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Table 1 — Randomized experimental treatments (actual and predicted)s Experimental data, predicted values, and residuals for the extraction of bioactive compounds
from orange pomace using subcritical water extraction
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Table 2 - Analysis of Variance (ANOVA) for the Predicted Models on the Response Variables of Orange Pomace Extract
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Figure 1 - Model Evaluation Charts for the Response Variables: Extraction Yield (Yield), Total Phenolic Compounds

(a) Normal distribution of residuals; (b) Plot of experimental data versus predicted values; (c) Residuals plot against predicted
values; (d) Data leverage plot
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Figure 2 - 3D Plot and Variations Around the Central Point for the Extraction Yield of Bioactive Compounds (Yield, %)
from Orange Pomace Extract Under the Influence of Temperature (°C) and Time (Minutes)
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Figure 3 - 3D Plot and Variations Around the Central Point for Total Phenolic Compounds (TPC, mg/100 g) in Orange
Pomace Extract Under the Influence of Temperature (°C) and Time (Minutes)
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Figure 4 - 3D Plot and Variations Around the Central Point for Free Radical Scavenging Inhibition Percentage (DPPH, %)
in Orange Pomace Extract Under the Influence of Temperature (°C) and Time (Minutes)
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Table 3 - Predicted and Observed Values of Various Characteristics Under Optimal Extraction Conditions Using

Subcritical Water
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Table 6 — Minimum Inhibitory Concentration of Optimally Extracted Orange Pomace Using the Subcritical Water Process
Compared with Fluconazole
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Extended Abstract

Abstract

This study was conducted to optimize the utilization of orange pomace as an agricultural by-product from
orange juice processing plants and to extract bioactive compounds (antioxidant and antimicrobial). To optimize
extraction efficiency, a face-centered central composite design (Face-Centered CCD) was used to evaluate the
phenolic content and antioxidant activity of the subcritical water extract. Extraction temperature (120, 140, and
160 °C) and extraction time (20, 30, and 40 min) were considered as the key variables for recovering bioactive
compounds. Based on the developed models, the optimal extraction conditions were determined as a temperature
of 142.87 °C and a time of 39.97 min. Under these conditions, the extraction yield was 13.94%, total phenolic
content was 454.80 mg gallic acid/100 g, and free radical scavenging activity was 51.78%. Extraction at the
optimum point confirmed the predicted results. Moreover, the obtained extract exhibited effective antimicrobial
properties, such that the minimum inhibitory concentration (MIC) of the extract against Penicillium citrinum and
Aspergillus niger was 10% and 5%, respectively, whereas this value has been reported as 1% for fluconazole.
Overall, this study demonstrated the high efficiency of the subcritical water process in extracting bioactive
compounds from agricultural residues and introduced it as an environmentally friendly and effective method for
producing valuable compounds.

Introduction

The effective utilization of agricultural and industrial byproducts, particularly orange pomace generated by
juice production facilities, is of significant economic and environmental importance. This waste is rich in
bioactive compounds, including phenolic antioxidants and antimicrobial agents. However, conventional
extraction methods often involve organic solvents, which pose environmental and health concerns. Subcritical
water extraction (SWE) has emerged as a green and efficient alternative, utilizing water at elevated temperatures
and pressures below its critical point to modify its polarity and extraction properties. This study aimed to optimize
the SWE process for recovering bioactive compounds from orange pomace and to evaluate the antioxidant and
antimicrobial properties of the resulting extract.
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Materials and Methods

Orange pomace was obtained from a processing plant in Mazandaran province, Iran. The material was dried,
ground, and sieved. A central composite face-centered design (CCD) with two independent variables—extraction
temperature (110, 140, 170°C) and time (20, 30, 40 minutes)—was employed to optimize the extraction process.
The dependent variables were extraction yield, total phenolic content (TPC), and free radical scavenging activity
(DPPH assay). Extraction was performed using a custom-built subcritical water apparatus. The TPC was
determined by the Folin-Ciocalteu method, and antioxidant activity was assessed via the DPPH radical
scavenging assay. The antimicrobial efficacy of the extract obtained under optimal conditions was evaluated
against * Penicillium citrinum™* and *Aspergillus niger* by determining the minimum inhibitory concentration
(MIC) and compared with fluconazole. Data were analyzed using Design Expert software and Response Surface
Methodology (RSM).

Results and Discussion

The fitted models for extraction yield, TPC, and DPPH activity were statistically significant (p < 0.05) with
high coefficients of determination (R? = 0.95, 0.99, and 0.99, respectively). The ANOVA results indicated that
both temperature and time significantly influenced the extraction of bioactive compounds. The interaction
between these variables was significant for TPC. The optimal extraction conditions, determined through
numerical optimization, were a temperature of 142.87°C and a time of 39.97 minutes. Under these conditions,
the predicted and experimental values were in close agreement: an extraction yield of 13.94%, a TPC of 454.80
mg GAE/100g, and a DPPH inhibition of 51.78%. The SWE process was significantly more efficient than
conventional maceration, which yielded only 4.16%, 140.23 mg GAE/100g, and 23.58% for the same parameters,
respectively. The bioactive extract demonstrated notable antifungal activity, with MIC values of 10% and 5%
against *P. citrinum* and *A. niger*, respectively, while fluconazole showed an MIC of 1%. The antimicrobial
properties are attributed to the phenolic compounds in the extract, which can disrupt microbial cell membranes.

Conclusion

This study successfully optimized the SWE process for extracting valuable bioactive compounds from orange
pomace. The method proved to be a highly efficient and environmentally friendly alternative to traditional
solvent-based extraction. The optimized extract exhibited strong antioxidant and significant antifungal properties,
highlighting its potential as a natural preservative or bioactive ingredient in the food, pharmaceutical, and
cosmetic industries. The use of RSM provided a robust framework for process optimization, ensuring maximum
recovery of target compounds.
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