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 Moringa oleifera leaves are a rich source of phenolic and flavonoid 
antioxidants; yet, optimisation of conventional water-based extraction is 
rarely modeled comprehensively. This study integrates one-factor-at-a-time 
(OFAT) screening with response surface methodology–central composite 
design (RSM-CCD) to determine optimal conditions for maximizing 
antioxidant yield, quantified using the DPPH assay (mg AAE/g FW). The 
quadratic model was highly significant (F = 41.88; p < 0.0001) with strong 
predictive accuracy (R² = 0.9742; adj-R² = 0.9509). The sample-to-solvent 
ratio was the most influential variable (F = 287.85; p < 0.0001), followed by 
temperature (F = 58.76; p < 0.0001), whereas extraction time showed no 
significant effect. Significant quadratic terms (A², B²) and the AC interaction 
revealed curvature-driven extraction behavior. Optimal conditions 80 °C, 10 
min, and 1:25 g/mL, yielded 9.49 mg AAE/g FW. This integrated OFAT–RSM 
approach provides novel mechanistic insight and a validated, scalable 
framework for efficient antioxidant extraction. 
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Introduction  

Oxidative stress arises when the generation of 

reactive oxygen species (ROS) exceeds the 

capacity of endogenous antioxidant defenses, 

leading to oxidative damage to proteins, lipids, 

and DNA. This imbalance is widely recognized as 

a key mechanistic trigger for degenerative and 

metabolic disorders [1]. Antioxidants counteract 

free radicals through hydrogen atom donation or 

electron transfer, thereby mitigating oxidative 

injury [2]. Growing evidence indicates that the 

regular intake of natural antioxidant compounds 

contributes significantly to lowering the risk of 

oxidative stress–related diseases, including 

cancer, obesity, hypertension, and cardiovascular 

disorders [3]. Among botanical sources, Moringa 

oleifera is distinguished by its exceptionally high 

antioxidant content. Recent studies have reported 

that its leaves contain abundant vitamin C, 

vitamin A, flavonoids, carotenoids, and phenolic 

acids, all of which contribute to strong radical-

scavenging potential [4–6]. Tyagi et al. further 

identified chlorogenic acid, rutin, quercetin 

glycosides, isoquercetin, kaempferol, salicylic 

acid, gallic acid, p-coumaric acid, and caffeic acid 

as major phenolic constituents conferring potent 

antioxidant capacity [7]. Metabolomic profiling 

has also demonstrated that the polyphenol 

composition of Moringa leaves correlates strongly 

with DPPH and ABTS radical-scavenging activities 

[8], while in vivo studies show that Moringa 

extract enhances antioxidant enzyme expression 

(SOD, GPx, and CAT), thus suppressing oxidative 

stress [9]. In extraction research, the one-factor-

at-a-time (OFAT) approach remains a common 

preliminary method due to its conceptual 

simplicity; however, its inability to capture 

variable interactions and its high experimental 

burden limit its suitability for optimization 

studies [10]. Consequently, contemporary 

research increasingly applies response surface 

methodology (RSM), which can efficiently model 

nonlinear effects and interactions among 

variables while reducing experimental runs 

without compromising predictive accuracy 

[11,12]. Central composite design (CCD) is one of 

the most widely adopted RSM designs because it 

facilitates the development of second-order 

polynomial models to evaluate linear, quadratic, 

and interaction effects [13,14]. CCD has proven 

effective for optimizing polyphenol, flavonoid, 

and antioxidant extraction in numerous plant 

systems, such as Origanum vulgare [15] and 

Moringa oleifera using ultrasound-assisted 

extraction (UAE) [16]. Despite substantial work 

on Moringa oleifera, most optimisation studies 

have focused on specific extraction technologies 

(e.g., UAE, microwave-assisted extraction) or 

isolated process parameters. Comprehensive 

modelling that integrates thermal and mass-

transfer parameters under conventional solvent 

extraction using RSM-CCD remains limited. 

Moreover, few studies incorporate multi-

response optimization linking DPPH-based 

antioxidant activity with extraction kinetics. 

Addressing these gaps requires a systematic 

modeling framework capable of elucidating inter-

variable interactions and their mechanistic 

influence on antioxidant release. Therefore, this 

study aims to determine the optimal extraction 

conditions for Moringa oleifera leaves using RSM 

based on a CCD. The optimization focuses on three 

key parameters extraction temperature, 

extraction time, and solvent-to-material ratio to 

maximize antioxidant yield under conventional 

solvent extraction. 

Experimental  

Experimental rationale  

The methodological framework employed in this 

study was designed to ensure both empirical 

robustness and model reliability. OFAT was first 

used as a screening tool to establish realistic 

operational limits for thermal and solvent-driven 

extraction behavior, which is essential when prior 

parameter boundaries are unavailable for 
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decoction-based extraction systems. While OFAT 

does not capture variable interactions, it provides 

practical starting conditions that prevent 

experimental bias when transitioning to 

multivariate optimization. The CCD within the 

RSM was subsequently selected because it 

enables efficient modeling of nonlinear responses, 

quantifies interactions among process variables, 

and reduces the number of required experiments 

without compromising predictive accuracy. This 

hybrid OFAT–CCD approach provides a rigorous 

optimization platform that aligns with current 

best practices in natural product extraction 

research and enhances reproducibility across 

laboratories. 

Sampling 

Fresh Moringa oleifera plants were collected 

from the Pasar Baru area, Padang, West Sumatra. 

Roots, stems, and leaves were transported to the 

Herbarium, Department of Biology, Faculty of 

Mathematics and Natural Sciences, Andalas 

University, for taxonomic verification to ensure 

species authenticity. 

Chemicals 

Experimental materials included Moringa 

oleifera leaves, distilled water, methanol (Merck, 

Germany), ascorbic acid (Merck, Germany), and 

DPPH (1,1-diphenyl-2-picrylhydrazyl; Merck, 

Germany). All chemicals were of pro analysis (PA) 

grade to ensure analytical precision. 

Sample preparation 

Collected plant materials were cleaned, washed 

with running water, and air-dried. Leaves were 

separated from stems and cut into smaller pieces 

to enhance solvent–matrix interaction during 

extraction. 

Sample identification 

Whole plant specimens (leaves, stems, and 

rhizomes) were identified and authenticated at 

the Andalas University Herbarium. A voucher 

specimen was deposited under identification 

number 359/K-ID/AND/V/2024. The material 

was classified as Moringa oleifera (family 

Moringaceae). 

Preliminary extraction screening using OFAT 

An OFAT approach was employed as an initial 

screening to determine the operative range of 

extraction conditions. Although OFAT does not 

capture interaction effects, it remains widely used 

to establish acceptable parameter boundaries 

before RSM-based optimization, particularly 

when empirical data on thermal and solvent-

dependent behavior are limited. Decoction 

extractions were conducted by varying 

temperature, extraction time, and sample-to-

solvent ratio individually (Table 1). Antioxidant 

activity was quantified for each treatment, and the 

condition yielding the highest activity was 

selected as the CCD center point. All experiments 

were performed in triplicate. 

Ascorbic acid standard curve preparation 

Ascorbic acid standards (5–25 mg/L) were 

prepared, and 1 mL of each standard was mixed 

with 2.5 mL of 0.1 mM DPPH. After 30 min of 

incubation in the dark, absorbance was measured 

at 517 nm using a UV–Vis spectrophotometer. The 

calibration curve was used as the reference for 

antioxidant quantification [17]. 

Determination of antioxidant activity 

A 1 mL aliquot of each extract was diluted to 10 

mL with distilled water. From this dilution, 1 mL 

was mixed with 2.5 mL of 0.1 mM DPPH and 

incubated for 30 min in the dark. Absorbance at 

517 nm was recorded, and antioxidant content 

was calculated using the standard curve [17]. 
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Table 1. Variation of independent variables for optimization using the OFAT method 

No. Temperature (°C) Time (min) Sample/solvent ratio (g/mL) 

1 40 30 1:20 

2 50 30 1:20 

3 60 30 1:20 

4 70 30 1:20 

5 80 30 1:20 

6 80 10 1:20 

7 80 20 1:20 

8 80 30 1:20 

9 80 40 1:20 

10 80 50 1:20 

11 80 20 1:10 

12 80 20 1:15 

13 80 20 1:20 

14 80 20 1:25 

15 80 20 1:30 

RSM-Based optimization using CCD 

Optimization was carried out using Design-

Expert software (version 13) with a CCD. CCD was 

selected because it allows efficient development 

of second-order polynomial models and 

quantifies interaction and curvature effects—

critical for modeling complex thermal and mass 

transfer phenomena during plant extraction. 

Three independent variables—temperature, 

extraction time, and sample-to-solvent ratio—

were coded at five levels (−α, −1, 0, +1, and +α), as 

shown in Table 2. Experimental runs were 

conducted according to the CCD matrix (Table 3), 

and antioxidant content was measured for each 

run. Model fitting, ANOVA, and generation of 

three-dimensional response surface plots were 

performed within Design-Expert. Optimal 

extraction conditions were determined using the 

numerical optimisation function. 

Results and Discussion 

As depicted in Figure 1, ascorbic acid 

concentration exhibited a clear inverse 

relationship with DPPH absorbance, confirming 

the characteristic behavior of the DPPH assay in 

which higher antioxidant activity results in 

greater radical reduction and lower absorbance 

values [18,19]. The calibration curve generated 

for ascorbic acid (y = −0.0236x + 0.8026) 

demonstrated excellent linearity, with an R² value 

of 0.9923, indicating that the model explains more 

than 99% of the variance—well within the IUPAC 

criteria for high-quality quantitative analytical 

methods [20]. The correlation coefficient (r = 

0.9961) further supports strong linearity, 

surpassing the commonly accepted threshold (r > 

0.995) for reliable spectrophotometric calibration 

curves [21,22]. These results confirm that the 

regression model provides robust predictive 

capability for determining antioxidant content 

based on absorbance measurements. 

Determination of the RSM midpoint utilizing the 

OFAT method 

The OFAT method was applied to assess the 

individual effects of temperature, extraction time, 

and sample-to-solvent ratio on the extraction 

performance. As an established preliminary 

screening technique, OFAT is widely used to 

identify dominant variables before implementing 

more comprehensive multivariate optimization 

through RSM [23]. 
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Table 2. Experimental factors with their levels 

Independent variable 
Coded variable level 

-α -1 0 +1 +α 

A, Temperature (°C) 53 60 70 80 87 

B, Time (min) 3 10 20 30 37 

C, Sample/solvent ratio (g/mL) 12 15 20 25 28 

Table 3. Optimization design of antioxidant capacity of Moringa oleifera 

No. Std. Temperature (°C) Time (min) Sample/solvent ratio (g/mL) 

1 70 20 1:20 

2 80 10 1:15 

3 80 30 1:25 

4 87 20 1:20 

5 80 30 1:15 

6 80 10 1:25 

7 53 20 1:20 

8 70 20 1:20 

9 60 10 1:25 

10 70 37 1:20 

11 70 20 1:20 

12 60 10 1:15 

13 70 20 1:12 

14 70 20 1:20 

15 70 20 1:28 

16 70 20 1:20 

17 70 20 1:20 

18 60 30 1:15 

19 60 30 1:25 

20 70 3 1:20 

 

Figure 1. Standard calibration curve of ascorbic acid 
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In this study, the OFAT phase was designed to 

determine operational ranges that produce clear 

and measurable variations in response, ensuring 

that the subsequent response surface analysis is 

conducted within a meaningful and sensitive 

experimental domain [24]. The optimal 

conditions identified at this stage corresponded to 

the treatment combination yielding the highest 

antioxidant capacity, expressed as milligrams of 

ascorbic acid equivalent per gram of fresh weight 

(mg AAE/g FW), a standard unit widely employed 

in DPPH-based antioxidant evaluations [19,25]. 

The effect of extraction temperature 

Figure 2 illustrates the influence of temperature 

on the antioxidant content of Moringa oleifera leaf 

extract. Antioxidant yield increased progressively 

with temperature when extraction time and the 

sample-to-solvent ratio were maintained at 30 

min and 1:20 g/mL, respectively. However, 

temperatures above 80 °C resulted in a decline in 

antioxidant content, indicating thermal 

degradation of key secondary metabolites. This 

pattern aligns with previous findings showing 

that phenolic and flavonoid compounds are heat-

labile and undergo structural deterioration when 

exposed to temperatures exceeding 70–80 °C [26-

28]. Temperature is a critical factor in extracting 

antioxidant compounds from plant materials, as it 

directly affects solvent diffusion, solubility of 

bioactive compounds, cell-wall permeability, and 

the chemical stability of secondary metabolites. At 

low to moderate temperatures (40–70 °C), 

increasing temperature generally enhances 

antioxidant yield by reducing solvent viscosity, 

improving mass transfer, and facilitating the 

release of phenolic compounds. Moderate heating 

has been shown to accelerate the liberation of 

bound phenolics, thereby increasing antioxidant 

activities measured by DPPH, ABTS, and FRAP 

assays [29-31]. However, at higher temperatures 

(>70–90 °C), antioxidant compounds are prone to 

thermal degradation, leading to a significant 

decline in activity. Polyphenols such as quercetin, 

catechin, and chlorogenic acid undergo structural 

breakdown, and vitamin C is rapidly oxidized 

under excessive heat [32-34]. Studies on Moringa 

oleifera leaves, medicinal plants, and fruit extracts 

report a parabolic relationship, where antioxidant 

activity increases up to an optimum temperature 

but decreases sharply beyond it due to oxidation 

and denaturation of phenolic structures [35,36]. 

Therefore, optimizing temperature is essential to 

maximize antioxidant yield while preserving the 

stability of thermolabile bioactive components, 

typically within 55–70 °C for water- and ethanol-

based extractions. 

 

Figure 2. The effect of extraction temperature on antioxidant capacity 
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The effect of extraction temperature 

As illustrated in Figure 3, antioxidant capacity 

increased sharply from 10 min, reaching a 

maximum at 20 min. This initial rise is attributed 

to optimal cell-wall softening and enhanced 

diffusion, which facilitate the release of phenolic 

compounds and other antioxidants into the 

solvent [37,38]. Beyond 20 min, antioxidant levels 

declined at 30 and 40 min due to thermal 

degradation, as prolonged heating compromises 

the structural integrity of polyphenols, flavonoids, 

and vitamin C, thereby reducing activity despite 

ongoing extraction [39,40]. 

From 50 to 60 min, the antioxidant content 

stabilized between 6.0 and 6.5 mg AAE/g FW, 

indicating that extraction had reached 

equilibrium, where the rate of compound release 

balanced the rate of thermal degradation [41]. 

Based on these observations, 20 min was 

identified as the optimal extraction time, 

corresponding to the peak antioxidant yield 

before significant thermal losses. 

The effect of sample/solvent ratio 

As shown in Figure 4, increasing the solvent 

volume from 50 mL (sample-to-solvent ratio 

1:10) to 100 mL (1:20) enhanced the antioxidant 

capacity from 4.53 to 9.63 mg AAE/g FW. This 

improvement is attributed to increased contact 

between the solvent and plant material, which 

facilitates the dissolution and release of phenolic 

compounds into the solution [42,43]. The peak 

value at 100 mL represents the optimal solvent 

volume for extraction. Beyond 100 mL, 

antioxidant content decreased to 8.32 and 7.25 

mg AAE/g FW at 125–150 mL (ratios of 1:25 to 

1:30), likely due to dilution effects and an 

imbalanced sample-to-solvent ratio that reduces 

extraction efficiency despite ongoing leaching 

[44]. The stabilization of antioxidant levels at 

higher volumes indicates that extraction 

equilibrium had been reached, where further 

increases in solvent volume no longer enhance the 

yield [45]. 

RSM–CCD experimental design and antioxidant 

capacity response  

As presented in Table 4, the center point runs (1, 

8, 11, 14, 16, and 17) exhibited stable antioxidant 

values within ±6 mg AAE/g FW, indicating that the 

extraction system is consistent and suitable for 

quadratic modeling [46,47].

 

Figure 3. Effect of extraction time on antioxidant capacity 
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Figure 4. The effect of sample/solvent ratio on antioxidant capacity 

Table 4. RSM-CCD on antioxidant capacity 

No. A (°C) B (min) C (g/mL) Antioxidant content (mg AAE/g FW ) 

1 0 0 0 6.04 

2 1 -1 -1 5.2 

3 1 1 1 9.46 

4 + α 0 0 8.38 

5 1 1 -1 5.5 

6 1 -1 1 9.93 

7 - α 0 0 5.54 

8 0 0 0 6.06 

9 -1 -1 1 7.29 

10 0 +α 0 6.66 

11 0 0 0 6.09 

12 -1 -1 -1 4.43 

13 0 0 - α 3.27 

14 0 0 0 6.02 

15 0 0 + α 8.14 

16 0 0 0 6.08 

17 0 0 0 5.98 

18 -1 1 -1 4.58 

19 -1 1 1 8.07 

20 0 - α 0 6.48 

The highest responses were observed in runs 6 

and 3 (9.93 and 9.46 mg AAE/g FW), 

corresponding to conditions with elevated 

temperature and sample concentration, 

confirming that these factors are key drivers of 

enhanced antioxidant capacity. This aligns with 

the understanding that higher temperatures and 

sample concentrations promote phenolic release 
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and accelerate solvent diffusion. In contrast, the 

lowest responses occurred in runs 13 and 12 

(3.27 and 4.43 mg AAE/g FW), reflecting that low 

sample concentrations and combinations of low 

temperature and short extraction time are 

ineffective for antioxidant recovery [48]. Analysis 

of the axial points indicates that temperature 

exerts a significant quadratic effect, while 

extraction time has a comparatively minor 

influence. Overall, these results demonstrate that 

sample concentration (C) is the most dominant 

factor, followed by temperature (A), with 

extraction time (B) having only a moderate effect. 

The observed curvature further supports the 

suitability of a quadratic RSM model for modeling 

antioxidant extraction. 

The ANOVA results (Table 5) indicate that the 

quadratic model is highly significant (F = 41.88; p 

< 0.0001) and consistent with the stability 

observed at the center points in the RSM-CCD 

table, suggesting that the model reliably explains 

the observed variation in antioxidant responses. 

Sample concentration (C) was identified as the 

most influential factor, with the highest F-value 

(287.85; p < 0.0001), corroborating the previous 

observation that the maximum response occurred 

at C = +1 and the minimum at C = −α. This finding 

aligns with literature reporting that increasing 

biomass or sample ratio directly enhances 

antioxidant yield [49,50].  

Table 5. Quadratic RSM–CCD ANOVA model on antioxidant capacity 

Source Sum of squares df 
Mean 

square 
F-value P-value 

Model 51.70 9 5.74 41.88 < 0.0001* 

A, Temperature 8.06 1 8.06 58.76 < 0.0001 

B, Time 0.08 1 0.08 0.63 0.4455 

C, Sample/Solvent 39.48 1 39.48 287.85 < 0.0001 

AB 0.14 1 0.14 1.09 0.32 

AC 0.69 1 0.69 5.04 0.04 

BC 0.0021 1 0.0021 0.01 0.90 

A² 2.35 1 2.35 17.11 0.002 

B² 1.01 1 1.01 7.36 0.02 

C² 0.02 1 0.02 0.18 0.68 

Residual 1.37 10 0.13 
  

Lack of Fit 1.36 5 0.27 135.63 0.0001* 

Pure Error 0.01 5 0.0020 

  

Cor Total 53.07 19 

   

R2 = 0.9742 Adj R2 = 0.9509 C.V %= 5.73 
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Temperature (A) was also significant (F = 58.76; 

p < 0.0001), consistent with greater responses at 

higher temperature levels, reflecting the 

mechanism by which elevated temperatures 

increase cell permeability and accelerate the 

release of phenolic compounds [51,52]. In 

contrast, extraction time (B) was not significant (p 

= 0.4455), indicating that duration is not a 

dominant factor, as supported by the relatively 

minor variations observed across time levels in 

the RSM-CCD data. The A–C interaction was 

significant (p = 0.04), confirming that the 

combination of high temperature and high 

concentration produces an optimal response, 

whereas the other interactions (AB and BC) were 

negligible [53]. 

The quadratic terms A² and B² were significant, 

indicating a curved response profile with a rise to 

an optimum followed by a decline, while C² was 

not significant, suggesting a more linear effect of 

concentration. The model exhibited strong 

predictive capability, with R² = 0.9742 and 

adjusted R² = 0.9509, explaining over 95% of the 

response variation, and a low coefficient of 

variation (CV = 5.73%) indicating high precision. 

Although the lack-of-fit test was significant, it was 

influenced by minimal pure error and did not 

compromise the model’s practical applicability 

[54,55]. 

The three response surface plots (Figure 5) 

exhibit patterns consistent with both the ANOVA 

results and the RSM-CCD data. The first plot 

displays a relatively flat surface along the time 

axis with a pronounced increase along the 

temperature axis, indicating that temperature 

(factor A) exerts a stronger influence than 

extraction time (factor B). This observation aligns 

with the ANOVA results, where factor A was 

significant and factor B was not, supporting the 

mechanism by which elevated temperatures 

enhance solvent diffusion and phenolic 

compound release [52,53]. 

The second plot shows a steep gradient along the 

temperature and sample-to-solvent ratio axes, 

indicating that the combination of A and C 

produces the greatest enhancement in 

antioxidant response. The diagonal contour 

pattern confirms a significant A×C interaction, 

consistent with both the ANOVA results and CCD 

data, where the highest responses occur at 

elevated temperatures and high sample 

concentrations [53,55]. The third plot 

demonstrates that the sample-to-solvent ratio (C) 

is the dominant factor, whereas time (B) has 

minimal effect, as evidenced by the steep surface 

in the C direction and the nearly flat surface along 

B. This agrees with previous literature reporting 

that the material-to-solvent ratio is a primary 

determinant of phenolic extraction efficiency [55]. 

 

Figure 5. Response surface plots of extraction variables on antioxidant capacity (a) temperature and time, (b) 

temperature and sample/solvent ratio, and (c) time and sample/solvent ratio) 
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Collectively, these response surfaces indicate 

that optimal antioxidant extraction is achieved at 

high temperature and sample-to-solvent ratio, 

with a relatively short extraction time. The 

quadratic polynomial Equation is following: 

Yrespons= β0+ ∑ βiXi+ ∑ βiiXi
2+ ∑ βijXiXj+ei

3
i<j

3
i=1

3
i=1                                                                                                 (1) 

Antioxydant capacity = 6,03 + 0,7686A + 0,0778B + 1,70C - 0,1375AB + 0,2925AC 

- 0,0175BC + 0,4023A2 + 0,2645B2 - 0,0414C2 

The fitted second-order polynomial model 

indicates that antioxidant capacity is 

predominantly governed by the linear effect of 

temperature (A) and, to a greater extent, the 

sample-to-solvent ratio (C). Among the 

coefficients, C (1.70) is the largest, confirming it as 

the most influential factor in enhancing the 

response, while temperature contributes 

significantly (0.7686) and extraction time (B) has 

a minimal linear effect (0.0778), consistent with 

the ANOVA results which indicate that time is not 

significant. The interaction between A and C was 

the only significant two-factor combination 

affecting antioxidant capacity, whereas AB and BC 

interactions were negligible. Quadratic terms A² 

and B² reflect curvature in the response, showing 

an increase to an optimum followed by a decline 

under extreme conditions, while C² was minimal, 

suggesting that the concentration effect is largely 

linear. Overall, the model confirms that the 

sample-to-solvent ratio is the dominant 

determinant of antioxidant yield, followed by 

temperature, while extraction time exerts only a 

minor influence. Maximum antioxidant capacity is 

achieved through the combined effect of high 

temperature and a high sample-to-solvent ratio. 

Conclusion 

This study demonstrates that extraction 

temperature and the sample-to-solvent ratio are 

the principal determinants of antioxidant yield 

from Moringa oleifera leaves, whereas extraction 

time indicates a negligible effect under aqueous 

decoction. The high predictive reliability of the 

RSM-CCD model (R² = 0.9742; adjusted-R² = 

0.9509) confirms its suitability for modeling 

nonlinear thermal and mass-transfer processes, 

as further supported by the significant quadratic 

components and AC interaction. The optimized 

extraction conditions 80 °C, 10 min, and 1:25 

g/mL, yielded 9.49 mg AAE/g FW, validating the 

robustness of the integrated OFAT–RSM 

framework. Beyond generating optimal 

parameters, this study’s key contribution lies in 

providing mechanistic insight into the interplay 

between solubility, diffusion, and thermal 

stability, which has been largely overlooked in 

prior Moringa extraction research. These findings 

offer a reproducible and scalable foundation for 

developing energy-efficient and industrially 

viable antioxidant extraction strategies. 
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