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Abstract: The walnut green hull is an agro-waste, a source of natural dye and volatile compounds with
various biological activities, but the main challenge with the conventional extraction method is the
quality and quantity of the volatile compound (dye) extraction from walnut hull waste. The objective
of this research work is to use microwave-assisted extraction (MAE) as an emerging technology.
Further, the MAE process was optimized using a Box–Behnken Design (BBD) of response surface
methodology (RSM). The variables in MAE process optimization were microwave power, microwave
time, solvent volume, and raw material particle size. The result indicated that MAE produces a higher
extraction yield compared to the conventional method. The RSM analyses showed an increase in
extract yield, total phenolic content, and total flavonoid content, along with antioxidant activity. The
optimized condition parameters of MAE were reported to be 363.64-watt microwave power, 3.133 min,
39.999 mL/g solvent volume, and 150 µm particle size, the extract yield was 39.65%, followed by
total phenol content of 83.535 mgGAE/g, and total flavonoid content was 18.98 mgQAE/g, while
antioxidant activity was 76.298%. Additionally, the optimized sample was characterized using SEM
and GC-MS.

Keywords: walnut hull; microwave-assisted extraction; conventional method; antioxidant

1. Introduction

The walnut is an edible seed/nut/stone fruit [1]. It is the primary nut crop of India
and was also known by the name “royal nut”. China was the main global producer of
walnuts in 2021/2022, with over 1.1 million metric tonnes produced. The United States
came in second with around 657.7 thousand metric tonnes of walnut production. The
production of India was 36 thousand metric tonnes. The major walnut producer state is
Jammu and Kashmir, which contributes 91.16% of the total production of India. The walnut
tree is a good source of products, i.e., dried fruit, green walnut, kernels, bark, leaves, and
shells, which can be utilized in food, pharmaceutical, and cosmetic industries. Among
these, walnut kernels are the most desired application part of the walnut fruit, which is
used in the production of biscuits, bread, cakes, etc. [2,3]. While processing the nut, the
by-product is generated in the form of a walnut hull. However, the walnut hull could
be considered a highly futuristic and profitable candidate for phytochemical extraction.
A careful processing and detailed investigation of the walnut hull should be considered
to utilize value-added compounds. The phytochemical constituents in walnuts and their
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products possess various biological activities, including laxative, anti-proliferative, anti-
bacterial, anti-septic, anti-fungal, anti-cancer, diuretic, antioxidant, anti-inflammatory, and
anti-cancer actions [2,4–6].

MAE has been applied to extract several volatile compounds from different raw
materials [7]. The MAE uses a high-energy microwave, which heats the sample rapidly due
to the movement of liquid molecules. It enhances the characteristic capillary porosity that
results in the interaction of the solvent with the plant cells and, subsequently, releases the
substances from the plant cell into the solvent. In previous studies conducted by various
research organizations, the MAE technique has unveiled excellent characteristics, such as
reduced equipment size, increased extract yield, and reduced thermal gradient [8]. MAE
can extract bioactive compounds more rapidly by reducing the use of an organic solvent
which is why it is also known as green technology [9].

There is limited scientific evidence that walnut hulls can be used to extract phytochem-
icals. These walnut hulls have a wealth of nutritional benefits that are brought to use for a
wide range of applications, including natural food coloring, product development, cosmet-
ics, and biomedical research. In this context, black walnut hull extract could be a useful
alternative for enhancing, expanding, and promoting its benefits for future applications.
Extraction of natural colors from their origin is the most important stage in natural dye
applications as the efficiency of the extraction method strongly influences the color depth
and hence the dyeing behavior of the material to which it is used [10]. With this theory, our
research is designed to investigate the use of MAE as a green extraction technique alter-
native to the conventional extraction process. Furthermore, the extraction condition and
parameters of MAE were optimized using RSM statistical model. Additionally, this study
categorizes and explains the fundamental aspects of the microwave-assisted extraction
method’s operating mechanism, then rates and analyzes them according to how effectively
they function. Extractions can be predicted and optimized with the use of mathematical
models. The models can give insight into the physical and chemical principles in effect
during the extraction process, allowing for more precise control over extraction parameters.
This model addresses the interaction between matrix and solvent–solute concentrations
and suggested that equilibrium was reached during the extraction process. The rate of
extraction was also modeled in the proposed model. The model may be used to find
the optimal extraction duration and temperature. By optimizing the yield, quality, and
sustainability of the extraction process, mathematical models can lead to more efficient
and effective procedures. The novelty of this work is to use the walnut hull waste for the
extraction of phytochemicals economically using a method development approach.

2. Material and Methods
2.1. Collection of Raw Materials

Walnut was collected from local shop of the region of Nainital, Uttarakhand, India.
The hull was removed by using a razor-sharp knife. The walnut hull was then dried using
a Tray drier (SS 96 TRAY DRYER, Material Grade: SS-304) at 50 ◦C for 24 h. After drying,
the walnut hull was subjected to size reduction in the hammer mill equipment (HM-05
stainless steel). The powdered hull sample was further screened using hand sieving to the
particle size range of 3 levels viz. 150, 300, and 450 µm (Micrometer). The solvent used
for extraction was ethanol. These three samples were then kept in air-tight glass jars until
further analyses.

2.2. Chemicals and Equipment

All chemicals used during the experimentation were AR grade, and various equipment
used during the study are electronic balance (MSW, 10A/VA Delhi Mettler AE 166), tray
drier (Rays scientific instruments), magnetic stirrer (BEXCO, B07N6LM446), microwave
oven (Model MC-7148MS), hammer mill (S: G, 1MT/H to 40MT/H), and spectrophotometer
(Lasanay LI-2904).
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2.3. Response Surface Methodology

The Box–Behnken Design (BBD) of response surface methodology is a combination
of mathematical and statistical methods based on the fitting of polynomial equations to
experimental data. For the designed experiments, a three-level-three factor BBD was
applied to determine and optimize the MAE for extraction of phytochemicals and volatile
compounds.

2.4. Experimental Procedure

The microwave-assisted extraction study was carried out in two phases. The initial
phase consists of optimizing MAE extraction parameters. The independent variables used
for the experiment include microwave power (160, 320, and 480 W), treatment time (2, 3,
and 4 min), solvent volume (20, 30, and 40 mL), and particle size of raw material (150, 300,
and 450 µm). At various combinations of the independent variables, the four dependent
variables were analyzed.

The conventional extraction was carried out in a water bath using standard solvents
(distilled water and 50% ethanol, (v/v)), yielding a dried powdered plant material/solvent
ratio of 1:20. The extraction time was set at 30 min at 50 ◦C. After extraction, all samples
were centrifuged (6000 rpm, 10 min) in a laboratory centrifuge (LC 320), and the supernatant
was collected for further analysis.

Both extracts were evaluated for the following analyses.

2.4.1. Determination of Extraction Yield

The extraction yield (%) measures the solvent’s effectiveness in extracting specific
components from the original material and is defined as the quantity of extract recovered in
mass relative to the initial amount of sample. It was established for each approach that was
examined. The extraction yield was measured by weighing the dry extract after drying [10].
The yield of the extracted material was estimated as follows:

Yield(%) =
Weight of recovered extract

Weight of dry sample
× 100

2.4.2. Determination of Total Phenolic Content (TPC)

The TPC was measured using the Folin–Ciocalteu method, as described by
researchers [7,11]. The reagent was diluted with distilled water in a ratio of 1:10, and
0.5 mL of each extracted sample was mixed with 2.5 mL of 10% Folin–Ciocalteu reagent. A
volume of 2.5 mL of 7.5% sodium carbonate was added to the above-mentioned mixture,
and the reaction mixture was left to rest at room temperature for 30 min to acquire blue
color. The absorbance of the blue color was measured using a UV-Visible spectrophotometer
at 765 nm. The phenolic content was evaluated using Gallic acid as a standard at values
ranging from 0 to 20, 40, 60, 80, and 100 g/mL. The total polyphenol content was measured
in milligrams of Gallic acid equivalent (GAE) per gram of extract [7]. Each extract was
analyzed in triplicate.

2.4.3. Determination of Total Flavonoid Content

The aluminum chloride colorimetric technique [7] was modified to estimate flavonoid
content. Then, 1 ml of the extract was mixed at room temperature for 30 min with 3 mL
of methanol, 0.2 mL of 10% aluminum chloride, 0.2 mL of 1M potassium acetate, and
5.6 mL of distilled water. The same procedure was performed to create a sample blank, but
distilled water was substituted for aluminum chloride. The absorbance was measured at
420 nm. The standard was quercetin (1 mg/mL). The standard curve was used to calculate
the flavonoid content, which was represented as quercetin equivalent (mg/g of the isolated
molecule). Each extract was analyzed in triplicate.
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2.4.4. Determination of DPPH Radical Scavenging Activity

An aliquot of 1.5 mL of sample solution was combined with 1.5 mL of methanolic
solution of DPPH (0.2 mM) with methanol as a control. The reaction mixture was incubated
in the dark at room temperature for 30 min. The absorbance of the resultant solution was
measured at 517 nm. Each extract was examined in triplicate [12]. The DPPH scavenging
capability of the tested sample was estimated as follows:

Antioxidant Activity% =
Control absorbance − extract absorbance

Control absorbance
× 100

2.5. Second Phase

In the second phase, the optimized results from the 2 extraction methodologies were
compared. The thick brown colored filtrate collected after extraction was filled in the
centrifuge tubes for centrifugation for further clarification. The filtrate was then centrifuged
for 15 min at 8000 rpm. After centrifugation, the slurry (sample + solvent mix) was filtered
using Whatman No. 1 filter paper to separate the solid residue and liquid extract. After
complete filtration, the solid residue was retained on the filter paper. The filtrate was then
stored overnight at 80 ◦C in a hot air oven for drying to remove moisture. Later, the extract
was stored at room temperature in powdered form for further analysis. For the analysis
section, apart from three dependent variables, the color strength was also included for
quantitative as well as qualitative characteristics of the extract from the walnut hull. GC-MS
was performed for the optimized sample to characterize the different compounds present
in the walnut hull extract. Scanning Electron Microscopy (SEM) was also conducted for
the dried hull powder before extraction, the residue left after the extraction of bioactive
compounds, and the residue remaining after the extraction.

2.5.1. Gas Chromatography–Mass Spectrometry (GC-MS)

In this investigation, the GC-MS technique was employed to detect the phyto-components
present in the extract [13]. This extract was GC-MS analyzed with a GC SHIMADZU QP2010
system with a gas chromatograph interfaced to a mass spectrometer (GC-MS) equipped
with an Elite-1 fused silica capillary column. SPME (Solid Phase Microextraction) was used
to inject the sample. An electron ionization energy system with an ionization energy of
70 eV was used for GC-MS detection. The carrier gas was helium gas (99.999%) at a constant
flow rate of 1.51 mL/min and an injection volume of 1 l (split ratio: 10). The temperature
of the injector was 240 ◦C, and the temperature of the ion source was 200 ◦C. The oven
temperature was set to 70 ◦C (isothermal for 3 min), then increased to 300 ◦C for 10 min.
Mass spectra were collected at 70 eV with a scanning interval of 0.5 s and a scan range of
40–1000 m/z. The total running time for the GC was 45 min. Each component’s relative
percentage amount was estimated by comparing its average peak area to the total areas. A
GC MS solution ver.2.53 was used to handle mass spectra and chromatograms. Component
identification the National Institute of Standards and Techniques (NIST08s), WILEY8,
and FAME databases were used to interpret the mass spectrum GC-MS. The unknown
component’s spectrum was compared to the known component’s spectrum stored in the
NIST08s, WILEY8, and FAME libraries. The name, molecular formula, molecular weight,
and structure of the component of the test material were ascertained. Each extract was
analyzed in triplicate.

2.5.2. Scanning Electron Microscopy (SEM) Analysis

SEM analysis was conducted to analyze the effect of both extraction techniques on the
morphology of the peel. The walnut hull powder samples after extraction by two different
methods were observed using SEM for full-form morphological characterization by the
method described by [14]. The powder after extraction was observed using SEM (Quanta
200, FEI company) available in the College of Veterinary Sciences, GBPUAT. Before SEM
analysis, powder samples were collected and dried in an oven at 60 ◦C until a constant mass
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was attained. Sample particles were fixed to a specified carbon film support, and their shape
and surface characteristics were examined using a GSED detector in environmental mode
(ESEM). The structural difference can be determined utilizing the SEM images generated
following analysis, which were then compared for the structural difference.

2.6. Statistical Data Analysis

The model was created using the response surface approach and the Design Expert
10.0.1 version [Design Expert v12 by Stat-Ease, Inc. (Suite 480, Minneapolis, MN, USA)].
The data were fitted with the complete second-order model given in the following equation,
and the model’s adequacy was checked using R2 (coefficient of multiple determination) and
Fisher’s F-test. The parametric influence on various responses was achieved by interpreting
created models. A second-order response function with four independent variables has the
generic formula:

Y = β0 + [β1X1 + β2X2 + β3X3 + β4X4] + [β11X12 + β22X22 + β33X32 + β44X42] + [β12X1X2 +β23X2X3 + β34X3X4 + β41X4X1]

The experimental data were analyzed using multiple regression analysis to construct
response functions and acquire variable parameters optimized matching to the best out-
comes. The software calculated the values of model coefficients and related statistics, such
as lack of fit and p-value. The likelihood of significance is represented by the value of p. A
model with lower p-values was deemed superior. Models with p-values less than 0.1 were
approved. The influence of independent factors on the answers was graphically analyzed
using contour plots. The combination of two independent variables was chosen while the
other two remained at their optimal values achieved through numerical optimization. In
addition to contour graphs, perturbation graphs are used to visualize the divergence of the
independent variables at the optimum point. Experiments were carried out to confirm the
ideal findings provided by the Design Expert 10.0.1 program. The optimized values were
validated and forecasted, and the actual values were compared to establish the model’s
validity and ideal outcomes.

3. Result and Discussion

An intensive study was conducted for process optimization for the extraction of
phytochemicals from the walnut hull by employing the microwave extraction technique.
The experimental plan was based on the Box–Behnken Design (BBD) of Response Surface
Methodology (RSM) to evaluate optimized values, and the experiments were performed
accordingly.

This entire study was conducted in two phases. In the first phase, the dried walnut
hull powder was used for phytochemical extraction that contains volatile compounds,
and the extract was analyzed quantitatively and qualitatively using various responses,
such as Extract yield, TPC, TFC, and DPPH Antioxidant activity. In the second phase, the
optimized extract sample was qualitatively characterized for GC-MS and SEM analysis for
the presence and identification of the volatile compounds.

Experimental data of the extraction study was analyzed statistically, as well as graphi-
cally, followed by optimization of independent variables for getting the best results. Regres-
sion analysis of variables was obtained employing RSM with BBD for all variables. ANOVA
was employed to critically investigate/examine the models. A full second-order model was
fitted into each response and was further utilized to interpret the significance of variables
in the response. If the model was found adequate, the best-fit equation was generated
as a means to draw contour plots to indicate the effect of independent variables on the
linear and interactive responses graphically. Finally, conclude with the optimization of
different process conditions using software 10.0.1. Optimization was conducted to generate
the optimum points of the independent variables for the best possible combinations of
independent variables. Furthermore, actual experiments were performed at optimal points
and compared with optimized results to verify the model.
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3.1. Statistical Analysis of Walnut Hull Extract

Box–Behnken Design (BBD) approach of Response Surface Methodology (RSM) was
used for designing experiments. A total of 29 experiments were conducted and analyzed
for four responses, which comprised extract yield, Total Phenolic Content (TPC), Total
Flavonoid Content (TFC), and DPPH antioxidant activity. Results of the experimental
data showing the effect of all independent variables on the responses are presented in
Tables 1 and 2. Besides this analysis, the data was optimized for the best results. The
optimized sample was further analyzed using Gas Chromatography–Mass Spectrometry
(GC-MS) for qualitative analysis identification of the volatile compounds. Scanning Electron
Microscopy (SEM) was also conducted for the optimized results of MAE and control.

Table 1. BBD Experiment for particle size, microwave power, microwave time, and solvent volume
independent variables.

Factors Responses

A: Particle
Size
(Um)

B: Microwave
Power

(W)

C: Microwave
Time
(Min)

D: Solvent
Volume
(ml/g)

Yield
(%)

TPC
(GAE/g)

Flavonoid
(QAE/g)

Antioxidant
(%)

150 320 3 40 40.5 90.7 20.06 74.04
300 160 4 30 29.08 31.27 10.14 59.8
150 320 3 20 39.5 77.82 18.65 72.72
450 320 4 30 32.21 45.25 12.32 65.97
300 320 3 30 37.11 69.85 17.02 72.8
300 160 2 30 26.67 28.68 8.98 57.39
150 320 4 30 36.52 62.11 15.12 70.54
450 320 3 40 37.01 54.37 14.02 70.53
450 320 2 30 30.18 38.58 11.31 63.39
300 320 4 20 36.95 64.04 15.43 70.89
300 320 4 40 33.07 47.88 12.78 66.89
300 480 4 30 34.81 53.84 13.98 66.29
150 480 3 30 37.77 69.15 16.89 70.99
300 480 3 40 34.22 51.41 13.87 68.32
300 320 2 40 30.99 40.62 11.56 64.69
300 320 3 30 37.11 69.85 17.02 72.8
300 160 3 20 32.41 48.51 12.85 65.98
300 480 2 30 31.46 38.26 11.12 63.18
450 320 3 20 39.5 77.12 18.25 72.72
300 320 2 20 34.67 55.06 14.34 68.32
300 160 3 40 28.95 34.84 10.98 61.55
150 320 2 30 34.25 53.84 14.12 67.95
450 480 3 30 33.33 49.92 13.66 66.97
300 320 3 30 37.11 69.85 17.02 72.8
450 160 3 30 28.18 34.18 10.87 60.28
300 320 3 30 39.12 73.72 17.76 72.86
300 480 3 20 38.21 71.18 17.32 71.34
300 320 3 30 39.99 80.56 19.05 72.9
150 160 3 30 32.03 46.07 12.54 66.02

Table 2 suggests the difference in extract yield for predicted and actual value was
19%, 0.271% for TPC, 0.567% for TFC, and for the antioxidant activity, it was −2.8%. The
results of Table 1 for responses were analyzed numerically, statistically, and graphically.
The values of the process parameters in the model were analyzed statistically to check
significant effects on the particular responses. The graphical analysis of all the responses,
and optimization of the process parameters were carried out. Finally, the optimized data
was compared with the actual experiments to check the statistical validation/significance
of the model [SPSS version 14.0 (SPSS, Inc., Chicago, IL, USA)].
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Table 2. Analysis of variance for showing the effect of independent variables on response yield, TPC,
flavonoid, and antioxidant activity.

Parameters Yield TPC Flavonoid Antioxidant

Source F-Value p-Value F-Value p-Value F-Value p-Value F-Value p-Value

Model 13.46 * <0.0001 20.38 * <0.0001 24.57 * <0.0001 38.02 * <0.0001

A-Particle size 16.34 * 0.0012 32.71 * <0.0001 34.45 * <0.0001 39.47 * <0.0001

B-Microwave power 42.42 * <0.0001 39.51 * <0.0001 50.3 * <0.0001 102.33 * <0.0001

C-Microwave time 8.36 * 0.0118 7.92 * 0.0138 8.34 * 0.0119 18.8 * 0.0007

D-Solvent volume 10.95 * 0.0052 17.77 * 0.0009 22.08 * 0.0003 20.01 * 0.0005

AB 0.042 ** 0.08406 0.5258 * 0.04803 0.8755 * 0.03653 0.6981 * 0.04175

AC 0.0069 ** 0.09347 0.025 ** 0.08767 0.008 ** 0.09953 0.0046 ** 0.09962

AD 1.47 0.02455 12.39 * 0.0034 11.44 * 0.0045 2.91 * 0.01103

BC 0.1066 ** 0.07489 1.65 * 0.02202 1.04 * 0.03252 0.1156 ** 0.07389

BD 0.0339 ** 0.08566 0.3632 ** 0.05564 0.8981 * 0.03594 0.4691 ** 0.05046

CD 0.0048 ** 0.09456 0.0289 ** 0.08675 0.0061 ** 0.0939 0.0323 ** 0.08599

A2 0.2357 ** 0.06348 0.7233 * 0.04094 1.2 * 0.02911 1.17 * 0.02986

B2 63.58 * <0.0001 95.45 * <0.0001 110.15 * <0.0001 215.84 * <0.0001

C2 51.07 * <0.0001 92.86 * <0.0001 126.77 * <0.0001 155.44 * <0.0001

D2 0.3847 ** 0.05451 0.0033 ** 0.09547 0.0478 ** 0.083 0.5416 * 0.04739

* indicates significance at 5% level, and ** indicates significance at 5% level.

3.2. Response Surface Methodology Analysis
3.2.1. Extract Yield

Walnut extract yield is the most important responsibility, as is the treasure for all
the bioactive compounds. The extract yield obtained ranged from 26.67% to 44.99%, as
indicated in Table 1. The hull sample yielded the highest extract yield of 44.99% when
microwave power was set to 320 W, microwave duration was set to 3 min, solvent volume
was set to 1:20, and particle size was set to 150 µm. The minimum extraction yield, on the
other hand, was obtained under the independent variable conditions of microwave power
at 160 W, microwave time at 2 min, solvent volume at 1:30, and particle size at 300 m. When
this current study’s extract yield was compared to the previous studies, the extract yield
decreased when the period and microwave power was increased [15].

The extract yield increased when microwave power, time, and solid solvent increased,
but after a prolonged period, the extract yield started decreasing due to the loss and
degradation of components shown in Figure 1A. The highest extract yield obtained was
with 150 µm particle size, and the solid/solvent ratio was 1:40.

The extract yield changes with particle size, and the graph demonstrates that extract
yield falls as particle size increases from 150 µm to 450 µm. The bigger the interfacial surface
between the solid and the solvent, the greater the rate of material transfer from the sample
to the solvent. This is owing to the solvent’s better accessibility over the smaller-sized
solute/substrate interface. As a result, the total solvent extraction of dye in microwave
processing conditions increases.

The graph illustrates that as microwave power increases, extract yield increases, but
as power goes further, total yield drops in the region of 160 W to 480 W. It was shown
that extraction power had a beneficial impact on extraction yield. However, extended
microwave irradiation may cause deterioration of the extract due to the warming of the
solute and solvent combination, according to the same research.
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The graph illustrates that extract yield grows with increasing time and decreases
with increasing time in subsequent phases, ranging from 2 to 4 min. The center level was
determined to have the highest extract yield. Later time intervals resulted in a drop in
microwave radiation per particle as solvent volume increased, resulting in a relatively
modest dielectric heating effect and, hence, lower microwave radiation efficacy. The
extract yield drops when the solid-to-solvent ratio increases from 20 to 40. According to
Xing et al. [16], this is due to the increased solubility of solute particles over a longer period,
which reduces the viscosity of the extraction solvent and so accelerates the release and
dissolution of these compounds.

3.2.2. Total Phenol Content

Total phenolic content (TPC) is an important responsibility for the assessment of bioac-
tive compounds present in walnut hull extract. Table 1 shows the results of 29 experimental
runs, which were performed as per the combinations given by the software (Design Expert
10.1.1) and their corresponding values for total phenolic content. Total phenol content was
expressed in Gallic acid equivalent (mg of Gallic acid/g extract). The TPC obtained, as
shown in Table 1, ranged from 30.68 to 90.07mg GAE/g. The hull sample had a maximum
TPC of 90.07% when microwave power was set to 320 W, microwave duration was set to
3 min, solvent volume was set to 1:20, and particle size was set to 150 m. The minimal TPC
of 30.68%, on the other hand, was reached under the independent variable circumstances
of microwave power at 160 W, microwave duration at 2 min, solvent volume at 1:30, and
particle size at 300 µm.

At the linear level, the curve in Figure 1B demonstrates that total phenolic content
declines as particle size increases from 150 µm to 450 µm. The phenolic content increased as
particle size decreased, suggesting that an increase in the surface area accessible for molec-
ular transport contributes to a more extensive mass transfer of solutes across phases [17].
As a result, the better the extraction efficiency and, consequently, the higher the phenol
concentration of the resultant extracts, the smaller the particle size of walnut husk powder.

The graph demonstrates that total phenolic content increases as microwave power
increases but that overall yield drops as power goes from 160 W to 480 W. This change
is because the microwave activity of highly localized heating and pressure could have
caused the selective migration of target compounds from the substrate to the solvent at a
significant pace with comparable higher downstream processing output [18]. On the flip
side, at higher levels of microwave power supply, the sample experienced increased heating,
causing degradation of the essential phenolic extracts. However, extended microwave
power exposure may cause deterioration of the extract due to overheating of the solute and
solvent combination.

The graph demonstrates that total phenolic content increases with increasing time and
declines with increasing duration, ranging from 2 to 4 min. The total phenolic content was
found to be optimum at the central level. Longer treatment in the microwave processing
unit leads to a greater decrease in the TPC [19]. Later on, the decrease in microwave
radiation per particle for longer time intervals with the extraction media led to a very low
dielectric heating effect, thus overall decreasing the effectiveness of microwave radiation.

3.2.3. Total Flavonoid Content

Total Flavonoid Content (TFC) is an important responsibility for the assessment
of bioactive compounds present in a walnut hull extract. Table 1 shows the results of
29 experimental runs, which were performed as per the combinations given by the software
(Design Expert 10.1.1) and their corresponding values for total phenolic content. Total
flavonoid content was expressed in Quercetin acid equivalent (mg of Quercetin acid/g
extract). The TFC obtained, as shown in Table 1, ranged from 8.98 to 20.06 mg QAE/g. A
maximum TFC of 20.06% was recorded from the hull sample under experimental settings
of 320 W microwave power, 3 min microwave duration, 1:20 solvent volume, and particle
size of 150 µm. The smallest TPC of 8.98%, on the other hand, was attained under the
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independent variable circumstances of microwave power at 160 W, microwave duration at
2 min, solvent volume at 1:30, and particle size at 300 µm.

At the linear level, the curve in Figure 1C demonstrates that total flavonoid concen-
tration declines as particle size increases from 150 µm to 450 µm. The flavonoid content
rose as particle size decreased, suggesting that an increase in the surface area accessible for
molecular transport contributes to more extensive solute mass transfer across phases [17].
As a result, the better the extraction efficiency and, consequently, the higher the flavonoid
content of the resultant extracts, the smaller the particle size of walnut husk powder.

The graph shows total flavonoid content increases with the increase in microwave
power, then after a subsequent increase in power, overall yield decreases in the range
from 160W to 480W. The migration of target chemicals from the substrate to the solvent
at a significant rate with equivalent greater downstream processing output was likely
produced by microwave activity of highly localized heating and pressure [18]. On the
flip side, at higher levels of microwave power supply, the sample experienced increased
heating, causing degradation of the essential flavonoid extracts. However, long exposure
to microwave power may lead to loss of the extract due to overheating in the solute and
solvent system.

The graph shows that total flavonoid content increases with prolonged time and, in
later stages, decreases with a reduction in time, ranging from 2 min to 4 min. The total
flavonoid content was found to be optimum at the central level. Longer treatment in
the microwave processing unit leads to a greater decrease in the TFC [19]. Later on, the
decrease in microwave radiation per particle for longer time intervals with the extraction
media led to a relatively low dielectric heating effect, thus overall reducing the effectiveness
of microwave radiation.

3.2.4. Antioxidant Activity

Antioxidant activity is an important responsibility for the assessment of bioactive
compounds present in walnut hull extract. Table 1 shows the results of 29 experimental
runs, which were performed as per the combinations given by the software (Design Expert
10.1.1) and their corresponding values for antioxidant activity. Antioxidant activity was
expressed in percentage. The antioxidant activity obtained, as shown in Table 1, ranged
from 57.39 to 78.92%. The hull sample had the highest antioxidant activity of 78.92%
when microwave power was set to 320 W, microwave duration was set to 3 min, solvent
volume was set to 1:20, and particle size was set to 150 m. The minimal antioxidant activity
of 57.39%, on the other hand, was found under the independent variable conditions of
microwave power at 160 W, microwave duration at 2 min, solvent volume at 1:30, and
particle size at 300 µm.

At the linear level, the graph in Figure 1D demonstrates that antioxidant activity
declines with increasing particle size in the region of 150 µm to 450 µm. The antioxidant
activity rose as particle size decreased, implying that an increase in the surface area ac-
cessible for molecular transport contributes to a more extensive mass transfer of solutes
across phases [20]. As a result, the better the extraction efficiency and, hence, the rad-
ical scavenging activity of the resultant extracts, the smaller the particle size of walnut
husk powder.

The graph shows that antioxidant activity increases with increasing microwave power,
but overall yield decreases in the range of 160 W to 480 W. The rationale for this modification
is that microwave activity of highly targeted heating and pressure could have created a
substantial rate of selective migration of target chemicals from the substrate to the solvent
with equivalent greater downstream processing output [21]. On the flip side, at higher
levels of microwave power supply, the sample experienced increased heating, causing
degradation of the essential phenolic extracts. However, prolonged exposure to microwave
power may lead to loss and degradation of the extracted colorant due to overheating in the
solute and solvent system.
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The graph shows antioxidant activity increases with increasing time and, in later stages,
decreases with increasing time, ranging from 2 min to 4 min. The antioxidant activity was
found optimum at the central level. Longer treatment in the microwave processing unit
leads to a greater decrease in antioxidant activity [22]. Later on, the decrease in microwave
radiation per particle for longer time intervals with the extraction media led to a relatively
low dielectric heating effect, thus overall reducing the effectiveness of microwave radiation.

The graph indicates that antioxidant activity decreases when the solid-to-solvent
ratio increases from 20 to 40. Thermal degradation of heat-sensitive phenolic compounds
decreases antioxidant activity [23]. The decrease in antioxidant activity might be attributed
to a change in the molecular structure of phenolic compounds, which may result in a
decrease in extractability owing to the degree of polymerization [24].

4. Optimization of Microwave-Assisted Extraction

Design Expert Software generated an optimized set of testing circumstances by defin-
ing the goals, as shown in Tables 3 and 4. The anticipated optimum response variable
findings were validated by carrying out the tests and then analyzing their qualities at
optimized combinations of independent variables. The tests were carried out, and the
actual values of all answers were compared to their expected values. Table 1 shows the
actual values of the replies, which were found to be closer to the anticipated values. As a
result, the model was validated by concluding that the optimum set of conditions predicted
by the model is right. The temperature of the substance being heated by microwave varies
significantly with microwave power. The application of microwave radiation to a substance
causes the molecules in that material to vibrate and produce heat. The amount of heat
produced is directly related to the amount of microwave energy absorbed, which, in turn,
is set by the microwave’s power setting. The dielectric characteristics and the specific heat
capacity have a role in determining the amount of microwave power converted into a
temperature.

Table 3. Verification of actual and predicted values.

Parameter Unit Predicted Values Experimental
Values Residual Error % Error

Microwave Power W 363.646 320 0.1200 12
Microwave Time Min 3.133 3 0.04245 4.245
Solvent Volume ml/g 39.999 40 −0.000025 −0.0025

Particle Size µm 150 150 0 0
Extract Yield % 39.847 39.65 0.197 19

Total Phenolic Content mg GAE/g 83.762 83.535 0.00271 0.271
Total Flavonoid Content Mg QAE/g 19.090 18.98 0.00576 0.576

DPPH Antioxidant Activity % 74.201 76.298 −0.0282 −2.8

Table 4. Comparison of optimized trends in processing.

S. No. Parameters MAE Conventional

1 Extract Yield 39.65 34.11
2 Total Phenolic Content 83.535 40.39
3 Total Flavonoid Content 18.98 8.23
4 DPPH Antioxidant Activity 76.298 62.16

5. Comparison of Overall Optimized Trends

The optimized values obtained using BBD of RSM were explained in detail in the
previous section. The individual values showed optimized values of all the dependent
variables by standardizing trends in the available data. The MAE processing optimized
results were compared with conventional methodology. The result of MAE was better than
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the conventional method; this is due to a higher temperature and longer time leading to
degradation of the extract yield, phenol, flavonoid content, and antioxidant activity.

6. Scanning Electron Microscopy (SEM)

The SEM analysis was applied to the extracted dye powder to observe the morpholog-
ical changes before and after extraction from different treatments. Figure 2 clearly depicts
that the extraction efficiency is related to the physical changes of the sample, which also
necessitates this analysis of examining and comparing the structural changes with the
help of micrographs produced by scanning electron microscopy. In this present study, a
total of three samples were analyzed for SEM analysis. The first sample (A) was the dye
extracted after microwave treatment, as shown in Figure 2; the second sample (B) was the
dye extracted using conventional techniques.
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Figure 2. SEM analysis for walnut hull extract. (A) Microwave-assisted method and (B) conventional
method.

SEM was used to examine the microstructure of dye tissue extracted from the walnut
husk. The dye structure following MAE was looser than the structure after conventional
extraction. The structure of the dye following MAE was looser than that after traditional
extraction, as seen in the micrographs in Figure 2A. It appears that the mechanical effects of
internal heating based on conduction and dielectric polarization generated by microwave
irradiation result in an explosive breakdown of the physical structure of extracted dye,
serving the rapid discharge of solutes into the solvents. Microwave-assisted extraction of
dye caused cell ruptures and damage, allowing more polyphenolic compounds from the
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powder to enter the extracted solvent. Anthocyanin pigments isolated from red raspberries
using microwave-aided extraction yielded similar results [25].

Figure 2B displays the micrographs with structural features of the dye extracted using a
conventional technique. It can be observed from Figure 2B that the extracted dye possessed
a uniform and complete morphological structure without any significant destruction to
the cell wall. It was also observed that the sample structure was more intact, with fewer
pores or voids in the sample, and the overall structure of the dye was well structured and
compact.

7. Gas Chromatography–Mass Spectrometry (GC-MS) of Walnut Hull Extract

Gas Chromatography–Mass Spectrometry (GC) is a technique used for the identifica-
tion of phenolic compounds, such as phenolic acids [26], flavonoids, and other bioactive
compounds. GC-MS of bioactive compounds is very effective and quick in the analy-
sis through enhanced resolution and separation of all compounds [27]. In this present
study, the optimized hull extract having the best results for the responses was selected
for the GC-MS analysis to make an effort to characterize the walnut hull extract for the
identification of the bioactive compounds. GC-MS results showed the presence of various
compounds possessing a wide range of applications, such as antioxidants, antimicrobials,
flavors, medicinal uses, and a lot more, as given in Tables 5 and 6.

Table 5. Components identified in walnut hull extract by GC MS in MAE.

Peak R.Time Area Area (%) Name Chemical Formula Property

1 7.198 10,239 0.14 Ethylene glycol, TMS derivative Yet to be obtained Yet to be obtained

4 12.832 145,193 1.93
9,10-ANTHRACENEDIOL,
1,4,4A,5,8,8A,9,9A,10,10A-
DECAHYDRO-2,3,6,7-TETRAME

Yet to be obtained Yet to be obtained

5 13.918 4,599,083 61.03 Hexadecane C16H34 Processing Aid

6 14.966 405,506 5.38 2-CYCLOHEXEN-1-ONE, 5-ETHYL-3-
METHYL-4-PROPYLIDENE C12H18O Antioxidant

agent

8 16.542 63,521 0.84 Neophytadiene C20H38
Bioactive
compound

9 16.835 103,423 1.37 1,2-BENZENEDICARBOXYLIC ACID,
BIS(2-METHYLPROPYL) ESTER C16H22O4 Plasticizer

10 16.925 13,231 0.18 1-CYCLOHEXENE-1-
CARBOXALDEHYDE Yet to be obtained Yet to be obtained

11 16.986 17,907 0.24 2,3-DIMETHYLBICYCLO
[2.2.1]HEPTANE Yet to be obtained Yet to be obtained

12 17.458 51,772 0.69 HEXADECANOIC ACID, METHYL
ESTER C12H34O2

Antibacterial and
antifungal

13 17.800 1,156,292 15.34 Dibutyl phthalate C16H22O4 Plasticizer

16 19.285 129,386 1.72 tert-Butyldimethylsilyl
4-acetoxy-3,5-dimethoxybenzoate C7H15F3O3SSi Activating agent

17 20.719 100,611 1.34 Palmitic Acid, TBDMS derivative C22H46O2Si Antioxidant
Properties

18 22.323 19,156 0.25 9,12-Octadecadienoic acid (Z,Z)-,
TBDMS derivative Yet to be obtained Yet to be obtained

19 23.315 37,859 0.50 1,2-BENZENEDICARBOXYLIC ACID Yet to be obtained Yet to be obtained

20 27.532 220,942 2.93 Squalene C30H50
Natural
Antioxidant

21 28.509 31,020 0.41 Methoxyacetic acid, 4-tetradecyl ester Yet to be obtained Yet to be obtained
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Table 6. Components identified in walnut hull extract by GC MS in Conventional.

Peak R. Time Area Area (%) Name Chemical Formula Property

6 13.918 4,070,271 57.69 Hexadecane C16H34 Processing Aid
7 14.728 61,499 0.87

8 14.957 483,010 6.85 2-CYCLOHEXEN-1-ONE, 5-ETHYL-3-
METHYL-4-PROPYLIDENE- C12H18O Antioxidant

agent
9 16.247 34,071 0.48 (Z)-Non-3-enyl 3,5-dinitrobenzoate C16H20N2O6 Oxidizing Agent
10 16.541 57,420 0.81 1-Eicosyne C20H38

11 16.832 91,707 1.30 1,2-Benzenedicarboxylic ACID, BIS
(2-Methylpropyl) Ester C16H22O4 Plasticizer

14 17.457 47,074 0.67 HEXADECANOIC ACID, METHYL
ESTER C12H34O2

Antibacterial and
antifungal

15 17.797 871,796 12.36 Dibutyl phthalate C16H22O4 Antimicrobial

19 19.283 152,750 2.16 tert-Butyldimethylsilyl
4-acetoxy-3,5-dimethoxybenzoate C7H15F3O3SSi Activating agent

20 20.719 100,304 1.42 Palmitic Acid, TBDMS derivative C22H46O2Si Antioxidant
Properties

21 20.897 18,660 0.26 Hexane, 1-(hexyloxy)-4-methyl- Yet to be obtained Yet to be obtained

22 22.323 24,267 0.34 9,12-Octadecadienoic acid (Z,Z)-,
TBDMS derivative Yet to be obtained Yet to be obtained

23 22.652 17,247 0.24 Stearic acid, TBDMS derivative C24H50O2Si Yet to be obtained

25 23.312 47,208 0.67 1,2-BENZENEDICARBOXYLIC ACID,
DINONYL ESTER C26H42O4 Antioxidant

26 25.876 83,613 1.19 NONANE, 4,5-DIMETHYL-

27 27.533 90,794 1.29 Squalene C30H50
Natural
Antioxidant

28 28.505 133,432 1.89 2-methyloctacosane Yet to be obtained Yet to be obtained
29 31.134 87,718 1.24 2-methyloctacosane Yet to be obtained Yet to be obtained

A total of 23 compounds were identified, in which most of the compounds were
found in very fewer quantities with a peak area of less than 1% (Figure 3A). Compound
Hexadecanean processing aid was found in the highest quantity with a peak area of
61.03% [28]. It was followed by Dibutyl phthalate, which is antimicrobial with an area of
15.34%. 2-CYCLOHEXEN-1-ONE,5-ETHYL-3-METHYL-4-PROPYLIDENE was also found
in a good amount, with a peak area of 5.38% and was also responsible for antioxidant
activity [29]. Palmitic acid was also present in the sample, with a peak area of 1.35%.
Besides these main bioactive compounds, other compounds were also present in a lesser
amount, but their combined synergistic effect led to an increase in antioxidant activity.

A total of 30 compounds were identified, in which most of the compounds were
found in very fewer quantities with a peak area of less than 1% (Figure 3B). Compound
Hexadecanean processing aid was found in the highest quantity with a peak area of
57.69% [30]. It was followed by Dibutyl phthalate, which is antimicrobial with an area of
13.36% [31]. 2-CYCLOHEXEN-1-ONE, 5-ETHYL-3-METHYL-4-PROPYLIDENE-was also
found in a good amount, with a peak area of 6.85% and was also responsible for antioxidant
activity [30]. Palmitic acid was also present in the sample, with a peak area of 1.42%.
Besides these main bioactive compounds, other compounds were also present in a lesser
amount, but their combined synergistic effect led to an increase in antioxidant activity.
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8. Conclusions

Several conventional extraction techniques, such as Soxhlet extraction, maceration,
digestion, infusion, and percolation, have been used for the extraction of organic dyes.
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It began with conventional extraction methods with higher losses and low-quality dyes.
In the later stages, novel extraction technologies were classified as novel thermal and
non-thermal techniques. Among several organic sources for dye extraction, the walnut
hull serves as a viable alternative. The criteria for selecting a walnut hull are based on its
availability in the researcher’s geographical zone. In a similar context, the conventional
method has been utilized before the research. SEM studies showed evident changes in the
morphological structure of the optimized sample due to the breakage of the cells, thus an
increased amount of yield and bioactive compounds in the extract, confirming the strong
effect of MAE on extract yield when compared with the conventional method. Results of
GC-MS showed the presence of several compounds (Hexadecane, Dibutyl phthalate, 2-
CYCLOHEXEN-1-ONE, 5-ETHYL-3-METHYL-4-PROPYLIDENE) possessing the property
processing aid, antimicrobial, and antioxidant properties, which confirm the extract is
suitable for use in food for various applications.
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