Journal of Renewable - .
@ Materials & Tech Science Press

D0i:10.32604/jrm.2025.02025-0105 .

ARTICLE Check for

updates

Production of Activated Biochar from Palm Kernel Shell for Methylene Blue
Removal

Sarina Sulaiman” and Muhammad Faris

Department of Chemical Engineering and Sustainability, Kulliyyah of Engineering, International Islamic University Malaysia
(ITUM), Jalan Gombak, Kuala Lumpur, 53100, Malaysia

*Corresponding Author: Sarina Sulaiman. Email: sarina@iium.edu.my

Received: 16 June 2025; Accepted: 17 October 2025; Published: 23 January 2026

ABSTRACT: In this study, Palm kernel shell (PKS) is utilized as a raw material to produce activated biochar as
adsorbent for dye removal from wastewater, specifically methylene blue (MB) dye, by utilizing a simplified and cost-
effective approach. Production of activated biochar was carried out using both a furnace and a domestic microwave oven
without an inert atmosphere. Three samples of palm kernel shell (PKS) based activated biochar labeled as samples A, B
and C were carbonized inside the furnace at 800°C for 1 h and then activated using the microwave-heating technique
with varying heating times (0, 5, 10, and 15 min). The heating was conducted in the absence of an inert gas. Fourier
Transform Infrared Spectroscopy (FTIR) highlighted a significant Si-O stretching vibration between 1040.5 to 692.7
cm™, indicating the presence of key components (Silica and Alumina) in all PKS-based activated biochar samples.
For wastewater treatment, activated biochar samples were tested against a 20 mg/L Methylene Blue (MB) solution, and
the MB percentage removal was calculated for each run using a standard curve. Central Composite Design (CCD)
experiments were conducted for optimization, with activated biochar Sample C exhibiting the highest adsorption
capacity at 88.14% MB removal under specific conditions. ANOVA analysis confirmed the significance of the quadratic
model, with a p-value of 0.0222 and R? = 0.9438. In conclusion, the results demonstrated the efficiency of PKS-based
activated biochar as an adsorbent for MB removal in comparison to other commercial adsorbents.
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1 Introduction

Palm kernel shell (PKS) is a residual material derived from the process of extracting oil from the fruit
of the oil palm tree, which is a common practice in the palm oil industry [1,2]. It is a hard, fibrous material
that is brown and has a high calorific value, which also makes it an attractive fuel source. On average, it is
estimated that around 4.7 million tons of palm kernel shells (PKS) are produced annually in Malaysia [1].
These numbers are likely to increase in the future, as the palm oil industry continues to grow and expand in
hectares and demand. The large amounts of PKS generated in the industry have led to efforts to find new and
innovative ways to use and recycle this waste material. Some of the common uses of PKS include biomass
fuel for electricity generation, as a soil amendment for agriculture, and as a raw material to produce organic
activated biochar, zeolite, activated carbon, and other value-added products. The high Silica (Si) content of
PKS ash makes it extremely fragile, while the material strength is strongly reliant on the high concentration
of iron (Fe) and aluminium (Al) [3]. It was also proven that oil palm ash content has enough Si and Al
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percentage, making them eligible to be a feedstock in producing zeolites as they have the two prerequisite
components to make a good adsorbent [4].

The textile industry often uses excessive amounts of synthetic dye such as Methylene Blue (MB), Crystal
Violet, Congo Red, Reactive Red and Acid Orange [5-9]. The adsorption process has been widely applied for
dye removal, achieving removal efficiencies ranging from 64% to 94%, depending on the type of adsorbent
utilized. Madan et al. (2019) reported thata ZnO composite used as an adsorbent achieved a high dye removal
efficiency of 90% for Congo Red at concentrations ranging from 25 to 500 mg/L. Similarly, Hamzeh et al.
(2012) demonstrated a 90% removal efficiency for Acid Orange 7 and Remazol Black 5 dyes using canola
stalks as adsorbents, with a contact time of approximately 20 min and an adsorbent dosage of 15 g/L [10]. The
adsorbent particle size ranged from 0.42 to 0.60 mm, providing a relatively large surface area that enhances
the adsorption process. PKS-based activated biochar exhibited a notably high adsorption capacity compared
to other adsorbents, achieving an impressive 86.4% dye removal efficiency for a 1000 mg/L Crystal Violet
(CV) solution, despite using a comparable adsorbent dosage to that reported in other studies [9]. Methylene
blue (3,7-bis(dimethylamine) phenothiazine chloride tetra methylthionine chloride) is a synthetic dye that
is widely used as a colorant in the paper, wool, silk, and textile industries [11]. Compared to other industries,
the textile industry is the largest contributor of dye effluent discharge into the environment [12]. Despite
claims to the contrary, wastewater containing methylene blue dye that is only partially or improperly treated
can pose serious health risks to humans, animals, and even plants, as methylene blue is cationic in nature
and can interact negatively with biological systems [13]. Furthermore, because methylene blue is difficult
to degrade, its complete removal from effluents requires specific and often complex treatment methods.
Numerous techniques have been explored for dye removal from wastewater; however, the adsorption process
remains the most widely favored due to its cost-effectiveness and high efficiency [14]. However, synthetic
adsorbents used in the adsorption process are often expensive for large scale applications. Consequently,
numerous studies have focused on developing alternative, low cost organic adsorbents, such as activated
biochar, to provide a more sustainable and economical solution.

Usually, activated biochar works as an adsorbent to sequester pollutants through mechanisms like phys-
ical adsorption, chemical bonding, and ion exchange [15,16]. Its porous nature provides ample surface sites
for adsorption, while the presence of functional groups enhances interactions with target compounds [15].
The exploration of activated biochar as an adsorbent offers great potential for developing sustainable
solutions to challenges in wastewater treatment, soil remediation, and pollution control. Microwave-assisted
synthesis of activated biochar presents an innovative and efficient approach, providing benefits such as rapid
heating, reduced energy consumption, and precise control over reaction conditions. This method enables the
production of activated biochar with tailored physicochemical properties, including optimized surface area
and pore size distribution [17]. It has also been proven to offer a significantly shorter synthesis time compared
to conventional activation methods [18,19]. This method is particularly advantageous for optimizing the
characteristics of activated biochar, thereby enhancing its adsorption capacity for targeted contaminants. The
incorporation of microwave technology in activated biochar synthesis aligns with the increasing emphasis
on sustainable, energy efficient, and environmentally friendly approaches in science and engineering.

Although palm kernel shell (PKS), microwave assisted activation, and dye removal have been widely
reported, most studies employ either laboratory scale furnaces with controlled atmospheres or specialized
microwave reactors, which limit scalability and accessibility. In this study, a simplified and cost-effective
approach is demonstrated by utilizing both a furnace and a domestic microwave oven without an inert
atmosphere for biochar activation. Biochar was synthesized from PKS and then was activated using
microwave heating, followed by analyzing the characteristics of the final product to fit its usage for wastewater
treatment. Microwave heating was carried out under normal atmospheric conditions, without the use of an
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inert gas to control the environment. The success of this study will give a major benefit to industry as we look
to promote sustainable practices in the palm oil industry and to develop alternative sources of bioenergy that
are less harmful to the environment, which is one of the ultimate goals of this study.

2 Materials and Methods
2.1 Materials and Equipment

The palm kernel shell (PKS) was obtained from a supplier, Woodlife Sdn Bhd., Kuala Lumpur and was
stored at room temperature before the start of the experiment. In the initial phase of the experiment, the
palm kernel shell underwent a cleaning procedure, during which it was thoroughly rinsed with distilled
water to eliminate any surface contaminants. Subsequently, it underwent a drying process in a laboratory
oven at 60°C for 24 h to remove moisture content. Following the drying process, the palm kernel shell was
grounded using a household standard Panasonic blender and sieved to attain a fine brown powder form,
ranging below 250 um [20]. Upon completion, the PKS went through a leaching process to remove metallic
oxide impurities using 500 mL of 0.1 M Hydrochloric Acid (HCI) from Sigma’s Aldrich for 1 h before being
recovered and rinsed with distilled water [20]. Next, the PKS solution was filtered using Buchner funnel and
the recovered PKS was rinsed with distilled water to remove the remaining acid content (Mamudu et al,,
2021). The recovered PKS was then dried inside an oven at 60°C for 45 min before being carbonized inside
the furnace at 800°C for 1 h [20].

2.2 Methods
2.2.1 Preparation of Adsorbate

Methylene Blue dye powder (C2181) Bendosan was obtained from Progressive Scientific Sdn. Bhd. For
MB stock solution, 20 mg of MB was added into 1000 mL of distilled water and mixed on a hotplate stirrer
for 60 min at room temperature to form a 20 mg/L MB stock solution. The prepared solution was then used
to create a dilution series of 100%, 80%, 60%, 40%, and 20% MB concentration with distilled water to obtain
a standard curve that serves as a guide for the MB removal percentage analysis [21].

2.2.2 Activated Biochar Synthesis

The PKS solution was formed by adding 2.2 g of treated PKS into 22 mL of distilled water [20]. Next,
NaOH was added as a directing agent for the solution at a ratio of 1:0.3. The solution was then placed in a
hotplate stirrer for 60 min at 70°C to achieve a homogenous solution [20]. After 1 h, the samples were cooled
at room temperature before placed into a household-standard Samsung domestic microwave oven (800 W,
2.45 GHz) for the heating process at a varying heating time (5, 10 & 15 min) under low power, where Sample
A was heated for 5 min, Sample B for 10 min, and Sample C for 15 min. The activation step was conducted
using the microwave without inert gas in a closed container, and the activated biochar was recovered at the
end of the experiment. The sample was thoroughly washed with distilled water until neutral [22].

2.2.3 Characterization of Activated Biochar
The following characterization methods were employed for the synthesized activated biochar:
Scanning Electron Microscopic (SEM)

The activated biochar samples’ morphological structure was examined through scanning electron
microscopy (SEM), SEM JEOL JSM-IT100, Japan instrument. It was then followed by Energy-Dispersive
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X-ray Spectroscopy (EDX) analysis using software provided by the same equipment to study the elemental
composition of the activated biochar.

Fourier Transform Infrared (FT-IR)

Fourier-transform infrared (FTIR), Thermo Scientific Nicolet iS50 was utilized to analyze the present
functional groups in the synthesized activated biochar. This analysis is done through the service of INHART
at [IUM Gombak Campus, Malaysia. The wavenumbers were set at a range of 650 to 4000 cm ™' against the
measurement of the samples’ percentage absorbance.

2.3 Wastewater Treatment Analysis

For wastewater treatment analysis, the prepared 20 mg/L MB stock solution was used as the primary
wastewater sample throughout the experiment.

2.3.1 Preparation of Standard Curve

Using the 20 mg/L MB stock solution, a dilution series was developed by transferring 100 mL of the
MB stock solution into a 250 mL conical flask and labeled as 100% concentration, followed by subsequent
dilutions of 80%, 60%, 40%, and 20% by diluting the preceding solution with distilled water in specified pro-
portions [21]. Once completed, each solution absorbance was measured using a UV-VIS Spectrophotometer
(Shimadzu (Tokyo, Japan)) at a wavelength of 665 nm. The standard curve served as a key to the analysis to
convert the measured absorbance values into meaningful concentration values [21].

2.3.2 Batch Adsorption Experiment

The adsorption was conducted in batch mode, wherein each sample (Samples A, B, C) underwent seven
experimental runs provided by the Design Expert. Subsequently, a predetermined quantity of the adsorbent
(5,15, 25 mg) was introduced into each flask, and the mixture was subjected to agitation in an orbital shaker
for one hour at a specified rotational speed (150, 250, 350 rpm) [19]. Following the one-hour adsorption
period, the solutions were extracted from the orbital flask and promptly transferred to a spectrophotometer
for the determination of their final concentrations. This process entailed the transfer of the solution into a
cuvette, which was then placed within the spectrophotometer for absorbance measurement. The identified
absorbance values were subsequently correlated with a standard curve to ascertain the final percentage
concentration [19]. The determination of the removal percentage was then accomplished by using Eq. (1)
below:

Ci-Cy
MB %Removal =

x 100% 1

where;
C; = initial %concentration of MB solution

Cr= final %concentration of MB solution

2.4 Design of Experiment

The optimization procedure aimed to maximize the percentage of MB removal, and it used a Response
Surface-Central Composite experimental design created by Stat-Ease Inc’s Design-Expert software version
13. Table I defines the specified factor levels and ranges, while Table 2 describes the conditions for the
optimization experimental design. For a CCD with two factors and one response, the typical design includes a
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set of factorial points, axial points, and center point. The center points are replicated to improve the precision
of the experimental estimates as per Fq. (2).

N =2X4+2K +n¢ )

where:
K—number of factors

nc—number of center points

Table 1: Range of levels for experiment parameters

Level
Variables (Factors) Unit of variables evess
Low (-1) Centre (0) High (1)
A: Adsorbent dosage mg 5 15 25
B: Mixing rpm 150 250 350

Table 2: Experimental design for factors optimization

Factor1 Factor 2 Response 1
Run ..
A: Adsorbent dosage (mg) B: Mixing (rpm) MB percentage removal (%)
1 5 150
2 5 350
3 15 250
Sample 15 250
5 15 250
6 25 150
7 25 350

3 Results and Discussion
3.1 Characterization of Activated Biochar
3.1.1 Scanning Electron Microscopy (SEM)

The morphology of synthesized activated biochar samples (A, B, C) was studied using Scanning Electron
Microscopy (SEM). Fig. 1 illustrates similar physical characteristics, such as tiny porous structures with
cracks and fissures [23]. Activation and treatment with strong acid led to pronounced increases in micropore
surface area, a positive attribute for activated biochar adsorption and ion exchange capabilities [4,24].
Notably, Sample A exhibited a rougher surface compared to Samples B, and C, aligning with research
indicating that activated biochar with greater surface roughness and porosity tends to exhibit superior
adsorption capabilities [13]. The rough surface texture with irregularities, pores, and crevices provides
additional binding sites, enhancing the overall effectiveness of the activated biochar as an adsorbent [13].
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Figure 1: SEM images of activated biochar samples under 100x magnification (i) Sample A (ii) Sample B
(iii) Sample C

Analysis using SEM with Energy-Dispersive X-ray Spectroscopy (EDX) shows that all four samples
exhibit a similar overall elemental makeup, predominantly composed of sodium (Na), oxygen (O), and
carbon (C) as detailed in Table 3. This implies a shared inorganic matrix or substrate across all samples,
consistent with the organic origin of palm kernel shells [25]. Notably, Sample A features the highest Na
content (66.2%), contrasting with Sample C, which records the lowest (23.7%). The use of NaOH as a
directing agent in the synthesis process contributed to the high Na content in the activated biochar samples,
differing from literature-reported PKS-based activated biochar elemental compositions [26]. This could be an
indication of the presence of Na entities incorporated onto the surface where Sample A showed no detectable
carbon. This is likely due to the detection of light elements with EDXS remaining challenging, as the X-ray
signals are more easily re-absorbed compared to heavier elements, and the fluorescence yield is inherently
low [25,27]. Higher proportions of Si and Al in the PKS-based activated biochar suggest their potential to
strengthen the activated biochar matrix when used as an absorbent [25]. Samples B and C show Carbon
content of 19.8% and 17.9%, respectively. The unique pyrolysis conditions employed in this research can
influence the chemical composition, and higher temperatures or longer residence times may result in more
complete carbonization and lower oxygen content [26].
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Table 3: EDX analysis of samples A, B, C in comparison with literature review

Lit. Review

Element Sample A Sample B Sample C (Okoroigwe

etal., 2014)

Weight (%) o Weight (%) o Weight (%) o Weight (%) c

Na 66.2 1.1 19.0 0.9 23.7 1.5 - -
@) 27.6 0.8 60.1 2.0 56.9 2.8 30.8 -
C - - 19.8 1.5 17.9 2.0 60.7 -
Si 2.3 0.4 0.3 0.1 0.3 0.1 1.0 -
Al 2.2 0.7 0.2 0.1 0.1 0.1 0.1 -
Ca 1.1 0.4 0.3 0.2 0.7 0.3 - -
K 0.5 0.6 0.2 0.2 0.3 0.2 0.1 -
Mg 0.1 0.5 0.0 0.1 0.0 0.1 - -

Note: Where o is the standard deviation.

3.1.2 Fourier Transform Infrared (FT-IR) Analysis

This study utilized Fourier-transform infrared spectroscopy (FTIR) to analyze the composite, focusing
on the Si and Al presence and identifying additional functional groups present in the synthesized activated
biochar as shown in Fig. 2. Comparing our findings to the result from the literature review, a broad peak
around 3400 cm™! indicates the presence of O-H groups, suggesting significant hydroxyl functionality,
possibly retained from the acid leaching process [21,28]. Notably, Samples A, B and C show a reduction in
hydroxyl groups, potentially influenced by prolonged heating time [4]. Peaks at 2876.99 to 2881.75 cm™*
indicate aliphatic C-H stretching vibrations, suggesting the presence of alkanes and alkyl groups in all
samples. The peak at 1629.62 to 1313.73 cm™! aligns with C=C double bonds in aromatic rings, indicative of the
presence of lignin or aromatic components in the activated biochar, consistent with PKS composition [21,29].
Furthermore, Si-O stretching vibrations were observed in all four samples within the range of 809 to
1040.5 cm™, indicating the presence of Silica and Alumina from the PKS incorporated into the activated
biochar structure [21]. Furthermore, the use of NaOH activation significantly increases the surface area
and adds different functional groups, such as C-H stretching, which are crucial for boosting adsorption
capacity. FTIR spectra indicate that hydrochloric acid leaching diminished the strength of mineral-related
bands between 770-1000 cm™' and enhanced the O-H absorption peaks around 3200 cm™, suggesting
effective removal of ash components and exposure or addition of oxygen-containing functional groups on
the biochar’s surface especially for samples B and C. Overall, the FTIR spectra aligned well with the literature
findings, and microwaves shorten processing time while promoting more uniform activation and improved
pore accessibility.
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Figure 2: FTIR spectra of the activated PKS biochar (i) Sample A (ii) Sample B (iii) Sample C

3.2 Wastewater Treatment
Design of Experiment

Sample A exhibited the highest MB removal percentage (80.94%) at 25 mg adsorbent dosage and 350
rpm, while the lowest percentage (46.48%) occurred at 5 mg adsorbent dosage and 150 rpm. Fig. 3i shows
the significant influence of dosage and mixing speed on MB removal, with higher values contributing to
increased removal percentages [30].

Fig. 3ii-Sample B exhibits a consistent increase in removal percentage is observed with higher adsorbent
dosage and mixing speed, surpassing Sample A overall, with values ranging from 57.91% to 83.97%. The
disparity in heating time during synthesis is a probable explanation since Sample B, synthesized for a longer
duration, was likely to achieve higher carbonization, enhancing activated biochar adsorption capacity [4,31].
This aligns with the literature review that found extended heating times resulted in increased cadmium
adsorption due to higher carbon content and lower ash content, enhancing biochar stability [16].

Sample C demonstrated the highest removal percentage among the four samples, reaching a peak
removal of 88.14% at 25 mg dosage and 350 rpm mixing speed, affirming the positive correlation between
these two factors. Even at the minimum dosage and mixing speed, Sample C exhibited a superior removal
percentage compared to other samples under the same conditions, emphasizing the significant influence
of activated biochar heating time on adsorption capacity and chemical content [16]. The 3D surface plots
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in Fig. 3iii illustrated a notable impact of varying adsorbent dose and mixing speed on dye removal,
indicating an increase in removal with the elevation of both parameters.

Percentage Removal (%)
Percentage Removal (%)

B: Mixing (rpm) A Adsorbent Dosage (mg) B: Mixing (rpm)

Percentage Removal (%)

250
B: Mixing (rpm) A: Adsorbent Dosage (mg)

Figure 3: 3D surface of percentage removal against adsorbent dosage and mixing speed (i) Sample A (ii) Sample B (iii)
Sample C

In comparison to alternative low-cost adsorbents investigated for the removal of methylene blue, the
activated biochar synthesized from palm kernel shell (PKS) in the present study demonstrated efficacy,
achieving a removal efficiency of 88.4% within a reduced dosage range of 5-25 mg. Although the banana peel
biochar pyrolyzed at 500°C for 1 h achieved a superior removal rate of 94%, it needs a longer contact time of
120 min and a higher dosage adsorbent, 0.10 g [5]. Bamboo powder, chemically activated with 3 M KOH and
subsequently pyrolyzed at 900°C for 2 h, demonstrated effectiveness by achieving a comparatively higher
removal efficiency (99.08%); however, it required a higher adsorbent dosage of 5 g/L [22]. Furthermore,
in this study, without chemical activation under microwave treatment, a removal efficiency of 61.61% was
achieved using a 25 mg dosage at 350 rpm. These results indicate that PKS activated biochar represents a
viable alternative for cost-effective and efficient dye removal from wastewater after chemical activation via
microwave heating.
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Based on the analysis using Design Expert, the final equation in terms of coded factors is shown
in Eq. (3):

Percentage removal = +80.28 + 8.11A +1.31B — 0.9000AB (3)

where:

A—Adsorbent dosage (mg)

B—Mixing speed (rpm)

The regression equation for the optimization of process parameters showed that MB removal (%) is a
function of the adsorbent dose (A) and mixing speed (B). From the equation, A and B were both positive
values, which indicated a positive effect in the increasing percentage of MB removal [30]. On the other hand,
AB had negative effects on the percentage of MB removal. Table 4 shows the Analysis of Variance (ANOVA)
for the response surface quadratic model. According to the analysis, the model F-value obtained was 16.79,
which reflected that the model was significant. Using this model, only 2.22%, a small amount of chance that
the model F-value could occur due to noise. In addition, the model was considered significant because values
of Prob > F were less than 0.0500.

Table 4: Analysis of variance (ANOVA) for response surface quadratic model for process optimization of MB removal

Source Sumof  Df, degree Mean F-Value p-Value
squares  of freedom square
Model 273.57 3 91.19 16.79 0.0222  Significant
A—Adsorbent dosage 263.41 1 263.41 48.51 0.0061
B—Mixing speed 6.92 1 6.92 1.27 0.3411
AB 3.24 1 3.24 0.5967 0.4961
Residual 16.29 3 5.43
Lack of fit 4.15 1 4.15 0.6846 0.4950 Not
significant
Pure error 12.14 2 6.07
Corrected total 289.86 6

For this study, A, was found to be significant model terms as the p-value was less than 0.01. In contrast,
mixing speed (B) and the interaction between dosage and mixing speed (AB) were not statistically significant.

With the lack of fit F-value of 0.68 and based on pure error, it implied that the lack of fit was not
significant. Plus, a non-significant lack of fit was good because it indicated that the model was fit. However,
there was a 49.50% chance that a lack of fit F-value this large could occur due to noise. Moreover, based
on the ANOVA, the R? for this model was found to be 0.9438 as shown in Table 5. This value reflected that
94.38% of the total variation in the percentage of MB removal attributed to the experimental variables was
studied. In the case of signal-to-noise ratio. The value of A4.q Precision was observed to show an adequate
signal since the ratio was 10.707. This value was good enough to indicate that this model could be used to
navigate the design space of this experiment since a ratio greater than 4 is desirable.
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Table 5: Statistics of the experimental model

Std. Dev. 2.33 R? 0.9438

Mean 80.28  Adjusted R*  0.8876
Coefficient of variation (CV) % 2.90  Predicted R?  0.7968
Adeq Precision  10.7070

3.3 Validation

The validation step was crucial to determine the percentage error of the model and determine the
consistency of the model based on the percentage of MB removal. In this study, there was only one solution
that had been suggested by ANOVA for the validation as shown in Table 6.

Table 6: Solution suggested with percentage error

Adsorbent Mixing (rpm) Predicted Actual percentage  Percentage
dosage (mg) percentage of MB of MB removal error (%)
removal (%) (%)
25 350 88.80 88.14 0.7

Based on the solution suggested, the predicted percentage of MB removal was 88.80% while the
percentage of wax removal based on the experimental obtained was 88.14%. Using both values and, the
percentage error was calculated and indicating that the model was valid to be used since the percentage error
obtained was below 1%.

4 Conclusion

The present study has demonstrated that activated biochar synthesized from PKS and further activated
using microwave heating under normal conditions, in the absence of inert gas, can be an effective alternative
for wastewater treatment. The approach represents a low cost proof of concept, offering accessible and
scalable routes for biochar production. In this study, acid leaching treatment and microwave activation at 5 to
15 min were successfully conducted. In terms of adsorption capacity, Sample C was proven to have the highest
capacity after undergoing leaching process and microwave synthesis for 15 min. From the experimental
design and the model, it was shown that the maximum percentage of wax removal (88.14%) was achieved
at 25 mg adsorbent dosage and mixing speed of 350 rpm using Sample C. However, the correlation between
adsorbent dosage and mixing speed against the rate of adsorption process by an adsorbent is not significant.
Analysis using ANOVA revealed significant model with p-values less than 0.05 (Prob > F) and R? value of
0.9438, indicating a significant quadratic model.
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