal colonization. By 

day 8, the samples treated with the CPE extract displayed no fungal development, main-

taining a better overall appearance and minimal deterioration than the untreated and sol-

vent-treated controls. This suggests that the CPE extract possesses potent antifungal poten-

tial, effectively inhibiting the growth of Aspergillus sp. over the storage period. The in vivo 

results clearly demonstrate the antifungal efficacy of the CPE extract in both preventing 

fungal growth and preserving the quality of grape samples. The extract showed notable 

protective effects on uncontaminated samples, likely due to its polyphenolic content, which 

is known for its antioxidant and antimicrobial properties. 

 
Figure 2. Evaluation of CPE potential during storage of grapes 

 

 

CONCLUSION 

 

  The present study demonstrates the potent antifungal properties of the cloud-point 

extract (CPE) from horned melon peels. The extract was rich in polyphenolic compounds, 

with catechin being the most abundant, contributing to its strong biological activity. The 

antifungal assays revealed significant inhibition of fungal growth, with Penicillium sp. and 

Trichoderma sp. showing the highest susceptibility. However, Aspergillus sp. exhibited 

greater resistance, requiring higher concentrations of the CPE extract for effective inhibi-

tion. The in vivo experiments on grape samples further validated the antifungal efficacy of 
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the CPE extract. The CPE-treated grapes demonstrated marked resistance to fungal growth, 

particularly against Aspergillus sp., and showed better preservation in terms of texture and 

color over the 8-day storage period compared to control samples. These results highlight 

the potential of the CPE extract as a natural preservative, capable of mitigating fungal con-

tamination and spoilage in post-harvest storage, especially in perishable fruits like grapes. 

Overall, the obtained results suggest that the CPE extract can serve as a promising alterna-

tive to synthetic fungicides and preservatives in the agricultural and food industries. Its na-

tural composition, coupled with effective antifungal activity, presents an eco-friendly and 

sustainable solution for enhancing the shelf life of fruits and controlling fungal pathogens. 

Further research is recommended to optimize the extraction process and investigate the 

application of the CPE extract in other fruits and food systems. 
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Confectionery industry wastewater contains substantial amounts of organic and inorganic matter, 

posing a significant environmental burden. Microbial bioconversion offers a promising solution by 

utilizing these nutrients to produce value-added products, such as microbial biocontrol agents. 

Bacillus spp. in combination with essential oils, are particularly promising for fungicidal applica-

tions. The aim of this study was to investigate the potential of confectionery industry wastewater as a 

medium for producing the Bacillus sp. BioSol021-based biocontrol agent and to assess the effects of 

incorporating essential oils into the cultivation medium on bacterial growth and antimicrobial 

activity against the aflatoxigenic fungal pathogen Aspergillus flavus. Biomass content of Bacillus sp. 

BioSol021 was measured using the plate count method, while antifungal activity was evaluated using 

the well-diffusion method. The biomass content of Bacillus sp. BioSol021 during cultivation suggests 

the potential for utilizing this waste as suitable substrate for microbial growth, as no inhibition was 

observed. However, the addition of essential nutrients' sources could be considered to enhance bio-

mass proliferation. The applied essential oils did not inhibit bacterial growth; rather, thyme and fen-

nel oils increased biomass content compared to medium without essential oils. The highest antimi-

crobial activity against Aspergillus flavus was observed using oregano oil, followed by basil oil, with 

maximum activity at 72 hours of cultivation, which also corresponded with the highest biomass con-

tent. Future research should focus on further investigating wastewater seasonal characteristics, opti-

mizing bioprocess parameters, and exploring the specific mechanisms of biocontrol action of both the 

Bacillus isolate and essential oils, as well as their interactions. 

 

Keywords: confectionery industry wastewater, biocontrol, Bacillus amyloliquefaciens, essential oils, 

Aspergillus flavus. 

 

 

INTRODUCTION 

 

 The rapid growth of the global population, followed by the economic development in 

emerging countries, is significantly increasing global food demand. As efforts intensify to 

enhance food production and prevent supply disruptions, the large volumes of wastewater 

generated during food manufacturing processes across various sectors are becoming a 

major environmental concern (1). The confectionery industry, an important sector in the 

food industry, produces a variety of products such as chocolates, cereals, starch-based con-

fections, dairy products, canned fruits, jams, and sweets (2), generating substantial volumes 

of wastewater with high levels of contaminants. While confectionery industry wastewater 

(CIW) generally lacks toxic substances like heavy metals and is considered less toxic 

compared to other industrial effluents, it contains significant amounts of biodegradable or-

https://doi.org/10.2298/APT2455235D
https://orcid.org/0009-0006-3096-7951
https://orcid.org/0000-0001-7133-1518
https://orcid.org/0000-0002-0585-3841
https://orcid.org/0000-0002-1279-0009
https://orcid.org/0000-0003-1248-1238
https://orcid.org/0000-0001-6352-4512
https://orcid.org/0000-0001-9936-9665


APTEFF 55 (2024) 235-245   Dujković et al. 

236 

ganic matter (3). CIW is primarily composed of organic compounds and suspended solids, 

resulting in high chemical oxygen demand (COD) and biological oxygen demand (BOD) 

values. Typically, COD values range from 1,000 to 12,000 mg O₂/L, while BOD₅ values 

range from 500 to 8,000 mg O₂/L. This wastewater contains organic substances such as su-

gars, fats, and dyes, as well as residues from cleaning and disinfecting agents, which can al-

ter pH levels and increase nitrogen and phosphorus concentrations (4). Such composition is 

especially critical for industries located in small municipalities, where the low dilution 

factor can lead to increased environmental impact (3).  

 The most commonly used methods for treating confectionery wastewater include me-

chanical pre-treatment, anaerobic and aerobic biological treatments, followed by coagu-

lation/flocculation (5). Considering the presence of inorganic and organic contaminants in 

confectionery wastewater, which can provide nutrients for microbial growth, a viable treat-

ment approach could involve microbial bioconversion. This method leverages the available 

nutrients to generate value-added products, such as microbial biocontrol agents (3). 

 Biological control represents an innovative strategy in agriculture that relays on biolo-

gical agents usage to protect plants from pathogens, providing an alternative to conventio-

nal agrochemicals such as synthetic pesticides. This approach leverages microbial biocon-

trol agents, including microbial biomass and metabolites, which are effective in managing 

plant diseases (6). These agents are characterised by their high efficacy, selective biocontrol 

activity, and diverse mechanisms of action, which contribute to antimicrobial resistance 

risk minimization. They produce a range of bioactive compounds, such as antibiotics, endo-

toxins, bacteriocins, siderophores, hydrolytic enzymes, hydrogen cyanide (HCN), phena-

zine-1-carboxylic acid (PCA), and 2,4-diacetylphloroglucinol (DAPG), included in the pa-

thogen suppression and disease prevention. Additionally, these agents support soil quality 

and biodiversity (7). 

 Bacillus spp. are widely recognized as effective biocontrol agents (BCAs) due to their 

effectiveness in managing plant diseases. These bacteria are highly competitive in their 

natural environments and capable of colonizing the roots of various monocot and dicot 

species. Root colonization is crucial for biocontrol efficacy, enabling the secretion of anti-

microbial compounds and plant resistance elicitors (8). Bacillus spp. employ several me-

chanisms to inhibit the development of phytopathogenic organisms and plant disease occur-

rence. They produce antibiotics that target and suppress pathogen growth, secrete sidero-

phores to chelate iron and deprive pathogens of this essential nutrient, and release lytic 

enzymes that degrade pathogen cell wall. Additionally, these bacteria generate toxins that 

directly damage or kill pathogens and induce systemic resistance in plants, enhancing their 

own defense mechanisms against pathogen attacks (9). 

 On the other hand, essential oils are also effective for protecting plants from various 

pathogens. These oils, derived from various plant parts, have shown promising effects in 

eco-friendly pest management. They are aromatic, volatile organic compounds with anti-

bacterial, insecticidal, and antimicrobial properties, and have demonstrated significant po-

tential in reducing damage caused by phytopathogenic fungi (10).  

 The Aspergillus genus, known for its ability to produce secondary metabolites with 

potent toxic effects, is recognized as one of the most significant and widespread fungal 

pathogens threatening crops (11). Aspergillus flavus is a well-known opportunistic patho-

gen that infects a variety of economically important crops, including corn, oilseeds, rice, 

and nuts, and a major producer of aflatoxins. The International Agency for Research on 

Cancer (IARC) has classified aflatoxin B1 (AFB1) as a Group 1 carcinogen, indicating it 

poses a serious carcinogenic risk to both humans and animals (12). Chemical control of 
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fungal pathogens, including Aspergillus flavus, typically involves synthetic fungicides with 

distinct modes of action. Integrated Pest Management (IPM) strategies often recommend 

using fungicides with different modes of action either in mixtures or alternately on the same 

crop. Recent fungicides include succinate dehydrogenase inhibitors (SDHIs), phenyl-pyr-

roles (PP fungicides), which disrupt fungal osmotic signal transduction and osmoregulation 

(e.g., fludioxonil), as well as benzimidazole carbamates and demethylation inhibitors 

(DMIs), which interfere with sterol biosynthesis in fungal cell membranes (13). In addition 

to chemical control, significant efforts are being made to develop effective biological 

control methods for managing these pathogens. One of the leading candidates among bio-

based fungicides are representatives of the Bacillus genus, followed by essential oils with a 

considerable potential in this area (6, 11, 14-17).  

 The objective of this study was to investigate the potential of microbial biocontrol agent 

production using the Bacillus sp. isolate BioSol021 as a producing microorganism, and 

confectionery industry wastewater as an alternative medium. Additionally, the study aimed 

to assess the effects of incorporating essential oils into the cultivation medium on both, the 

growth of the microorganism and its antimicrobial activity against the aflatoxigenic fungal 

pathogen Aspergillus flavus. 

 

 

EXPERIMENTAL 

 

MICROORGANISMS  

 

 The microorganism utilized in this study was Bacillus sp. strain BioSol021, isolated 

from the rhizosphere of common beans (Phaseolus vulgaris). This strain was identified as a 

member of the Bacillus amyloliquefaciens operational group based on 16S rRNA gene se-

quencing (GenBank accession number ON569805) and biochemical characterization using 

VITEK2 BCL cards (Biomerieux, Marcy-l’Étoile, France) (18). The test microorganism, or 

phytopathogen, used in the study was Aspergillus flavus ATCC 22546. 

 The producing microorganism, Bacillus sp. strain BioSol021, was kept on a semi-solid 

commercial nutrient agar medium (HiMedia Laboratories, India). The fungal test microor-

ganism, Aspergillus flavus ATCC 22546, was preserved on a semi-solid synthetic medium, 

SMA (Sabouraud maltose agar). Both microorganisms were stored at 4 °C. To reactivate 

their metabolic activity and reproductive capability, the microorganisms were refreshed on 

the same nutrient media used for storage under the following conditions: Bacillus sp. 

BioSol021 at 28 °C for 48 hours; Aspergillus flavus ATCC 22546 at 26 °C for 120 hours. 

 

MEDIA AND CULTIVATION CONDITIONS 

 

 The inoculum of the producing microorganism was prepared by transferring a loopful of 

the refreshed biomass into a synthetic liquid medium, nutrient broth (HiMedia Labora-

tories, India), and cultivating it on a laboratory rotary shaker at 28 °C and 150 rpm with 

spontaneous aeration for 48 hours. Ten percent (v/v) of the inoculum was used for inocu-

lation of the cultivation medium.  

 Cultivation of the producing microorganism was performed using confectionary indus-

try wastewater (CIW) both with and without the addition of the selected essential oils. The 

confectionery industry wastewater was acquired from one of the largest industrial producers 

in the Republic of Serbia and collected as a mixture of effluents from all production faci-
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lities. The internal wastewater quality control parameters obtained from the industrial part-

ner are given in Table 1. The essential oils were commercially acquired from the agricul-

tural holding from Bačko Novo Selo, Republic of Serbia, and were produced from orga-

nically grown aromatic plants. In each of the 10 Erlenmeyer flasks (300 mL), 100 mL of 

CIW was added. All cultivation media were sterilized by autoclaving at 121 °C and 2.1 bar 

for 20 min. Subsequently, 5 drops (0.05 mL) of different essential oils were introduced into 

each flask as follows: cumin in the first flask, fennel in the second, basil in the third, fol-

lowed by thyme, sage, German chamomile, dill, savory, and oregano. CIW without added 

essential oil was used as a control. Cultivation of the producing microorganism was carried 

out on a laboratory shaker at 28 ℃, with an external agitation rate of 150 rpm and spon-

taneous aeration for 96 hours. Daily sampling was conducted to assess biomass growth and 

antimicrobial activity against Aspergillus flavus ATCC 22546. 

 

Table 1. Quality parameters of the confectionery industry wastewater used as media basis 

for production of microbial biocontrol agents. 

 

Parameter/Efflu

ent 
pH value 

Dry 

matter 

(mg/L) 

COD 

(mg 

O₂/L) 

BOD 

(mg 

O₂/L) 

CIW 5.26 2500 4950 1641 

 

BIOMASS CONTENT DETERMINATION 

 

 The biomass content of Bacillus sp. BioSol021 in daily samples of cultivation broth was 

determined using the plate count method. Seven dilutions were prepared for each sample to 

achieve a dilution range from 10-1 to 10-7. The plating method involved mixing 0.5 mL of 

the prepared dilutions (-5, -6, and -7) with previously melted and tempered (50±1 °C) nutri-

ent agar, vortexing, and then pouring the mixture into Petri dishes. The plates were incu-

bated at 28 °C for 48 hours, after which the number of individual colonies was counted, and 

colony-forming units per mL were calculated using the following equation: 

 

CFU/mL=
number of colonies*dilution factor

volume of specimen used
                                      [1] 

 

IN VITRO BIOCONTROL EXPERIMENTS 

 

 Antifungal activity of Bacillus sp. BioSol021 cultivation broth samples collected at dif-

ferent cultivation time points was tested using the well-diffusion method against the test 

fungal pathogen Aspergillus flavus ATCC 22546. The suspension of the test microorganism 

was prepared by adding the fungal biomass in sterile saline to achieve the final concen-

tration of 105 CFU/mL. One milliliter of this fungal suspension was mixed with melted and 

tempered (50±1 °C) SMA medium and spread in 90 mm Petri plates. After solidification of 

the medium, three wells, each 10 mm in diameter, were made in each plate, and 100 μL vo-

lume of the cultivation broth sample was added to each well. The plates were incubated at 

26 °C for 96 hours, after which the diameters of the inhibition zones were measured. 
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EXPERIMENTAL DATA ANALYSIS 

 

 Statistical analysis of the experimental data was performed using Statistica 13.3 soft-

ware (Dell Technologies, TX, USA). Duncan's multiple range test was employed to identify 

homogeneous groups of variances among the independent variables. Microsoft Excel (Mi-

crosoft Corporation, Washington DC, USA) was used for calculation of mean values and 

standard deviations and for graphical representation of the experimental results. All sta-

tistical analyses were conducted at a 95% significance level.  

 

RESULTS AND DISCUSSION 

 

BIOMASS CONTENT OF Bacillus sp. BIOSOL021 DURING CULTIVATION ON 

CONFECTIONERY INDUSTRY WASTEWATER WITH AND WITHOUT THE ADDITION OF 

ESSENTIAL OILS 

 

 The growth of Bacillus sp. isolate BioSol021 in the wastewater confectionery industry 

wastewater-based medium, with the addition of various essential oils, was monitored over 

96 hours and compared to growth in wastewater without the addition of essential oils. The 

addition of these essential oils in most cases did not have a significant impact on the 

bacterial growth of the tested isolate as shown in Figures 1 and 2. All samples, with the 

exception of samples EO1 and EO2 exhibited maximum growth at 72 hours, followed by a 

decline in the number of viable cells, indicating the onset of the death phase. In contrast, 

samples EO1 and EO2 demonstrated maximum growth at 96 hours, suggesting that the 

death phase was absent in these media. Notably, sample EO2, which included the addition 

of fennel essential oil, exhibited the highest microbial growth, with a maximum biomass 

concentration reaching 8.5 log CFU/mL at 96 h. Conversely, the cultivation medium con-

taining sage essential oil exhibited the lowest microbial growth, indicating an inhibitory 

effect of this essential oil on the growth of the investigated Bacillus isolate. Although there 

was an initial increase in the growth during the first 24 hours, a rapid decline was observed 

thereafter. When examining the growth curve of Bacillus sp. BioSol021 in confectionery 

industry wastewater, standard kinetic patterns were observed. However, the growth is less 

pronounced than what would be expected in a medium with all the necessary nutrients, 

showing an increase of just under 1 log unit over 72 hours. These results suggest that the 

medium lacks sufficient nutrient sources for substantial biomass proliferation. Therefore, it 

is necessary to consider adding primarily a suitable carbon source, followed by investi-

gation of providing additional amounts of other essential nutrients, such as nitrogen and 

phosphorus sources. 
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Figure 1. Biomass content of Bacillus sp. BioSol021 during cultivation using confectionery 

industry wastewater with and without addition of essential oils (EO1-cumin; EO2-fennel; 

EO3-basil; EO4-thyme; EO5-sage; C-CIW without essential oils) 

 

 
Figure 2. Biomass content of Bacillus sp. BioSol021 during cultivation using confectionery 

industry wastewater with and without addition of essential oils (EO6-German chamomile; 

EO7-dill; EO8-savory; EO9-oregano; C-CIW without essential oils) 

 

 While existing research indicates that essential oils can inhibit Bacillus species, parti-

cularly those associated with food spoilage, such as Bacillus cereus (19, 20), our study did 

not observe a substantial inhibitory effect. On the contrary, the presence of certain essential 

oils, such as EO2 and EO4, promoted the growth of the Bacillus isolate. The other isolates 

exhibited similar bacterial growth trend comparable to the one observed in the medium 

without the addition of these oils, with cell counts consistently remaining above 107 

CFU/mL. 
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BIOCONTROL ACTIVITY OF Bacillus sp. BIOSOL021 AGAINST Aspergillus flavus 

 

 To investigate the biocontrol activity of Bacillus sp. BioSol021 cultivated using CIW 

with or without the addition of essential oils, the well diffusion method was used with cul-

tivation broth samples collected at different time points. The greatest inhibitory activity 

against Aspergillus flavus ATCC 22546 was observed at 72nd hour of cultivation. Table 2 

presents the mean values of the inhibition zone diameters obtained from the 72-hour samp-

les, which directly indicate the suppressive effects of the cultivation broth samples against 

the investigated fungal pathogen. 

 

Table 1. Mean values and standard deviations of inhibition zone diameters obtained using 

72-hour samples of cultivation broths against Aspergillus flavus ATCC 22546. 

 

Sample 
Inhibition zone diameter 

(mm) 

EO2 44.00±2.00a 

EO7 45.00±1.00a 

EO1 47.33±1.52b 

EO4 48.00±2.00b 

EO6 50.66±1.15c 

EO5 52.00±1.73cd 

C 52.66±1.15cd 

EO8 53.66±1.15d 

EO3 60.00±2.00e 

EO9 60.33±1.52e 

* EO1 - cumin; EO2 - fennel; EO3 - basil; EO4 - thyme; EO5 - sage; C - CIW without essential oils; EO6 - 

German chamomile; EO7 - dill; EO8 - savory; EO9 - oregano. Different letters next to the values indicate different 

homogeneous groups based on Duncan's multiple range test. 

 

 The lowest antimicrobial activity against Aspergillus flavus ATCC 22546 was observed 

in sample EO2, which used fennel essential oil, resulting in the inhibition zone diameter of 

44±2 mm, and in sample EO7, which used caraway essential oil, with an inhibition zone of 

45±1 mm. The highest antimicrobial activity was observed in sample EO9, with a mean 

inhibition zone diameter of 60.33±1.52 mm. This was achieved by cultivating the Bacillus 

isolate in CIW supplemented with oregano essential oil. A slightly lower antimicrobial acti-

vity was recorded for sample EO3, with a mean inhibition zone diameter of 60±2 mm, 

using basil essential oil, but the both values were at the same level of statistical significan-

ce. The inhibition zone diameters achieved using the 72-hour cultivation broth sample with-

out essential oils addition were 52.66±1.15 mm. The antimicrobial activity of samples EO3 

and EO9 over 96 hours, as well as the control sample without the essential oils, i.e. the 

complete cultivation course in terms of biocontrol activity, is presented in Figure 3 for the 

selected samples with the highest observed level of antifungal activity.  
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Figure 3. Antimicrobial activity of Bacillus sp. BioSol021-based biocontrol agents 

cultivated in confectionery industry wastewater with the addition of basil (EO3) and 

oregano (EO9) essential oils, as well as without essential oil (C), against Aspergillus flavus 

ATCC 22546. 

 

 The use of industrial waste streams as potential media for production of biocontrol 

agents has not been extensively explored in the literature. The production of biocontrol 

agents based on Trichoderma viride has been tested using various effluents, including so-

luble starch-based synthetic medium, dewatered municipal sludge, cheese industry waste-

water sludge, pre-treated and untreated pulp and paper industry wastewater, and slaughter-

house wastewater, with the highest production observed using the soluble starch-based 

medium (21). Pajčin et al. demonstrated the successful use of whey and meat processing 

wastewater for the production of biocontrol agents based on Bacillus velezensis, with bac-

terial content increasing by almost 3 log units after 72 hours of cultivation (22). Whey and 

winery flotation wastewater have also been successfully used to produce biocontrol agents 

based on Bacillus amyloliquefaciens for controlling Aspergillus spp. In that study, the 

highest inhibition zone diameter was about 50 mm, which is 10 mm lower than in this 

study. This suggests that essential oils, in combination with the Bacillus sp. BioSol021 

isolate, exhibit enhanced antimicrobial activity against Aspergillus spp. (6). Yezza et al. 

demonstrated that secondary sludges from three different wastewater treatment plants and 

starch industry wastewater are effective raw materials for the production of high-potency 

Bacillus thuringiensis biopesticides (23). Kumar et al. examined the techno-economic as-

pects of biopesticide production using starch industry wastewater and demonstrated that 

this process not only offers an alternative for disposal of industrial wastewater, but also 

effectively utilizes it as an inexpensive carbon source, significantly reducing raw material 

costs for fermentation process (24). 

 Plant extracts and essential oils exhibit a wide range of biological activities, including 

antifungal, antibacterial, antiviral, and antioxidant properties, making them valuable in the 

search for new antimicrobial compounds and alternatives for treating infectious diseases. 

These natural substances have been extensively studied for their potential as antiseptics and 
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disinfectants, showing significant effectiveness against bacteria, fungi, viruses, and parasi-

tes. Furthermore, their application in healthcare and food safety highlights their role as 

protective agents against pathogens, offering a promising strategy to combat bacterial resis-

tance and improve food preservation (25). The antifungal activity of aromatic compounds 

in essential oils is influenced by their specific biochemical functions based on chemical 

structure variations. Phenols, such as eugenol, chavicol, and 4-allyl-2-6-dimethoxyphenol, 

show the highest antifungal activity, while cinnamic and hydrocinnamic acids also display 

significant fungistatic properties. Methoxy groups, however, do not substantially enhance 

the fungistatic effects of components like eugenol and 4-allyl-2-6-dimethoxyphenol. Based 

on their antifungal potential, these aromatic components can be ranked as follows: phenols 

> cinnamic aldehydes > alcohols > aldehydes ≥ ketones > ethers > hydrocarbons. This ran-

king is determined by the duration of fungal growth inhibition observed through macro-

scopic analysis (26). Plant-derived natural compounds and essential oils commonly investi-

gated for their efficacy against Aspergillus flavus and aflatoxin contamination in food are 

those derived from food-flavoring plants, including clove (Syzygium aromaticum), cinna-

mon (Cinnamomum zeylanicum, C. verum), oregano (Origanum vulgare), and thyme (Thy-

mus vulgaris). These plants and their essential oils or extracts have been used in food pre-

paration for centuries and are classified as 'generally recognized as safe' (GRAS) by the 

U.S. FDA (United States Food and Drug Administration). Their beneficial effects on hu-

man health further support their potential as safe, natural antifungal and antiaflatoxigenic 

agents. Among the plant essential oils tested, thyme essential oil was one of the most effec-

tive antifungals, demonstrating significant activity against Aspergillus flavus, Aspergillus 

parasiticus, Aspergillus ochraceus, and Fusarium moniliforme (27, 28). However, in this 

study, the combination of thyme essential oil with the Bacillus sp. BioSol021 isolate 

exhibited only moderate activity, contrary to basil and oregano essential oils whose addi-

tion synergistically increased biocontrol action of the investigated microbial active com-

ponent. 

 

CONCLUSION 

 

 The biomass content of Bacillus sp. BioSol021 during 96 h of cultivation using the 

confectionery industry wastewater suggest the suitability of this food industry effluent for 

microbial growth of the selected microbial active component since no inhibition of micro-

bial growth was observed. Microbial biomass content could be potentially further increased 

by adding the additional essential nutrients to the investigated waste-based medium basis, 

presenting a novel research path to be explored. The impact of adding essential oils to the 

wastewater was also examined, focusing on their effects on bacterial growth and the 

combined antifungal activity of the isolate and the essential oils. It was found that essential 

oils did not significantly inhibit bacterial growth; in fact, biomass content was higher in the 

presence of thyme and fennel oils compared to wastewater without the essential oils. As for 

antifungal activity against Aspergillus flavus ATCC 22546, the highest activity was obser-

ved with oregano oil, followed by basil oil, with maximum activity at 72 hours of culti-

vation correlating with the highest biomass content. This study supports circular economy 

principles by investigating the food industry waste potential for advancement of the secon-

dary production technologies and promotes further investigation of biocontrol agents as 

viable alternatives to conventional chemical pesticides and fungicides. Future research 

should focus on further investigating wastewater characteristics and batch/seasonal varia-

tions, assessing its feasibility, optimizing bioprocess/cultivation parameters, and exploring 
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the specific mechanisms of action and interactions/synergism of both the Bacillus isolate 

and the essential oils. 
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