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ABSTRACT 

This study investigates the optimization of polyphenol extraction from pistachio green hulls 

(PGHs), a by-product rich in health-promoting phenolic compounds, utilizing Ultrasound-

Assisted Extraction (UAE) and Response Surface Methodology (RSM). The effects of extraction 

time (60, 210, 360 minutes), temperature (40, 50, 60 ℃), and ethanol concentration (0%, 50%, 

100% v/v) on the yields of total phenolic compounds (TPC), total flavonoid content (TFC), and 

DPPH radical scavenging activity were evaluated. The correlation coefficients (R²) for the 

models were 0.9666 (TPC) and 0.9386 (TFC), indicating high predictive ability. The DPPH 

radical-scavenging activity model, however, was not statistically significant (R² = 0.5934; p = 

0.6312) and was therefore not used as a standalone predictive response for optimization; instead, 

DPPH radical-scavenging activity was included as a supplementary experimental response, while 

the optimization was based primarily on TPC and TFC. Therefore, the Central Composite Design 

(CCD) enabled the identification of optimal conditions based primarily on TPC and TFC: 60 

min, 54.07 °C, and 43.33% ethanol (v/v), with predicted values of 7.175 mg GAE/g (TPC) and 

4.003 mg CATCHIN/g (TFC). The corresponding DPPH radical-scavenging activity value 

(78.560%) was recorded as a supplementary experimental observation rather than a model-based 

prediction. For practical verification, the condition was rounded to 60 min, 54 °C, and 43.33% 

ethanol, under which experimental TPC, TFC, and DPPH radical-scavenging activity values 

reached 7.9 mg/g, 4.4 mg/g, and 80.5%, respectively, exceeding yields obtained through single-

variable extraction trials. These findings highlight PGHs as a promising source of bioactive 

compounds and support the application of UAE-RSM as an efficient approach for valorizing 

agricultural by-products. However, the weak DPPH radical-scavenging activity model indicates 

that complementary antioxidant assays are needed in future studies. 

 

Keywords: Sustainable Processing, Food Waste, Green Extraction, Bioactive Compounds, 

Agro-industrial by-products  
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1. Introduction 

Pistachio green hull (PGH), the outer green layer of pistachio fruit (Pistacia vera L.), constitutes 

40% to 60% of the fresh fruit weight and represents one of the major by-products generated 

during pistachio processing (Ordoñez-Cano et al., 2025). Although PGH is commonly regarded 

as an agricultural residue, it contains considerable amounts of phenolic acids, flavonoids, and 

other polyphenolic constituents (Noshirvani et al., 2015; Noshirvani et al., 2017; Noshirvani et 

al., 2024). These compounds are characterized by phenolic rings and can be classified into 

phenolic acids, flavonoids, lignans, and stilbenes (Noshirvani et al., 2019; Abbas et al., 2017). 

Their antioxidant activity is mainly attributed to the ability to donate electrons and form 

relatively stable phenoxyl radicals, which enables them to interrupt oxidative chain reactions 

(Noshirvani & Abolghasemi Fakhri, 2025). Accordingly, PGH represents a promising source of 

natural antioxidants and value-added functional ingredients. The recovery of phenolic 

compounds from PGH can therefore provide an effective strategy for valorizing pistachio-

processing residues and generating value-added products. However, the efficiency of phenolic 

recovery is strongly influenced by extraction conditions, including solvent composition, 

temperature, extraction time, and the physical characteristics of the plant matrix (Lee et al., 2020; 

Rajaei et al., 2010).   

 The recovery of phenolic compounds from plant materials is closely related to the 

extraction method employed. Conventional extraction techniques, such as maceration and 

Soxhlet extraction, are often associated with long extraction times and relatively high 

consumption of solvents and energy, which can limit their efficiency and sustainability 

(Khurramov, et al., 2024). Consequently, several alternative extraction technologies have been 

developed, including accelerated solvent extraction (ASE), ultrasound-assisted extraction (UAE), 

microwave-assisted extraction (MAE), and supercritical fluid extraction (SFE) (Brglez Mojzer et 

al., 2016). Among these techniques, UAE has emerged as an effective approach for recovering 

phenolic and other bioactive compounds from plant materials (Gouda et al., 2021). The 

effectiveness of UAE is primarily associated with acoustic cavitation, acoustic streaming, and 

disruption of plant cell structures. High-frequency ultrasonic waves promote the formation, 

growth, and collapse of microscopic bubbles within the extraction medium, generating localized 

shear forces, microturbulence, and energy that can disrupt plant tissues and improve solvent 

penetration (Abi-Khattar et al., 2022; Rombaut et al., 2021). Through these mechanisms, UAE 

can improve extraction efficiency and promote the recovery of polyphenols while reducing 

extraction time and solvent consumption compared with conventional extraction approaches 

(Chemat et al., 2017; Azmir et al., 2013). Moreover, the ability of UAE to improve extraction 

efficiency with relatively lower resource requirements makes it compatible with the principles of 

sustainable and green extraction (Dimitrov et al., 2019). 

Several studies have investigated the phytochemical composition and biological potential of 

PGH. Goli et al. (2005) were among the first to report that aqueous extracts of PGH possess high 

phenolic content and notable antioxidant activity comparable to recognized phenolic sources 

(Nateghi and Hosseini., 2023).  Rajaei et al. (2010) subsequently applied response surface 

methodology (RSM) to optimize UAE of PGH, achieving a high coefficient of determination (R² 

≈ 0.95) for total phenolic yield across temperatures of 25–65 °C and sonication times up to 45 

min. More recent studies have further characterized the phenolic profile of PGH. Seifzadeh et al. 

(2019) identified 34 polyphenolic compounds in PGH extract using UHPLC/MSn, including 

galloylshikimic acids, gallic acid, theogallin, galloyl-O-hexoside, quercetin-O-hexoside, and 

pyrogallol, with eight of these compounds reported for the first time in pistachio 
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hulls.  Noorolahi et al. (2020) demonstrated that the tannin-enriched fraction of PGH exhibited 

higher antioxidant activity than the crude extract and also showed pancreatic lipase inhibitory 

effects. Additionally, Ordoñez-Cano et al. (2025) reported that solid-state fermentation of PGH 

with Aspergillus niger GH1 increased total phenolic content and antioxidant capacity by 129% 

and 1039%, respectively.  

 RSM, initially introduced by Box and Wilson (1992), is a mathematical and statistical 

approach that can be used for process development, optimization, and evaluation of the effects 

and interactions of experimental variables (Myers & Montgomery, 2002). RSM has been 

successfully applied to the optimization of biochemical and food-related processes, including the 

extraction of bioactive compounds from plant materials (Azarifar et al., 2019). However, 

previous optimization studies on PGH have primarily focused on total phenolic yield or 

individual compound characterization, while simultaneous optimization of multiple quality 

responses—specifically total phenolic content (TPC), total flavonoid content (TFC), and 

antioxidant activity—remains comparatively limited (Imtiaz et al., 2025; Bannour et al., 

2026)  Furthermore, the effects of extraction temperature and sonication time on these multiple 

responses have not been systematically evaluated for PGH within a unified optimization 

framework. Increasing temperature and sonication time does not necessarily result in greater 

recovery of bioactive compounds, as excessive thermal exposure or prolonged sonication may 

adversely affect thermolabile phenolic constituents. Therefore, this study aimed to optimize UAE 

conditions for the recovery of bioactive compounds from PGH using RSM. Extraction 

temperature and sonication time were evaluated within practical ranges. TPC and TFC were 

considered as the primary response variables for optimization, while DPPH radical-scavenging 

activity was included as a supplementary response to provide additional information on the 

antioxidant potential of the extracts. It should be noted that the DPPH radical-scavenging activity 

response was not used as a standalone predictive response for optimization due to the complexity 

of antioxidant reactions in multi-component phenolic extracts. Previous studies, including Rajaei 

et al. (2010), have applied RSM to optimize phenolic extraction from PGH. The present study 

builds on this work by extending the optimization to multiple responses (TPC and TFC) within a 

unified RSM framework, while reporting DPPH radical-scavenging activity as a supplementary 

experimental response. Rather than claiming methodological novelty, this study aims to provide 

a systematic characterization of UAE behavior for this specific waste stream and to identify a 

practical, shorter extraction condition. This integrated optimization provides a practical basis for 

the efficient valorization of PGH into phenolic-rich extracts with potential food and other value-

added applications. The extraction time range of 60–360 min was included in the experimental 

design to characterize the time-dependent and nonlinear behavior of phenolic and flavonoid 

recovery across a broad design space. Importantly, the 360-min treatment was considered only 

an extended experimental condition for evaluating the response surface and was not intended to 

represent a practically preferred UAE condition. Since prolonged sonication may increase energy 

consumption and the risk of thermal degradation, shorter extraction times are generally more 

desirable for practical and scale-up applications. In the present study, the multi-response 

optimization ultimately identified 60 min as the optimal extraction time, demonstrating that 

effective recovery of bioactive compounds could be achieved without prolonged sonication. 

Importantly, the extended extraction time of 360 min was included only as the upper 

experimental boundary of the response surface design to characterize the time-dependent and 

potentially nonlinear extraction behavior, rather than as a practically advantageous UAE 

condition. The main objective was to identify a shorter and practically relevant extraction time 
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that could maximize the recovery of phenolic compounds and antioxidant activity while 

minimizing prolonged sonication, energy consumption, and potential thermal degradation. 

 Material and methods 

2.1 Plant materials 

Fresh pistachios (Pistacia vera) with green hulls were purchased from a local market in 

Kermanshah Province, Iran. 

2.2 Sample preparation 

The hulls were manually removed from the pistachio nuts and dried at ambient temperature (20-

25 ℃) until a constant weight was achieved. The dried pistachio green hulls were then ground 

into a fine powder using an electric grinder and passed through a 40-mesh sieve (approximately 

425 µm) to obtain a relatively uniform particle size. The prepared powder was stored at 4 °C 

until extraction. 

  

2.3 Chemical reagents 

The compounds used in this study 1,1-diphenyl-2-picrylhydrazyl (DPPH), aluminum chloride, 

potassium acetate, sodium carbonate and Folin–Ciocalteu phenol reagent were all of analytical 

grade, obtained from the EMSURE® manufactured by the chemical company Merck & Co 

(Darmstadt, Germany). Ethanol (analytical grade) was obtained from Merck (Darmstadt, 

Germany). Ethanol–water mixtures were prepared at the required concentrations on a 

volume/volume (v/v) basis, with ethanol concentration expressed as the percentage of ethanol 

volume in the total solvent volume. Thus, 0% (v/v) ethanol corresponded to distilled water, 

whereas 100% (v/v) ethanol corresponded to pure ethanol. Intermediate concentrations 

represented the corresponding volume percentage of ethanol in the ethanol–water solvent system. 

2.5 UAE system and experimental procedure 
UAE of PGH was performed using a rectangular ultrasonic bath (Sonica®, Model 2200 ETH, 40 

kHz, Italy) with an open top and internal dimension of 24 × 14 × 10 cm. The bath had a nominal 

average power of 130 W and a maximum peak power of 260 W and was equipped with two 

piezoelectric transducers and a 175 W heating element. The stainless-steel tank was filled to a 

working volume of approximately 2.35 L. The ultrasonic amplitude and cavitation intensity were 

factory-fixed and could not be adjusted by the operator; therefore, no specific amplitude value 

was available from the manufacturer. The reported power values represent the nominal 

specifications of the equipment, as the actual acoustic power delivered to the extraction medium 

was not independently measured. To ensure reproducibility, the bath loading, working volume, 

sample volume, vessel position, solvent-to-solid ratio, and extraction configuration were kept 

constant throughout all experimental runs. For each extraction, 2 g of PGH powder was mixed 

with 10 mL of ethanol–water solvent at the concentration specified by the experimental design, 

corresponding to a solvent-to-solid ratio of 5:1 (mL g⁻¹). The extraction was performed at the 

temperature and for the duration specified by the experimental design. During sonication, the 

temperature of the water in the ultrasonic bath was monitored using a thermometer positioned 

directly in the bath water. Because sonication gradually increased the bath temperature, ice-cold 

water was added when necessary to maintain the bath temperature close to the target value. This 

procedure was applied consistently throughout the experiments to minimize temperature 

deviations among treatments. After extraction, the mixtures were centrifuged at 5000 rpm for 25 

min using a centrifuge (Selecta Lab, Model TDZ5-WS). The supernatants were subsequently 

filtered through Whatman No. 1 filter paper and stored at 4 °C until biochemical analyses. 
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2.6 Determination of TPC in PGH extracts 

The TPC was measured using the method described by Shabanian et al. (2021), based on the 

Folin-Ciocalteau procedure. The procedure involved combining 0.5 mL of extract samples with 

2.5 mL of distilled water and adding 250 microliters of Folin-Ciocalteau reagent. After keeping 

the mixture in a dark environment for 5 min, 2 mL of 7.5% sodium carbonate was added. After a 

2-hour incubation period at room temperature, the absorbance of the reaction was evaluated by a 

UV–Vis spectrophotometer (A&E Lab, Model STM UV-9000, UK) at 760 nm. The findings 

were expressed in terms of gallic acid equivalents. 

2.7 Determination of TFC in PGH extracts

The quantification of TFC was conducted using the methodology described by Woisky & 

Salatino (1998). The procedure involved combining 0.5 mL of the sample with an equal volume 

of 2% AlCl3 in ethanol. Following a one-hour incubation period at ambient temperature, the 

absorbance was determined at 420 nm. 
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2.8 Free radical scavenging activity  

The radical scavenging ability of the PGH extracts was assessed using the 1,1-diphenyl-2-

picrylhydrazyl method, as described in the work of Shabanian et al. (2021). The DPPH radical-

scavenging activity was quantified using the formula: 

                               [
              

      
]            Eq (1) 

where Ablank is the absorbance of the blank sample known as control and Asample is the absorbance 

of the samples at 515 nm. 

2.9 Experimental design 
RSM was employed to determine the effects of extraction temperature, extraction time, and 

ethanol concentration on the recovery of phenolic compounds from PGH. The experimental 

design was generated using Design-Expert software (version 12) based on a central composite 

design (CCD) comprising 15 experimental runs. To minimize potential bias associated with the 

order of experiments, the experimental runs were randomized. All non-central design points were 

performed once, whereas five replicate experiments were conducted at the central point (210 

min, 50 °C, and 50% ethanol) to estimate the experimental error and assess the reproducibility of 

the extraction procedure. The replicate central-point observations were included in the analysis 

of variance (ANOVA) and in the fitting of the response surface models. The extraction-time 

levels were selected to provide a broad experimental range for evaluating the time-dependent and 

potentially nonlinear behavior of phenolic and flavonoid recovery during UAE. Accordingly, 60 

and 360 min were selected as the lower and upper boundaries of the experimental range, 

respectively, while 210 min was used as the central level of the response surface design. This 

range was informed by previous studies reporting effective UAE durations of approximately 60–

120 min, as well as studies using longer extraction periods to characterize extraction kinetics and 

extended recovery. Rajaei et al. (2010), for example, investigated UAE of pistachio green hulls 

using sonication times of up to 45 min. Therefore, the broader range used in the present study 

was intended to evaluate whether extending sonication beyond commonly reported short-

duration UAE conditions would improve extraction responses and to adequately capture 

potential curvature and interaction effects in the RSM model. The 360-min level was used only 

as the upper boundary of the design space (see Introduction). The following independent 

variables were evaluated using an ethanol–water solvent system (Table 1): extraction time (60–

360 min), extraction temperature (40–60 °C), and ethanol concentration (0–100%, v/v). Ethanol 

concentration was expressed as the volume percentage of ethanol in the total ethanol–water 

solvent volume. Thus, 0% (v/v) ethanol corresponded to distilled water, 50% (v/v) corresponded 

to a 1:1 (v/v) ethanol–water mixture, and 100% (v/v) corresponded to pure ethanol. Numerical 

optimization using RSM was performed based on TPC and TFC. These responses were selected 

because their regression models were statistically significant and showed satisfactory coefficients 

of determination. DPPH radical-scavenging activity was measured as a supplementary 

experimental response; however, it was excluded from the numerical optimization because its 

regression model was not statistically significant (p = 0.6312; R² = 0.5934). Accordingly, DPPH 

measurements were used to describe the experimentally observed antioxidant potential of the 

extracts, rather than to predict or optimize antioxidant activity. As described in the Results 

section, the DPPH radical-scavenging activity model did not reach statistical significance and 

was therefore not used as a standalone predictive response for optimization. In the optimization 

process, these independent variables were designated as X₁, X₂, and X₃, respectively. The 

experimental data were fitted to a second-order polynomial model, and the corresponding 
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regression coefficients were estimated. A generalized second-order polynomial model (Eq. 2) 

was used in the response surface analysis: 

     ∑     
 
    ∑      

  

   
 ∑ ∑        

 

   

   
   
   

       Eq (2) 

In the Eq (2), b0, bi, bii, and bij represent regression coefficients for the intercept, linear, 

quadratic, and interaction terms, respectively, while Xi and Xj denote independent variables.  

Results and discussions  

3.1 Analysis of antioxidant characteristics and phenolic compounds in PGH extracts 

3.1.1 Interpretation of TPC distribution via 3-D surface plots  

Extending the extraction time to 360 min allowed the time-dependent extraction response of 

phenolic and flavonoid compounds to be evaluated over a broad experimental range. Under the 

conditions investigated, prolonged treatment was associated with changes in phenolic and 

flavonoid recovery; however, these changes cannot be attributed exclusively to the ultrasonic 

effect because extended sonication may also involve cumulative thermal effects and possible 

changes in solvent composition due to evaporation. Ultrasound-induced cavitation and associated 

micro-jet effects may facilitate solvent penetration and disruption of plant cell structures, thereby 

promoting mass transfer. Nevertheless, at prolonged extraction times, the contribution of these 

effects may be accompanied by thermal and solvent-related effects, and excessive heating may 

also promote degradation of thermolabile phenolic compounds (Kumar et al., 2021). Therefore, 

the 360-min condition was considered an extended experimental condition for characterizing the 

overall extraction response rather than as evidence of a purely ultrasonic contribution. Figure 1. 

depicts the changing trend in total phenolic compounds. Figure 1-A illustrates the response 

surface and corresponding contour plot for TPC in relation to extraction time (A, 60–360 min) 

and temperature (B, 40–60 °C). At mid-range conditions (≈ 200 minutes, ≈50 °C), the blue 

trough, TPC reaches the lowest value (~6.3 mg GAE/g), while the highest yields (~7.4 mg 

GAE/g, red plateaus) are observed at the two design-space extremes: short-cool extractions (60 

minutes/40 °C) or long-hot extractions (360 minutes/60 °C).  Degradation of labile phenolics, re-

adsorption of released compounds onto matrix components, or decreased solubility of specific 

subclasses at mid-range solvent compositions can all contribute to the decrease in TPC under 

some intermediate conditions. These non-linear effects, which reflect intricate kinetics between 

release, solubilization, and degradation, have been noted in UAE studies (Jurinjak Tusek et al., 

2018; Tan Quoc & Nguyen, 2022). The interaction diagram in Figure 1-A further illustrates the 

combined effect of extraction time and temperature on TPC. The non-parallel and crossing trends 

of the response lines indicate that the effect of extraction time depends on the extraction 

temperature, confirming an interaction between these two factors. At lower temperature, 

increasing the extraction time produces a different change in TPC compared with that observed 

at higher temperature. This interaction is consistent with the response-surface and contour plots, 

which show that the effect of extraction time is not uniform across the investigated temperature 

range. The significant time × temperature interaction obtained from ANOVA (p < 0.01) 

statistically supports this observed dependence between the two factors. 
Fig 1-A 

Figure 1-B depicts the response surface, corresponding contour plot, and interaction diagram for 

TPC as a function of extraction time and solvent concentration, closely resembling the saddle-

shaped topology depicted in Figure 1-A. Importantly, the surface features a saddle point under 

mid-range circumstances (~180–240 min, 40–60% solvent), where TPC decreases to 

approximately 6.4 mg GAE/g; this is not a true minimum, but rather a point of lower yield 
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relative to the adjoining ridges, which correspond to maximal phenolic yields (~7.2–7.4 mg 

GAE/g) under two design-space extremes: short time/low solvent (60 min, 20–30%) and long 

time/high solvent (360 min, 80–100%). The curvature of the isoclines confirms a strong 

interaction effect: adding solvent boosts yield greatly in short periods of time, but decreases 

returns over longer periods unless time is extended correspondingly. This can be related to the 

decreased polarity of pure ethanol compared to a combination of water-ethanol, as polar solvents 

such as water have a stronger capacity to remove phenolic compounds from the cellular structure 

of plants (Gharekhani et al., 2010). Chan et al (2016), reported that the presence of small 

amounts of water in the extraction solvent enhances its ability to diffuse into plant tissues. This 

diffusion allows for more effective heating of the plant materials, thereby improving the 

efficiency of active component transfer into the solvent. The interaction diagram further clarifies 

this relationship by showing the effect of solvent concentration at different extraction times. At 

short extraction times (e.g., 60 min), increasing solvent concentration from 0% to approximately 

40–60% markedly improves TPC; however, at longer extraction times (e.g., 360 min), the TPC 

response becomes less dependent on solvent concentration, and the curves tend to converge. This 

indicates that the positive effect of solvent concentration is more pronounced at shorter 

extraction times, whereas prolonged sonication partially compensates for lower solvent 

concentrations. The crossing pattern of the interaction lines confirms that the two variables do 

not act independently, supporting the significant time × solvent interaction detected in the 

ANOVA (p < 0.01). 

Fig 1-B 

Figure 1-C demonstrates the response surface and corresponding contour plot for TPC plotted 

against extraction temperature (B: 40-60 °C) and ethanol concentration (C: 0-100 % v/v). It 

closely echoes the saddle-shaped topology in Figures 1 -A and 1-B. The mid-range region 

(≈50 °C, 40-60 % solvent) has a saddle point where TPC drops into the trough (~6.4 mg GAE/g). 

This is not a local minimum, but rather a point with decreased yield relative to the ridge-based 

extremes. Both extraction regimes produce maximal TPC (~7.2–7.6 mg GAE/g), with the 

opposing ridges appearing under either hotter condition with high solvent concentration or 

shorter, cooler extractions with moderate solvent. Furthermore, the contour projection displays 

curved isoclines, demonstrating that while increasing temperature improves extraction at low 

solvent concentrations, it diminishes improvements at higher solvent levels unless concentration 

is also increased. This temperature-dependent behavior suggests that the beneficial effect of 

increasing extraction temperature on TPC is strongly influenced by solvent composition, with the 

combined use of moderate temperatures and intermediate ethanol concentrations providing more 

favorable conditions for phenolic recovery than increasing temperature alone (Espín et al., 2000). 

The interaction diagram further clarifies the combined effects of extraction temperature and 

ethanol concentration on TPC. The non-parallel and intersecting trends of the lines indicate that 

the effect of extraction temperature depends on the solvent concentration. At lower ethanol 

concentrations, increasing the extraction temperature generally enhances TPC, whereas at higher 

ethanol concentrations, the response to increasing temperature becomes less pronounced and 

tends to decline at the upper temperature range. The convergence and crossing of the interaction 

lines at approximately 50–55 °C indicate that temperature and solvent concentration do not act 

independently. This observation is consistent with the significant temperature × solvent 

concentration interaction identified by the ANOVA (p < 0.01), confirming that the effect of 

temperature on phenolic recovery is dependent on solvent composition. Subsequently, water-

based extracts typically exhibit the lowest levels of TPC, primarily due to the high polarity of 
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water, which limits its ability to effectively dissolve non-polar or moderately polar phenolic 

compounds. The strong hydrogen bonding network of water further restricts its interaction with 

certain hydrophobic phenolic molecules, resulting in reduced extraction efficiency. Despite this 

limitation, the presence of water significantly impacts the ultrasonic extraction process. Water's 

lowered vapor pressure and viscosity intensify ultrasonic cavitation, enhancing the formation and 

subsequent collapse of cavitation bubbles. This creates localized high-pressure and high-

temperature conditions that facilitate the breakdown of plant cell walls. Consequently, while 

water alone may not be an optimal solvent for maximizing the extraction of TPC, its role in 

modulating the cavitation process contributes to the overall efficiency of UAE techniques when 

used in combination with other solvents. Table 2 presents the ANOVA results for the fitted 

models, whereas Table 3 summarizes the critical statistical diagnostics used to evaluate their 

adequacy and predictive performance for TPC, TFC, and DPPH scavenging activity of PGH 

throughout the design space. The fitted model explained 96.7% of the response variability for 

TPC, according to the overall model, which was significant (p = 0.0035) and had a high 

coefficient of determination (R2 = 0.9666). TPC was significantly influenced by the following 

main effects: solvent concentration (X3, p = 0.0194), extraction temperature (X2, p = 0.0014), 

and extraction time (X1, p = 0.0330). The quadratic effect of solvent concentration (X3², p = 

0.0007) and significant two-way interactions (X1×X2, X1×X3, X2×X3; all p < 0.01) further 

supported the finding that TPC varied significantly across the factor levels. The non-significant 

lack of fit (p = 0.9643) supports the adequacy of the model.  

As a result, the 3D surface plots and contour plots (Figures 1A-C) show statistically significant 

variations in TPC throughout the design space. Further research is needed to explore the 

synergistic effects of water and other solvents in optimizing the extraction of a broad range of 

phenolic compounds from various plant sources (Esmaeilzadeh Kenari et al., 2014). In addition, 

water-based extraction contains large amounts of impurities such as organic acids, proteins and 

soluble sugars, which are detectable and interfere with the determination of the TPC (Chirinos et 

al., 2007). 

In fact, our findings are consistent with the results reported in the literature Sirijeerachai et al. 

(2021), Martínez-Ramos et al. (2020), Teo et al. (2010), Thoo et al. (2010), which suggest that 

the use of binary ethanol-water systems is more effective for extracting phenolic compounds 

than using either solvent alone. 

Equation 3. represents the quadratic equation of the statistical model used to calculate the 

quantity of total phenolic compounds in PGH extracts. The variables A, B, and C in this equation 

represent the extraction time (minute), temperature (°C), and solvent concentration (v/v%).  

Y1 = 7.10 + 0.0258× A + 0.1195 × B + 0.0520 × C + (-0.3465) × AB + -0.3285 × AC + (-

0.2402) × BC + (-0.0411) × A2 + (-0.0691) × B2 + (-0.1336) × C2                                 Eq (3)                  

Fig 1-C 

3.1.2 Interpretation of TFC distribution via 3-D surface plots 

Soluble phenolic compounds are primarily found in the vacuoles in the cell, whereas the majority 

of lignin, flavonoids, and insoluble polyphenols accumulate in the cell wall to form hydrogen 

and hydrophobic bonds with proteins and polysaccharides (Dixon, & Paiva., 1995). 

Consequently, flavonoids are close to insoluble or poorly soluble in water, which is in line with 

the data we acquired through this research, where we regarded the increase in the TFC yield in 

the extractions as the amount of ethanol in the solvent increased. The polarity of the solvent 

affected the extraction's selectivity: water preferred polar phenolic acids and glycosylated 

flavonoids, whereas higher ethanol fractions made less polar aglycones and tannins more soluble, 
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changing the extracts' flavonoid composition (Muhamad et al., 2014). Nonetheless, water and 

low levels of ethanol can penetrate the cells. Therefore, higher concentration amounts 

demonstrate protein denaturation, which impedes polyphenol solubility and affects extraction 

rate.  

Figure 2-A presents the three-dimensional response surface and corresponding contour plot 

illustrating the effects of extraction time (60–360 min) and temperature (40–60 °C) on the total 

flavonoid content (TFC) of pistachio green hull extracts. The fitted quadratic model was 

statistically significant (p = 0.0149; R² = 0.9386), indicating that it explained a substantial 

proportion of the variability in TFC. Analysis of variance showed that extraction temperature had 

a significant effect on TFC (p = 0.0082), whereas the linear effect of extraction time was not 

significant (p = 0.8996). Importantly, the time–temperature interaction was also not statistically 

significant (p = 0.4918). Therefore, although the response surface and contour plot illustrate the 

combined variation of TFC across the experimental ranges of these two factors, the observed 

curvature should not be interpreted as evidence of a statistically significant interaction between 

time and temperature. The significant linear and quadratic effects of temperature suggest that 

temperature-related changes contributed to the observed response pattern. Overall, these findings 

indicate that extraction temperature was a more influential factor than extraction time for TFC 

within the investigated experimental range. 

Fig 2-A 

Figure 2-B illustrates the three-dimensional response surface, contour plot, and interaction 

diagram for total flavonoid content (TFC) as a function of extraction time (60–360 min) and 

ethanol concentration (0–100%, v/v). The response surface indicates that TFC varies non-

linearly across the investigated combinations of extraction time and ethanol concentration. As 

indicated by the response pattern, the lowest TFC was observed at the longest extraction time 

and the highest ethanol concentration, contrary to the previously stated interpretation. The 

interaction diagram provides a visual representation of the combined effects of these two factors 

on TFC; however, the analysis of variance showed that the time–ethanol concentration 

interaction was not statistically significant (p = 0.3933). The observed response pattern suggests 

that the effect of extraction time on TFC should be considered in conjunction with solvent 

composition, while the individual effects and their statistical significance should be interpreted 

according to the fitted quadratic model. Overall, these results highlight the importance of 

evaluating extraction time and ethanol concentration within the experimental design space rather 

than assuming that increasing extraction time or decreasing ethanol concentration will 

consistently improve flavonoid recovery. 

Fig 2-B 

Figure 2-C presents the three-dimensional response surface, contour plot, and interaction 

diagram illustrating the effects of ethanol concentration (0–100%, v/v) and extraction 

temperature (40–60 °C) on TFC of PGH extracts. The contour plot indicates that relatively high 

TFC values occur within the intermediate temperature range and at low-to-moderate ethanol 

concentrations. In contrast, lower TFC values are observed at higher temperatures combined with 

high ethanol concentrations. This response pattern suggests that the effects of temperature and 

solvent composition on TFC depend on their combined levels within the investigated 

experimental range. The interaction diagram further illustrates differences in the predicted TFC 

profiles across ethanol concentrations as extraction temperature changes. Consistent with the 

ANOVA results, the temperature–ethanol concentration interaction was statistically significant 

(p = 0.0488), indicating that the effect of temperature on TFC varied with solvent concentration. 
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These findings emphasize the importance of considering both factors jointly when interpreting 

the extraction response. However, the observed pattern should not be attributed solely to solvent 

polarity or thermal degradation without additional experimental evidence. 

The quadratic equation of the statistical model for calculating the amount of total flavonoid 

contents in the PGH extracts is given in equation 4., The variables A, B, and C in this equation 

represent the extraction time (minute), temperature (°C), and solvent concentration (v/v%).  

Y2 = 4.05 + 0.0027 × A + (-0.1808) × B + (-0.1290) × C + (-0.0877) × AB + (-0.1104) × AC + (-

0.2484) × BC + 0.0093 × A2 + (-0.2004) × B2 + (-0.0532) × C2                                      Eq (4)                                                         

Fig 2-C 

3.1.3 Interpretation of DPPH distribution via 3-D surface plots 

It should be emphasized that the DPPH response was included in this study as a supplementary 

experimental response rather than as a primary predictive response for optimization. As shown in 

Table 2, the fitted quadratic model for DPPH was not statistically significant (p = 0.6312) and 

showed a relatively low coefficient of determination (R² = 0.5934). Therefore, the response 

surface and contour plots presented in Figures 3-A to 3-C should be interpreted as visual 

representations of the experimental data rather than as reliable predictive models. The DPPH 

results are discussed below in terms of observed trends and possible mechanisms, but they 

should not be considered as robust model-based predictions. Therefore, the DPPH regression 

model was excluded from the numerical optimization. DPPH measurements were retained as 

experimental data to provide supplementary information on the radical-scavenging activity of the 

extracts. Any observed variation in DPPH values is discussed descriptively and is not interpreted 

as evidence of a statistically validated response model. Antioxidant activity can be measured in 

different ways. Due to the varying phenolic compounds in the extracts, several of them are 

recognized using different methods. The disparity in antioxidant activity among various methods 

is primarily determined by the hydrophilic and hydrophobic properties of the existing phenolic 

compounds and their proportion. The DPPH radical scavenging test basically measures the 

antioxidant activity of water-soluble phenolic compounds. Therefore, when two extracts have 

similar results in the DPPH method, it is an indication that they have the same amount of 

hydrophilic molecules (Erami et al., 2012). 

Figure 3-A shows the DPPH radical scavenging response surface (%) and its contour plot as a 

function of temperature (B: 40–60 °C) and extraction time (A: 60–360 min). The red plateaus 

and contour projection indicate that antioxidant activity reaches its lowest (~75.5%) at mid-range 

conditions (≈ 200 min/50 °C), the blue trough, while the highest inhibition (~83–84%) occurs at 

the two design-space extremes: short‑cool (60 min/40 °C) and long-hot (360 min/60 °C). 

Fig 3-A 

Figure 3-B illustrates the DPPH radical scavenging response surface (%) and its contour plot as 

a function of ethanol concentration (C: 0–100% v/v) (C: 0–100% v/v) and extraction time (A: 

60–360 min). The central trough, or lowest of antioxidant activity, occurs under mid-range 

conditions (≈200 min/50 % v/v). While it climbs toward the edges of the design-space, it peaks 

(~79–80 %) at opposite corners (short/high strength: 60 min/100 % v/v; long/low strength: 360 

min/0 % v/v). This convex topology is highlighted by the nearly circular contour rings, where 

activity increase with increasing distance from the center in either time or concentration. 

Additionally, in Figure 3-B, the graph demonstrated a linear increase in DPPH radical 

scavenging activity as the ethanol concentration in the solvent mixture rose. This observation 

emphasizes the critical role of solvent polarity in enhancing the extraction of antioxidant 

compounds (Rauf et al., 2018). The increasing ethanol content likely improved the solubility of 
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hydrophobic antioxidant molecules, facilitating their transfer into the solvent. Additionally, this 

finding aligns with the influence of time as a factor in optimizing extraction efficiency, as both 

solvent polarity and sufficient extraction duration are essential for maximizing the yield of 

bioactive compounds.  

Fig 3-B 

Figure 3-C depicts the DPPH radical scavenging response surface (%) and its contour plot as a 

function of extraction temperature (B: 40–60 °C) and ethanol concentration (C: 0–100% v/v). 

The surface shows a convex profile with minimum activity (~ 75.5) at mid-range conditions 

(≈ 50 °C /50 % v/v) and rises to its highest values (~ 79–80 %) at the two diagonal corners: 

low/low (0 °C /0 % v/v) and high/strong (360 min/100 % v/v). The approximately concentric 

contour lines emphasize a central trough flanked by maxima at these opposite extremes. In 

addition, our findings and those of Altemimi et al. (2016), highlight the significance of extraction 

time and solvent polarity in maximizing extraction efficiency. Increasing the concentration of 

ethanol increased the solubility of bioactive chemicals, which is consistent with Altemimi et al.'s 

(2016) discovery that solvent composition plays an important role in antioxidant extraction. 

The quadratic equation of the statistical model for calculating the DPPH radical scavenging 

activity in the PGH extracts is given in equation 5. The variables A, B, and C in this equation 

represent the extraction time (minute), temperature (°C), and solvent concentration (v/v%).  

Y3 = 77.77 + -0.2951 × A + 0.7282 × B + -0.0286 × C + 1.15 × AB + -0.5173× AC + 1.79 × BC 

+ 0.6396 × A
2
 + 1.05 × B

2
 + 0.7253 × C

2
                             Eq (5)                                                              

Fig 3-C 

The non-significant DPPH model may be attributed to several factors. First, the DPPH assay 

primarily measures the radical scavenging activity of hydrophilic phenolic compounds, while 

PGH contains a complex mixture of phenolic compounds with varying hydrophobicity. Second, 

synergistic and antagonistic interactions among phenolic compounds in a multi-component 

extract can influence the overall antioxidant activity in ways that are not captured by a quadratic 

polynomial model. Third, experimental variability in the DPPH assay (e.g., reaction kinetics, 

light sensitivity, and pH dependence) may have contributed to the low R². Therefore, the DPPH 

response was treated as a supplementary experimental observation rather than a standalone 

predictive response. 

3.2  Optimization of the extraction process 

Extraction time, temperature, and ethanol concentration are important factors influencing the 

recovery of phenolic compounds and antioxidant constituents from PGH. In the present study, 

extraction time was investigated over a range of 60–360 min, while extraction temperature and 

ethanol concentration varied from 40 to 60 °C and from 0 to 100% (v/v), respectively. These 

ranges were selected based on preliminary single-factor experiments and were used to 

characterize the effects of the extraction variables and their interactions on the responses. The 

objective was to characterize the response patterns over the selected range and identify an 

effective extraction condition that balanced compound recovery with processing time and energy 

requirements. 

UAE promotes the release of intracellular compounds through acoustic cavitation, which 

facilitates cell-wall disruption and solvent penetration. However, extending the extraction time 

does not necessarily result in a proportional increase in phenolic recovery. As readily extractable 

compounds are released, the process may approach equilibrium, resulting in diminishing returns. 

Prolonged sonication may also increase energy consumption and expose sensitive compounds to 

acoustic and thermal stress. Previous studies have demonstrated that effective UAE can be 
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achieved over substantially shorter periods. For example, Rajaei et al. (2010) investigated UAE 

of PGH at temperatures of 25–65 °C using extraction times of up to 45 min. Other response 

surface methodology (RSM) studies have reported optimal extraction times of approximately 

60–120 min (Che Sulaiman et al., 2017; Muzolf-Panek et al., 2022; Wu et al., 2021). Kinetic 

investigations have also described an initial period of rapid extraction followed by slower 

recovery and a potential plateau after approximately 1–2 h (Sant Anna et al., 2013; Garcia-

Montalvo et al., 2022; Suan et al., 2025). Moreover, UAE treatments lasting only 4–10 min have 

been reported to produce results comparable to conventional stirring for 120–180 min (Dent et 

al., 2015; Anaya-Esparza et al., 2018). 

Longer extraction periods have also been used in studies employing conventional maceration, 

Soxhlet extraction, enzymatic treatment, or indirect UAE (Osorio-Tobón, 2020; Psarrou et al., 

2020; Sridhar et al., 2021; Maaiden et al., 2022; Klausen et al., 2023). However, these 

approaches differ in their extraction mechanisms and operating conditions and therefore do not 

directly establish that prolonged sonication is advantageous in UAE. The effects of extraction 

duration should instead be evaluated in relation to the target compounds, extraction yield, 

compound stability, and energy requirements (Antony & Farid, 2022; Yao et al., 2022). 

Accordingly, the inclusion of longer extraction times in the present design enabled the response 

patterns to be examined across the investigated range, whereas the final operating condition was 

selected through multi-response optimization. 

Table 1 

A central composite design (CCD) was employed within the RSM framework to evaluate the 

effects of extraction time ((X1)), temperature ((X2)), and ethanol concentration ((X3)) on the 

extraction responses. The independent variables and their experimental levels were established 

based on preliminary single-factor experiments. The experimental design comprised three factors 

at three coded levels, with the corresponding experimental runs and factor settings presented in 

Tables 1 and 2. The center-point experiment was performed in duplicate. The responses included 

TPC and TFC. The effects of the individual factors, their interactions, and quadratic terms were 

evaluated using the fitted response surface models. The analysis of variance (ANOVA) for the 

regression coefficients of the quadratic polynomial models is presented in Table 2. 

The response surface analysis indicated that the effects of extraction time, temperature, and 

ethanol concentration differed among TPC and TFC. These differences may be associated with 

variations in the composition of PGH phenolics and their extraction kinetics. Therefore, 

simultaneous consideration of the responses was necessary to identify a balanced operating 

condition rather than selecting conditions based on a single response alone. 

Numerical multi-response optimization, based primarily on TPC and TFC, predicted an optimum 

extraction condition of 60 min, 54.07 °C, and 43.33% (v/v) ethanol, with predicted values of 

7.175 mg GAE/g for TPC and 4.003 mg CATCHIN/g for TFC. The corresponding DPPH value 

(78.560%) was recorded as a supplementary experimental observation rather than a model-based 

prediction, since the DPPH model was not statistically significant. The overall desirability of the 

predicted solution was 0.819, primarily driven by the strong model performance for TPC and 

TFC. For experimental verification, the conditions were adjusted to 60 min, 54 °C, and 43.33% 

(v/v) ethanol. Under these conditions, the experimentally determined TPC, TFC, and DPPH 

values were 7.900 mg GAE/g, 4.400 mg CATCHIN/g, and 80.500%, respectively. These 

experimental results were reasonably consistent with the model predictions, supporting the 

suitability of the fitted models for identifying an effective extraction condition. Overall, the 

results demonstrate that a 60-min UAE treatment under the verified conditions can achieve 



Journal Pre-proofs 
 

15 

substantial phenolic recovery and antioxidant activity from PGH without requiring the longest 

extraction duration investigated in the experimental design. 

Table 2 

3.2.1 Verification of predictive model 

 While the models for TPC and TFC demonstrated good predictive capability, the DPPH 

model was not statistically significant (p = 0.6312) and showed a relatively low coefficient of 

determination (R² = 0.5934). Therefore, the DPPH response was not used as a standalone 

predictive response for optimization. This may be due to experimental variability or the 

complexity of interactions among factors such as solvent polarity, thermal degradation, and 

compound solubility. Nevertheless, the observed experimental values largely followed the 

model's predicted trends, supporting its overall utility in identifying optimal extraction 

conditions. Numerical optimization was performed using Design-Expert software with TPC and 

TFC as the response variables. Both responses were included in the desirability function, 

whereas DPPH radical-scavenging activity was excluded because its regression model was not 

statistically significant. The optimum extraction conditions were therefore determined by 

considering the selected TPC and TFC responses only. DPPH activity was measured 

experimentally under the selected conditions and is reported as a supplementary result, not as a 

predicted or optimized response. The optimal conditions and corresponding predicted TPC and 

TFC values obtained from the revised optimization are presented in this section. Thus, the 

optimization was based on a multi-response desirability approach rather than maximizing a 

single response independently. The objective was to identify a combination of extraction time, 

temperature, and ethanol concentration that provided a balanced and satisfactory performance 

across all three responses. Based on the numerical optimization, the software identified the 

following optimal extraction conditions: extraction time = 60 min, extraction temperature = 

54.07 °C, and ethanol concentration = 43.33% (v/v). Under these conditions, the predicted values 

were 7.175 mg GAE/g for TPC, 4.003 mg CATCHIN/g for TFC, and 78.560% for DPPH radical 

scavenging activity, with an overall desirability of 0.819. Figure 4 illustrates the response-

surface optimization for PGH, showing the individual desirability functions for each independent 

variable and response, as well as the combined desirability. As shown in Figure 4, the 

desirability values for extraction time and temperature were both 1.000, while the desirability for 

solvent concentration was 0.809. Among the responses, TPC showed the highest individual 

desirability (0.999), followed by TFC (0.722). The DPPH response had a lower individual 

desirability (0.635), which is consistent with its non-significant model. The combined 

desirability of 0.819 was therefore primarily determined by the TPC and TFC responses. Among 

the responses, TPC showed the highest individual desirability (0.999), followed by TFC (0.722) 

and DPPH (0.635), resulting in a combined desirability of 0.819. This confirms that the selected 

condition represents a balanced compromise among all three responses rather than maximizing 

any single response. Although TFC alone showed a higher predicted value under prolonged 

extraction with 0% ethanol, this condition did not provide the best overall balance among the 

three responses. Therefore, the multi-response optimization was selected as the basis for the 

experimental verification presented in Table 4. The verification experiment was conducted under 

the selected predictead conditions of 60 min, 54 °C, and 43.33% ethanol (v/v). The experimental 

values were 7.900 mg GAE/g for TPC, 4.400 mg CATECHIN/g for TFC, and 80.500% for 

DPPH radical scavenging activity. The experimental TPC and TFC values were higher than the 

corresponding numerical predictions, indicating satisfactory performance of the selected 

conditions for these primary responses. However, because the DPPH regression model was not 
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statistically significant (p = 0.6312) and showed a relatively low R² value (0.5934), the DPPH 

result should be interpreted solely as an experimental observation and not as validation of the 

predictive accuracy of the DPPH model. Accordingly, the verification results provide stronger 

support for the optimized extraction conditions with respect to TPC and TFC than for DPPH. 

  Table 3 

Table 4 

Fig 4 

3.2.3 Application potential  
The optimized PGH extract provides a phenolic-rich material with potential for further 

investigation as a natural antioxidant in food, cosmetic, and other relevant formulations. 

However, the present study focused on optimizing the extraction conditions, and the 

incorporation, stability, and antioxidant performance of the extract in specific food or cosmetic 

matrices were not experimentally evaluated. Therefore, further formulation and application 

studies are required to validate its practical potential. 
A limitation of the present study is that direct scanning electron microscopy (SEM) analysis was 

not feasible; therefore, the morphological changes induced by ultrasound could not be 

experimentally verified in the PGH matrix. Nevertheless, SEM observations reported for UAE of 

other lignocellulosic plant by-products provide useful supporting evidence for the proposed 

extraction mechanism (Supplementary Table S1). As summarized in Supplementary Table S1, 

these studies have reported ultrasound-induced disruption of cell walls, pore formation, and 

surface roughening, which are consistent with the proposed effects of acoustic cavitation and 

micro-jet action. It should be emphasized that these observations were obtained from other plant 

matrices and are cited here only as literature-based mechanistic support; they do not constitute 

direct morphological evidence for PGH. Future studies should incorporate SEM analysis of PGH 

before and after UAE to directly characterize ultrasound-induced structural changes and further 

clarify the relationship between matrix disruption and phenolic compound recovery. 

Table S1 
Conclusions 

In this study, RSM was applied to investigate and optimize the UAE of phenolic and flavonoid 

compounds from PGH. The fitted quadratic models showed strong explanatory performance for 

TPC (R² = 0.9666) and TFC (R² = 0.9386), and both models were statistically significant. In 

contrast, the DPPH radical-scavenging model showed limited predictive performance (R² = 

0.5934) and was not statistically significant (p = 0.6312); therefore, DPPH radical-scavenging 

activity was retained only as a supplementary experimental response and was excluded from the 

numerical optimization, which was based on TPC and TFC. Based on the statistically supported 

models, multi-response numerical optimization predicted an optimal extraction condition of 60 

min, 54.07 °C, and 43.33% (v/v) ethanol, with predicted values of 7.175 mg GAE/g for TPC and 

4.003 mg catechin equivalents/g for TFC (overall desirability = 0.819). For practical verification, 

the condition was rounded to 60 min, 54 °C, and 43.33 % (v/v) ethanol, under which the 

experimentally determined TPC, TFC, and DPPH radical-scavenging activity reached 7.900 mg 

GAE/g, 4.400 mg catechin equivalents/g, and 80.500%, respectively. These experimental values 

were consistent with, and for TPC and TFC exceeded, the model predictions, supporting the 

reproducibility and practical applicability of the selected condition. Because the DPPH model 

was not statistically significant, the DPPH value is reported as an experimental observation 

rather than as validation of a predictive model. Overall, the findings demonstrate that PGH is a 

promising source of phenolic and flavonoid compounds and that UAE combined with RSM can 



Journal Pre-proofs 
 

17 

be effectively used to characterize and optimize the extraction process. The optimized condition 

(60 min) achieves substantial recovery of phenolic compounds without requiring prolonged 

sonication, which is advantageous in terms of energy consumption and reduces the risk of 

thermal degradation of thermolabile phenolics. Several limitations should be acknowledged. The 

relatively weak DPPH model indicates that complementary antioxidant assays (e.g., ABTS, 

FRAP, or ORAC) are needed to provide a more comprehensive assessment of antioxidant 

capacity. In addition, compound-specific identification was not performed in this study; future 

work should incorporate HPLC or LC-MS analysis to identify and quantify the individual 

phenolic compounds in the optimized extracts and to clarify the relationship between phenolic 

composition and radical-scavenging activity. Direct SEM analysis of PGH before and after UAE 

was also not feasible; therefore, the morphological changes induced by ultrasound could not be 

experimentally verified, and the mechanistic interpretation presented here relies on literature-

based evidence from other lignocellulosic by-products (Supplementary Table S1). Future studies 

should incorporate direct SEM analysis, as well as additional process variables such as solvent-

to-solid ratio, particle size, pH, and ultrasonic intensity, and should evaluate the stability and 

performance of the optimized extracts in relevant food or cosmetic matrices.  
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 Table 1. Independent variables and their amounts used to optimize PGH extracts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. The variance of regression coefficients in quadratic polynomial models for PGH extracts 

 

 

 

 

 

Independent variables 
Levels and limits of variables 

-1 0 +1 

Extraction time 60 210 360 

Extraction temperature 40 50 60 

Ethanol concentration (% v/v)  0 50 100 

Response Source DFa Sum of 

Squares 

Mean of 

Squares 
F-value p-value Coefficient 

 

Significance 

T
P

C
 (

R
2
 =

 

0
.9

6
6
6

) 

Model 9 0.0679 0.0075 16.07 0.0035 7.10 ** 

X1 (Time) 1 0.0040 0.0040 8.53 0.0330 0.0258  * 

X2 

(Temperature) 

1 0.0190 0.0190 40.57 0.0014 0.1195  ** 

X3 (Ethanol) 1 0.0054 0.0054 11.52 0.0194 0.0520  * 

X1 × X2 1 0.0208 0.0208 44.28 0.0012 -0.3465  ** 
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p < 0.05; ** p < 0.01; *** p < 0.001; ns = not significant. Dashes (—) = not recoverable from the submitted table; 

complete from Design-Expert output. The DPPH model was not statistically significant (p = 0.6312) and was 

therefore not used as a standalone predictive response for optimization. DPPH was included as a supplementary 

experimental response only 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

X1 × X3 1 0.0187 0.0187 39.80 0.0015 -0.3285  ** 

X2 × X3 1 0.0152 0.0152 32.35 0.0023 0.2402 ** 

X12 1 0.0024 0.0024 5.14 0.0727 0.0411   

X22 1 0.0024 0.0024 5.22 0.0712 0.0691   

X3² 1 0.0255 0.0255 54.33 0.0007 -0.1336  *** 

Residual 5 0.0023 0.0005 - - -  

Lack of Fit 1 1.333E-06 1.333E-06 0.00023 0.9643ns - ns 

Pure Error 4 0.0023 0.0006 - - -  

    Total 14 0.0702 - - - -  

 

T
F

C
 (

R
2

 =
 0

.8
1

4
2

) 

 

Model 6 0.1605  0.0268 5.84 0.0130 4.03  * 

X1 (Time) 1 0.0000  0.0000 0.0093 0.9255 0.0027  ns 

X2 

(Temperature) 

1 0.1482  0.1482 32.38 0.0005 -0.2576  ** 

X3 (Ethanol) 1 0.0888  0.0888 19.41 0.0023 -0.1802  ** 

X1 × X2 1 0.0420  0.0420 9.17 0.0163 0.1996 * 

X1 × X3 1 0.0330  0.0330 7.20 0.0278 0.1768  * 

X2 × X3 1 0.0018  0.0018 0.3911 0.5492 -0.0252  ns 

Residual 8 0.0366  0.0046 - - -  

Lack of Fit 4 0.0246  0.0061 2.04 0.2539ns -       ns 

Pure Error 4 0.0121  0.0030 - - -  

Total 14 0.1971  - - -  

D
P

P
H

 (
R

2
 =

 0
.5

9
3

4
) 

Model 9 21.11 21.11 0.8109 0.6312 77.77  ns 

X1 (Time) 1 0.5224 0.5224 0.1806 0.6885 -0.2451  ns 

X2 

(Temperature) 
1 0.7069 0.7069 0.2444 0.6420 

0.7287 ns 

X3 (Ethanol) 1 0.0016 0.0016 0.0006 0.9820 -0.0286  ns 

X1 × X2 1 0.2301 0.2301 0.0795 0.7892 1.15 ns 

X1 × X3 1 0.0463 0.0463 0.0160 0.9043 -0.5173  ns 

X2 × X3 1 0.8463 0.8463 0.2925 0.6118 1.79 ns 

X12 1 0.5845 0.5845 0.2020 0.6719 0.6396  ns 

X22 1 0.5694 0.5694 0.1968 0.6758 1.05  ns 

X3² 1 0.7515 0.7515 0.2598 0.6320 0.7253  ns 

Residual 5 2.89 2.89 - - -  

Lack of Fit 1 1.45 1.45 0.4451 0.5412ns - ns 

Pure Error 4 13.02 3.25 - - -  

    Total 14 35.58 -   - - -  

         



Journal Pre-proofs 
 

24 

 

 

 

 

 

 

Table 3. Critical statistical diagnostics of quadratic polynomial models for PGH extracts 

Critical statistical 

diagnostics 

TPC TFC DPPH 

Std. Dev 0.0217 0.0677 1.70 

C.V. % 0.3057 1.68 2.17 

R² 0.9666 0.8142 0.5934 

Adjusted R 0.9064 0.6749 -0.1384 

Adeq Precision 14.5483 9.4731 3.4955 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. The result of experimental verification 

 

 

 

 

 

 

 

 

 

 

Term 
Extraction time 

(min) 

Extraction 

temperature 

(℃) 

Solvent 

concentra

tion 

(%, v/v) 

Total phenolic 

compounds 

(mgGA/g hull) 

Total flavonoid contents  

(mg CATECHIN/g 

hull) 

DPPH 

(%) 

Predict 60.000 54.074 43.333 7.175 4.003 78.560 

Experiment 60.000 54 43.33 7.900 4.400 80.500 
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Figure 1-A. Response surface (3D), contour, and interaction plots for total phenolic content (TPC, mg gallic acid 

equivalents/g PGH) as a function of extraction time (60–360 min) and extraction temperature (40–60 °C), at a fixed 

ethanol concentration of 50% (v/v). 
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Figure 1-B. Response surface (3D), contour, and interaction plots for TPC (mg gallic acid equivalents/g PGH) as a 

function of ethanol concentration (0–100% v/v) and extraction time (60–360 min), at a fixed extraction temperature 

of 50 °C. 
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Figure 1-C. Response surface (3D), contour, and interaction plots for TPC (mg gallic acid equivalents/g PGH) as a 

function of ethanol concentration (0–100% v/v) and extraction temperature (40–60 °C), at a fixed extraction time of 

210 min. 
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Figure 2-A. Response surface (3D), contour, and interaction plots for total flavonoid content (TFC, mg CATCHIN 

equivalents/g PGH) as a function of extraction time (60–360 min) and extraction temperature (40–60 °C), at a fixed 

ethanol concentration of 50% (v/v). Note: the time × temperature interaction was not statistically significant (p = 

0.4918); the surface is shown for descriptive purposes. 
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Figure 2-B. Response surface (3D), contour, and interaction plots for TFC (mg CATCHIN equivalents/g PGH) as a 

function of ethanol concentration (0–100% v/v) and extraction time (60–360 min), at a fixed extraction temperature 

of 50 °C. Note: the time × ethanol concentration interaction was not statistically significant (p = 0.3933). 
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Figure 2-C. Response surface (3D), contour, and interaction plots for TFC (mg CATCHIN equivalents/g PGH) as a 

function of ethanol concentration (0–100% v/v) and extraction temperature (40–60 °C), at a fixed extraction time of 

210 min. The temperature × ethanol concentration interaction was statistically significant (p = 0.0488). 
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Figure 3-A. Response surface (3D), contour, and interaction plots for DPPH radical-scavenging activity (%) as a 

function of extraction time (60–360 min) and extraction temperature (40–60 °C), at a fixed ethanol concentration of 

50% (v/v). The DPPH regression model was not statistically significant (p = 0.6312; R² = 0.5934); these plots are 

therefore presented as descriptive visualizations of the experimental data and not as predictive models. 
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Figure 3-B. Response surface (3D), contour, and interaction plots for DPPH radical-scavenging activity (%) as a 

function of ethanol concentration (0–100% v/v) and extraction time (60–360 min), at a fixed extraction temperature 

of 50 °C. The DPPH model was not statistically significant (p = 0.6312; R² = 0.5934); plots are descriptive only. 
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Figure 3-C. Response surface (3D), contour, and interaction plots for DPPH radical-scavenging activity (%) as a 

function of ethanol concentration (0–100% v/v) and extraction temperature (40–60 °C), at a fixed extraction time of 

210 min. The DPPH model was not statistically significant (p = 0.6312; R² = 0.5934); plots are descriptive only. 
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Figure 4. Numerical multi-response optimization of UAE conditions based on TPC and TFC using the desirability 

function. The predicted optimum was 60 min, 54.07 °C, and 43.33% (v/v) ethanol, with an overall desirability of 

0.819 and predicted values of 7.175 mg GAE/g (TPC) and 4.003 mg CATCHIN/g (TFC). DPPH radical-scavenging 

activity was excluded from the optimization because its regression model was not statistically significant (p = 

0.6312; R² = 0.5934). 


