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Abstract

This study aimed to optimize the extraction of total phenolic compounds (TPC) from
Tunisian walnut bark using microwave treatment. Initially, a preliminary investigation
was conducted to establish optimal levels for ethanol concentration, liquid–solid ratio,
temperature, and time, which were then applied in subsequent conventional solvent
extraction (CSE) experiments. To enhance the extraction yield, multi-stage microwave-
assisted extraction (MS MAE) was evaluated using three microwave power settings: 100,
200, and 300 W. The results showed a statistically significant (p < 0.05) effect of microwave
irradiation combined with multiple solvent extraction stages. The optimized MS MAE
protocol, employing 300 W power, six stages of 10 min each, and a liquid–solid ratio of
10 mL/g, achieved an 86% recovery of TPC. In contrast, extraction involving 10 stages
of 30 min each without microwave irradiation recovered only 79% of TPC. UHPLC–MS
analysis revealed that the phenolic profile of the extracts was dominated by gallic acid,
vanillic acid, and quercetin, and that microwave treatment did not significantly alter the
qualitative or quantitative composition of these major phenolic compounds compared
to conventional extraction. These findings demonstrate that MS MAE is a time-saving,
energy-saving, solvent-reducing, and highly efficient extraction technology for producing
bioactive extracts from walnut bark.

Keywords: microwave; extraction; process intensification; walnut bark; phenolic compounds

1. Introduction
The Juglans regia L. (Juglandaceae), commonly known as walnut, is a globally sig-

nificant deciduous tree species with a wide distribution across temperate regions [1]. In
Tunisia, walnut populations are primarily concentrated in northern regions.

Tunisian walnut tissues, including bark, husk, pellicle, and buds, are recognized as
rich sources of phenolic compounds, notably naphthoquinones (such as juglone and hy-
drojuglone), hydroxybenzoic acids (e.g., gallic acid), hydroxycinnamic acids, and a diverse
array of flavonoids (including quercetin, catechin, and their glycosides) [2,3]. Comprehen-
sive phytochemical analyses have identified more than 80 individual phenolics in various
walnut tissues, with bark containing significant amounts of naphthoquinones, flavanols,
flavonols, and hydroxybenzoic acids [3,4]. These compounds contribute to the strong
antioxidant, antimicrobial, and bioactive properties attributed to walnut extracts [2–4]. This
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phenolic diversity underlines the potential of Tunisian walnut by-products as valuable
sources of bioactive molecules for food, pharmaceutical, and cosmetic applications [2–5].

Walnut bark (Juglans regia L.) is recognized as a rich source of phenolic com-
pounds [2–8]. The extraction of phenolic compounds from walnut bark has garnered
increasing scientific interest due to the high antioxidant and antimicrobial potential of these
secondary metabolites [3–9]. Traditionally, aqueous ethanol and acetone have been the
solvents of choice for extracting phenolics from walnut bark, with studies demonstrating
that a solvent-to-bark ratio of 20/1 and moderate agitation can yield up to 20.6 mg gallic
acid equivalents (GAE) per gram of dry bark [10]. The addition of salts such as ammo-
nium sulfate to aqueous ethanol has also been shown to enhance extraction efficiency by
improving phase separation and phenolic solubility [10]. The reliance of these conven-
tional extraction methods on organic solvents, the prolonged processing times, and the
high-energy demands—coupled with co-extraction of impurities—limit their efficiency and
sustainability [9–11].

The phenolic profile of walnut bark includes naphthoquinones, gallic acid, catechins,
and quercetin derivatives, all of which contribute to its strong antioxidant activity, as
evidenced by high ferric reducing antioxidant power (FRAP) values [12,13]. Antibacterial
assays have shown that walnut bark extracts, particularly those rich in caffeic acid and
hydroquinone, exhibit inhibitory effects against Escherichia coli and Staphylococcus aureus
comparable to standard antibiotics [14]. Despite these promising results, the high lignin
content of walnut bark poses a challenge for efficient extraction, necessitating pretreat-
ments such as milling and sonication [15]. Emerging green solvents, like aqueous eutectic
solvents, are being explored for their selectivity and environmental benefits, although their
application to walnut bark remains limited [16].

Emerging technologies such as microwave-assisted extraction (MAE) offer promising
alternatives by leveraging electromagnetic waves to induce ionic conduction and dipole
rotation, which disrupt plant matrices and enhance mass–heat transfer synergistically. MAE
has demonstrated superior efficiency in recovering total phenolic content (TPC) compared
to traditional methods, reducing solvent use and operational time while minimizing ther-
mal degradation risks through optimized multi-stage protocols (MS MAE) [17–26]. Recent
studies underscore the efficacy of multi-stage microwave-assisted extraction (MS-MAE) in
enhancing bioactive compound recovery through sequential extraction cycles with solvent
replenishment [27,28], as demonstrated by Chen et al. [29], who optimized triterpenoid
saponin yields using dual 5 min MAE phases, and Yan et al., who implemented a triphasic
15 min protocol for astragaloside isolation [20].

Walnut bark’s lignocellulosic structure requires higher microwave power and long
treatment duration to overcome mass transfer limitations. In this line, the investigation of
multi-stage microwave-assisted extraction (MAE) for recovering phenolic compounds from
walnut bark is of particular interest, as this approach—yet to be explored for this matrix—
could sequentially optimize extraction parameters (such as solvent type, microwave power,
and duration) to overcome the rigid lignocellulosic structure of the bark, thereby enhancing
phenolic yields and extraction efficiency while reducing energy consumption and miti-
gating thermal degradation through fractionated energy input compared to conventional
single-stage methods. To the best of our knowledge, this is the first investigation applying
multi-stage microwave-assisted extraction (MS MAE) specifically to walnut bark for the
recovery of phenolic compounds. While MS MAE has been well studied for other plant
matrices, its application to walnut bark, a lignocellulosic biomass with unique extraction
challenges, has not been previously reported. In this context, this study aims to (1) sys-
tematically evaluate MAE’s efficacy in TPC recovery from walnut bark and (2) optimize
MS MAE parameters (cycle count, duration, power) to balance yield, energy efficiency,
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and process kinetics. Diffusion coefficient modeling will further elucidate mass transfer
mechanisms, addressing gaps in current phytochemical extraction frameworks. Our ap-
proach differs from earlier studies by focusing on sequential optimization of extraction
parameters tailored to the rigid structure of walnut bark, aiming to enhance phenolic yield
and extraction efficiency compared to conventional and single-stage MAE methods. By
integrating microwave pretreatment with multi-stage solvent cycling, the protocol seeks
to establish a scalable, eco-friendly alternative to conventional methods, aligning with
industrial demands for high-value functional ingredients.

2. Materials and Methods
2.1. Plant Material

Walnut bark (Juglans regia L.) material used in this study was sourced from Mak-
thar, Siliana Governorate, Tunisia, with a dry matter content of 86.9–87.7% measured via
infrared moisture analysis (SCALTEC Instruments GmbH, Heilbad Heiligenstadt, Ger-
many) at 105 ◦C. To evaluate particle size effects on extraction efficiency, bark samples
were mechanically processed into cuboidal particles (5 × 5 × 2 mm) to maximize surface
area-to-volume ratios while mitigating cavitation inefficiencies in ultrasmall fractions.

2.2. Experimental Methodology

Two extraction processes were investigated in this study: multi-stage conventional
solvent extraction (CSE) (process 1) and multi-stage microwave-assisted extraction (MS
MAE) (process 2). These processes are schematically illustrated by the accompanying flow
chart (Figure 1).

2.2.1. Multi-Stage Conventional Solvent Extraction (MS CSE)

A preliminary study was conducted to determine the optimal extraction conditions for
total phenolic compounds (TPC) from Juglans regia bark, focusing on ethanol concentration,
liquid–solid ratio, temperature, time, and the number of extraction stages. The experiments
involved mixing dry walnut bark with solvent in 500 mL baffled Erlenmeyer flasks, initially
filled with 200 mL of solvent preheated to the desired temperature using a magnetic stirrer
plate equipped with digital thermoregulation (VWR, Radnor, PA, USA). The stirring rate
was maintained at 300 rpm to ensure uniform dispersion of the bark in the liquid phase,
and all experiments were conducted in closed flasks to prevent evaporation. Initially, single-
stage extractions lasting 60 min were performed to optimize parameters such as ethanol in
water concentration (0%, 25%, 50%, 75%, and 100%), liquid–solid ratios (5, 10, 20, and 50
mL/g), and temperatures (25 ◦C, 40 ◦C, and 60 ◦C). Following the identification of optimal
conditions for the extraction of total phenolic compounds (TPC) from Juglans regia bark, a
sequential extraction process was developed and applied to enhance the extraction yield.
In this method, the walnut bark was first mixed with solvent and allowed to be extracted
for a set period. At the end of each extraction stage, the used solvent, now containing
dissolved phenolics, was completely removed and replaced with fresh solvent, and the
extraction process was repeated using the same bark sample. The extraction cycle was
conducted in ten successive stages, each lasting 30 min, at controlled temperatures of 25 ◦C
and 60 ◦C. Continuous renewal of the solvent maintained a strong concentration gradient,
thereby facilitating the exhaustive transfer of phenolic compounds from the bark into the
solvent. This stepwise approach ensured that even phenolics that were more difficult
to extract could be efficiently recovered, providing a comprehensive assessment of the
bark’s phenolic content and serving as a benchmark for evaluating the effectiveness of
microwave-assisted extraction.
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Figure 1. Experimental setup and flow chart. Conventional and alternative processes for phenolic
compound recovery from walnut bark. Process 1: multi-stage conventional solvent extraction (MS
CSE); process 2: multi-stage microwave-assisted extraction (MS MAE).

2.2.2. Multi-Stage Microwave-Assisted Extraction (MS MAE)

A systematic optimization of multi-stage microwave-assisted extraction (MS MAE) for
total phenolic compounds (TPC) from Juglans regia bark was conducted using a Milestone
NEOS-GR microwave system (230 V-50 Hz) at atmospheric pressure (Milestone, Rueil-
Malmaison, France). The study evaluated microwave power (100, 200, and 300 W) and
extraction stages (1–6) to determine optimal conditions. Experiments utilized 20 g of
walnut bark particles suspended in 200 mL of 50% ethanol solution (liquid–solid ratio
10 mL/g), aligning with preliminary conventional solvent extraction findings. The MS MAE
protocol incorporated intermediate cooling between stages to mitigate thermal degradation
of phenolic compounds. After each extraction stage, the mixture was cooled to room
temperature, filtered through Whatman paper using a Büchner funnel, and only the solvent
was replenished for subsequent stages. TPC quantification occurred at predetermined
intervals throughout the process. This methodical approach aimed to elucidate the kinetics
of phenolic extraction under microwave irradiation, with a focus on optimizing yield while
minimizing processing time and energy consumption. The experimental design facilitated
a comparative analysis against conventional extraction methods, providing insights into
the efficacy of MS MAE for sustainable valorization of walnut bark bioactives.
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2.3. Analysis
2.3.1. TPC Content

The total phenolic content (TPC) in walnut bark extracts was quantified using the
Folin–Ciocalteu assay, a widely recognized method based on the redox reaction between
phenolic compounds and the Folin–Ciocalteu reagent [30]. This reaction produces a blue
chromophore measurable at 750 nm, with the intensity proportional to the phenolic con-
centration. The extract was filtered prior to analysis using Whatman No. 1 filter paper to
remove solid residues. For the assay, 200 µL of diluted extract was mixed with 1000 µL
of Folin–Ciocalteu reagent (Sigma–Aldrich, St Quentin Fallavier, France) and allowed to
react for 5 min. Subsequently, 800 µL of Na2CO3 solution (75 g/L) was added, and the
mixture was incubated at 50 ◦C for 10 min before cooling to room temperature. Absorbance
was measured using a UV/Vis spectrophotometer (Libra S32, Biochrom, France), and TPC
results were expressed as gallic acid equivalents (g GAE/100 g dry matter). A calibration
curve prepared with gallic acid served as the reference standard. All analyses were per-
formed in duplicate, and average deviations were calculated. The TPC in raw walnut bark
material was determined using a previously established method [31]. Walnut bark samples
were ground in liquid nitrogen and sieved through a 630 µm mesh. A 10 mg aliquot of the
powdered sample was placed in a screw-capped tube with a ceramic bead, followed by the
addition of 1 mL of 80% methanol/water (v/v) and 5 µL of Tween 20. The mixture was
homogenized for 10 min at 6500 cpm using a Precellys 24 homogenizer/grinder (Ozyme)
with intermittent pauses. The homogenized samples were sonicated for 10 min at 400 W
using an UP400s sonicator, vortexed for 30 s, and centrifuged at 10,000 rpm for 5 min to
separate phases. The upper phase containing extracted phenolics was collected and stored
at −20 ◦C until analysis. This extraction process was repeated five times to ensure complete
exhaustion of phenolic compounds from the residue [31]. The extracted phenolics were
quantified using the Folin–Ciocalteu assay as described earlier.

TPC extraction yield Y was calculated using Equation (1)

Y, % =
Mass o f phenolic compounds in the extract

Total mass o f phenolic compounds in the raw material
× 100 (1)

2.3.2. Phenolic Compound Identification and Quantification

For the identification and quantification of individual phenolic compounds, extracts
were analyzed by ultra-high-performance liquid chromatography coupled with mass
spectrometry (UHPLC–MS). Separation was achieved on a C18 column, with detection by
diode array at 280 nm and 350 nm, and mass spectra were acquired in negative ion mode.
Compounds were identified by comparing their retention times, UV spectra, and mass
fragmentation patterns with those of authentic standards and literature data. Quantification
was performed using external calibration curves, and all analyses were conducted in
triplicate to ensure accuracy and reproducibility.

2.4. Diffusion Coefficient Calculation

Kinetics of TPC extraction can be described by Fick’s second law [32] (Equation (2))

∂C
∂t

= De f f
∂2C
∂x2 (2)

where C is the solute concentration (g/L), t is the time (s), x is the spatial coordinate along
the principal axis of diffusion (m), and Deff is the effective diffusion coefficient (m2/s).
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Fick’s second law for slabs of uniform thickness h in a stirred solution of limited
volume can be solved according to the equation of Crank [33] (Equation (3)):

Ct

C∞
= 1 −

∞

∑
n

2α(1 + α)

1 + α + α2q2
n

exp(−
De f f q2

nt
e2 ) (3)

where Ct and C∞ are the solute concentrations (g/L) at time t (s) and at equilibrium
after infinite time of extraction, respectively. Coefficient α is the liquid–solid ratio (v/v),
e (≈1 mm) is the half-thickness of particles, and qn refers to strictly positive roots of the
equation. The solvent volume was =200 mL, and the volume of particles was determined
from the density ϱ ≈ 0.863.

In this study, α was set to 4.965 (LS = 5 mL/g), 9.9291 (LS = 10 mL/g), 19.858
(LS = 20 mL/g), and 49.646 (LS = 50 mL/g). Six members of the infinite series in Equation (3)
were taken into account (up to i = 6).

2.5. Statistical Analysis

Each extraction trial and all the analyses were conducted in duplicate, and all the
values have been reported as means ± standard deviation. Results were statistically
assessed by ANOVA with a 95% confidence level using SPSS 20 software (SPSS Inc.,
Chicago, IL, USA).

3. Results and Discussion
The total phenolic content (TPC) of walnut bark was determined to be 86.31 ± 4.07 mg

gallic acid equivalents (GAE) per gram of dry weight (DM). This value is notably higher
than the TPC found in several pine species, which range from 11.3 to 76.0 mg GAE/g bark.
The elevated TPC in walnut bark can be attributed to two primary factors: the accumulation
of phenolic compounds over time as plants mature and the protective function of bark,
which serves as a defensive barrier for the tree [34]. The high TPC value observed in
Tunisian walnut bark underscores its potential as a valuable source for phenolic compound
extraction, particularly when compared to other plants known for their antioxidant prop-
erties. This finding suggests that walnut bark could be a more efficient source of these
beneficial compounds, making it a promising candidate for further research and potential
applications in industries such as pharmaceuticals, cosmetics, and functional foods, where
high concentrations of phenolic compounds are desirable.

3.1. Conventional Solvent Extraction (CSE)

A preliminary experimental series was conducted to systematically investigate the
influence of four critical extraction parameters: ethanol concentration (S) in hydroethanolic
mixtures, liquid-to-solid ratio (LS), temperature (T), and extraction duration (t) on the
kinetics of total phenolic compound (TPC) recovery. The temporal profiles of TPC extraction
efficiency were analyzed under varying operational conditions, including different solvent
compositions spanning from 0% (water) to 100% ethanol (Figure 2A), discrete liquid–solid
ratios of 5, 10, 20, and 50 mL/g (Figure 2B), and distinct temperature setpoints of 25 ◦C,
40 ◦C, and 60 ◦C (Figure 2C).
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LS = 10 mL/g, T = 40 °C 

Solvent = 50% ethanol, T = 40 °C 

Solvent = 50% ethanol, LS = 10 mL/g 

Figure 2. The effect of ethanol concentration (A), liquid–solid ratio (B), and temperature (C) on the
TPC extraction yield of walnut bark. Inserts in (A,C) show the values of final TPC yield and effective
diffusion coefficient Deff. Insert (C) also shows the Arrhenius plot for solute diffusivity.
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3.1.1. Effect of Ethanol Concentration on Phenolic Extraction Efficiency

As demonstrated in Figure 2A, ethanol concentration exerted a significant (p < 0.05)
influence on total phenolic compound (TPC) extraction efficiency, with yields peaking at
50% ethanol (50.5% yield, ≈43 mg GAE/g DM) before declining sharply in pure ethanol
(10% yield). Intermediate ethanol concentrations (25–75%) exhibited comparable yields
after 60 min extraction, aligning with established literature, demonstrating the superiority
of binary solvent systems over mono-solvent approaches (water or ethanol alone) due
to optimized polarity modulation [35–37]. For example, Chew et al. (2011) [35] investi-
gated the extraction of phenolics from Orthosiphon stamineus and found that ethanol
concentration significantly influenced phenolic yield. The highest TPC (total phenolic
content) was obtained with 60% ethanol at 60 ◦C, yielding 30.5 mg GAE/g dry weight [35].
Fernández-Agulló et al. (2013) examined walnut green husk and found that 50% ethanol
provided the highest TPC (38.1 mg GAE/g DM), highlighting the importance of solvent
polarity in maximizing extraction efficiency [36]. Similarly, Thoo et al. (2010) reported
that a binary solvent system (ethanol and water) at 60 ◦C for 60 min resulted in optimal
recovery of phenolics from Morinda citrifolia, with yields up to 18.2 mg GAE/g [37]. This
phenomenon arises from the ethanol–water mixture’s capacity to balance solvent polarity,
enhancing solubilization and the extraction of both polar and moderately polar compounds.
Additionally, ethanol enhances cell membrane permeability by interacting with the phos-
pholipid bilayer, further promoting phenolic compound extraction [38,39]. However, high
ethanol concentrations may cause protein denaturation, leading to agglomeration and
reduced phenol dissolution. The impact of solvent composition on phenolic compound
diffusivity was confirmed by the effective diffusion coefficient (Deff) values, as shown in
the insert of Figure 2A. Deff increased from 2.8 × 10−11 m2/s in water to 9.23 × 10−11 m2/s
in 50% ethanol, before decreasing to 0.60 × 10−11 m2/s in pure ethanol. Based on these
results, the 50:50 ethanol–water mixture was selected as the optimal solvent for subsequent
extraction parameter optimization.

3.1.2. Influence of Liquid–Solid Ratio on Extraction Efficacy

To elucidate the impact of the liquid (solvent) to solid (walnut bark) ratio on the
extraction efficiency, a series of experiments were conducted utilizing varying liquid–solid
(LS) ratios (5, 10, 20, and 50 mL/g) (Figure 2B). Statistical analysis of the results indicated
no significant difference (p > 0.05) in the yield of phenolic compounds across the range
of LS ratios from 5 to 50 mL/g. However, it was observed that at the lowest LS ratio
of 5 mL/g, the solid–liquid mixture exhibited incomplete homogeneity. Consequently,
subsequent experimental protocols were standardized using an LS ratio of 10 mL/g. These
findings align with those of Rajha et al. [39] and Pinelo et al. [40], who found that decreasing
the solvent-to-solid (liquid–solid) ratio generally increases the concentration of phenolic
compounds in the extract. Pinelo et al. observed the highest phenolic concentration and
antiradical activity at lower solvent-to-solid ratios, with an industrial optimum around
5 mL/g and a laboratory optimum at 3 mL/g. This is attributed to a higher concentration
gradient, which enhances mass transfer from the solid matrix to the solvent. Rajha et al.
further confirmed that a lower solid–liquid ratio is economically favorable, reducing solvent
use without compromising yield. Their optimization identified 3 mL/g as optimal for
grape pomace, with higher ratios not providing significant additional benefit. Chew
et al. [35] and Thoo et al. [37] also reported that an increase in the liquid–solid ratio up to
an optimal point improves phenolic extraction from plant materials, but excessive solvent
volumes can dilute the extract and are not always justified by yield gains. In conclusion,
although increasing the liquid–solid ratio can initially enhance phenolic extraction, there
is a threshold beyond which further increases do not significantly improve yield. The
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optimal ratio is dependent on the specific plant matrix but generally falls within the range
of 3–20 mL/g. This highlights the importance of carefully optimizing the solvent volume
in relation to substrate mass to achieve efficient extraction of bioactive compounds while
maintaining practical and economical operational conditions.

3.1.3. Influence of Temperature

Following the optimization of ethanol concentration (50%) and liquid–solid ratio
(10 mL/g), the extraction of phenolic compounds was conducted at three distinct tem-
peratures: 25, 40, and 60 ◦C. A significant positive correlation was observed between
temperature and total phenolic content (TPC) recovery, corroborating the findings of a
previous study. In fact, several studies have shown that increasing extraction temperature
generally enhances the recovery of phenolic compounds from various plant materials.
Chew et al. (2011) and Thoo et al. (2010) demonstrated that raising the temperature up
to 60 ◦C plays a crucial role in maximizing phenolic yield, with optimal results achieved
at elevated temperatures that remain below the degradation threshold for phenolic com-
pounds [35,37]. Fernández-Agulló et al. (2013, 2015) further confirmed that moderate
heating in the range of 60–80 ◦C using ethanol–water systems effectively increases phenolic
recovery from walnut green husk and eucalyptus wood waste without causing significant
degradation of sensitive compounds [36,41]. Additionally, Rajha et al. (2014) reported that
optimizing extraction at 94 ◦C for grape by-products led to high yields in significantly
improved phenolic extraction from Orthosiphon stamineus and Morinda citrifolia, respec-
tively, as higher temperatures increase both solubility and diffusion rates [39]. Similarly,
Pinelo et al. (2005) confirmed the effect of temperature, along with the solvent-to-solid
ratio, and a short time, although care must be taken at higher temperatures to prevent
thermal degradation of phenolics [40]. This thermal enhancement of polyphenol extraction
efficiency can be attributed to several physicochemical phenomena. Elevated temperatures
reduce solvent viscosity and augment solute diffusivity, while temperatures approaching
60 ◦C induce cellular disruption, facilitating molecular diffusion [42]. Statistical analysis
(p < 0.05) revealed a significant increase in phenolic compound extraction yield with increas-
ing temperature (Figure 2C). The maximal yield (65.26%) was achieved at 60 ◦C, compared
to 50.53% at 40 ◦C and 37.74% at 25 ◦C. This temperature-dependent yield enhancement is
consistent with the principle that elevated temperatures increase the diffusion coefficient.
Given the superior efficacy of the 60 ◦C condition for TPC extraction, this temperature was
selected for subsequent experimental procedures. The relationship between the effective
diffusion coefficient (Deff) and temperature was modeled using the Arrhenius equation
(Equation (4)):

De f f = De f f ,0 × exp−Ea/RTa (4)

where Ea (kJ/mol) represents the activation energy, Deff,0 (m2/s) is the limiting diffu-
sion coefficient, R = 8.314 J/K mol is the universal gas constant, and Ta (K) denotes the
absolute temperature.

The Arrhenius plot for Deff of walnut bark samples subjected to simple diffusion with
50% ethanol at a liquid–solid ratio of 10 mL/g is presented in the insert of Figure 2C. The
Deff values ranged from 3.82 × 10−11 to 19.29 × 10−11 m2/s across the temperature range of
25 to 60 ◦C, with higher Deff values corresponding to elevated temperatures. This analytical
approach yielded an estimated activation energy of Ea ≈ 38 ± 2.4 kJ/mol. This result aligns
with previous investigations by Boussetta et al. [43] and Brianceau et al. [42], who reported
Ea values of 46 ± 8 kJ/mol and 31.3 ± 3.7 kJ/mol for fermented grape pomace and grape
skins, respectively.
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3.1.4. Multiple Extraction Stages

After optimizing the solvent composition, the SL ratio, and the temperature, the study
explored the impact of multiple extraction stages on total phenolic content (TPC) recovery,
comparing extractions at 60 ◦C and 25 ◦C. At 60 ◦C, the TPC yield increased from 55.23%
(Deff = 17.83 × 10−11 m2/s) in the first stage to 71.12% after two stages, reaching 75% by
the fourth stage (Figure 3). In contrast, at 25 ◦C, only 37.37% of phenolic compounds were
recovered after four stages. These results demonstrate the significant enhancement of TPC
extraction efficiency at higher temperatures. The implementation of multiple extraction
stages using fresh solvent for each stage effectively increased the overall TPC yield. In
a previous study, Rajha et al. [39] and Fernández-Agulló et al. [41] found that sequential
extraction stages are effective in thoroughly exhausting the phenolic content from plant
residues as each stage sustains a favorable concentration gradient and allows for the
recovery of phenolics not extracted in earlier steps. Overall, there is a consensus that multi-
stage extraction is especially valuable for maximizing yields when single-stage extraction
leaves a considerable portion of phenolics unextracted, which is particularly important
in industrial or high-value applications. While this method is known to improve solute
recovery, it has the drawback of requiring substantial quantities of solvent, potentially
making solvent recycling cost-prohibitive. To address this issue, the study proposes the use
of a counter-current continuous extractor as a more efficient alternative to multiple batch
extractions. These findings corroborate existing research on the dependence of phenolic
compound extraction efficiency on factors such as temperature, solvent type, and extraction
duration, highlighting the importance of optimized conditions and multiple extraction
stages in maximizing the recovery of phenolic compounds from plant materials.

Figure 3. The effect of conventional solvent extraction (CSE) stages at 25 ◦C and 60 ◦C on the TPC
extraction yield. Experiments were performed at 10 mg/L using ethanol/water (50/50).

3.2. Microwave-Assisted Extraction
3.2.1. Effect of Microwave Power

The application of microwave power significantly enhanced the extraction kinetics
and total phenolic content (TPC) yield compared to non-irradiated methods. As shown
in Figure 4, increasing microwave power from 100 W to 300 W elevated TPC yields from
38.47% to 58.66% within 15 min, while the control (0 W) achieved only 6.75% (Figure 4).
This improvement correlated with a 67-fold increase in effective diffusion coefficients
(0.53 × 10−11 m2/s at 0 W vs. 35.47 × 10−11 m2/s at 300 W), demonstrating enhanced mass
transfer efficiency through microwave-induced structural modifications [44]. The mecha-
nism involves dielectric heating, causing rapid moisture vaporization within plant cells,
generating internal pressures that rupture cell walls and improve solvent accessibility [45].
However, excessive power (>200 W) required shorter irradiation durations (7–10 min)
to prevent thermal degradation of heat-sensitive compounds as prolonged exposure at
elevated temperatures (>80 ◦C) risks oxidative damage [46]. These findings align with
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optimization studies showing peak phenolic recovery at 40–50% microwave power (equiv-
alent to 400–500 W in industrial systems) with irradiation times under 10 min [47,48]. The
power–time relationship proved critical where higher intensities required precise temporal
control to balance extraction efficiency against compound stability [44,47]. Compared to
conventional methods, MAE reduced extraction times by 90–99% while achieving superior
yields, consistent with observations in olive by-product and eucalyptus leaf extractions [49].
This efficiency stems from microwave-specific dipole rotation and ionic conduction mecha-
nisms that accelerate molecular interactions between solvents and target analytes [46,50–52].

Figure 4. The extraction kinetics without and with microwave irradiation at different powers. The
insert presents the effective diffusion coefficient vs. microwave-applied power.

3.2.2. Microwave Multiple Extraction Stages

The implementation of multi-stage microwave-assisted extraction (MAE) coupled
with intermediate filtration and cooling demonstrates significant enhancements in phenolic
compound recovery from walnut bark (Figure 5). Under optimized conditions of 50%
ethanol (v/v), a solvent–solid ratio of 10 mL/g, and staged microwave power application
(300 W per 10 min cycle), the extraction kinetics reveal critical insights into process efficiency
and mechanisms. Notably, six MAE cycles (60 min total) achieved an impressive 86%
yield (Figure 5A), substantially outperforming both single-stage MAE (58.2% in 10 min)
and conventional solvent extraction (CSE: 79.8% over 5 h). This enhanced performance
can be attributed to several factors: the selective dielectric heating of the ethanol–water
mixture, which exhibits optimal microwave absorption properties, enabling efficient cell
wall disruption; the controlled thermal exposure, with temperature profiles plateauing
at 80 ◦C (Figure 5B), mitigating thermal degradation of thermolabile phenolics; and the
intermediate filtration, which renews the solvent’s chemical potential gradient, overcoming
equilibrium limitations. The multi-stage approach significantly reduces extraction time
from 5 h (CSE) to just 1 h. These results underscore the superiority of multi-stage MAE
in balancing extraction velocity with compound integrity, particularly for matrices rich
in phenolic compounds like walnut bark, offering promising potential for sustainable
valorisation of agro-industrial by-products.

The UHPLC–MS analysis of Tunisian walnut (Juglans regia L.) bark revealed a rich pheno-
lic profile, with gallic acid (21.6 ± 0.9 mg/100 g DM), vanillic acid (17.2 ± 0.5 mg/100 g DM),
and quercetin (8.8 ± 0.4 mg/100 g DM) as the most abundant compounds. Smaller quan-
tities of catechin (4.2 ± 0.3 mg/100 g DM), epicatechin, syringic acid, and juglone were
also detected (Table 1 and Figure 6). Interestingly, the application of microwave-assisted
extraction did not appear to significantly alter either the qualitative profile or the quantita-
tive content of phenolic compounds in the bark extracts. The major phenolics identified
and their respective concentrations were comparable to those obtained using conventional
extraction methods, indicating that microwave treatment, under the conditions applied
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in this study, does not degrade or enhance the extraction of these specific compounds.
This observation is consistent with some previous reports, which have found that while
microwaves can accelerate extraction and improve yields in certain matrices, it does not al-
ways lead to changes in the composition or relative abundance of individual phenolics [52].
Therefore, the use of MAE in this context offers the advantage of process efficiency without
compromising the integrity or diversity of the phenolic constituent.

 

 
Figure 5. (A) The effect of microwave power and stage number (stage 1–stage 6) of 10 min each on
the total phenolic compound multi-stage microwave-assisted extraction (MS MAE) yield of walnut
bark at a liquid–solid ratio of LS = 10 mL/g. (B) Temperature profile.

When compared to the literature, these findings highlight both similarities and notable
distinctions. For instance, Cosmulescu et al. (2010) [53] reported lower concentrations of
gallic acid (approximately 11–14 mg/100 g DM) and quercetin (around 2–6 mg/100 g DM)
in walnut shoots and leaves, while Ben Sghaier et al. (2016) found gallic acid to be a major
phenolic in walnut bark, but at concentrations closer to 15 mg/100 g DM [54]. Our results
suggest that the Tunisian walnut bark analyzed in this study contains a higher amount of
gallic acid and quercetin than those previously reported for other walnut tissues and even
for bark from different regions. Similarly, vanillic acid was found in higher concentrations
here (17.2 mg/100 g DM) than approximately 7–9 mg/100 g DM reported in walnut roots
and shoots.

The presence of catechin and epicatechin in moderate amounts is consistent with prior
studies, though the values observed here for catechin are somewhat higher than those typi-
cally reported for walnut bark, which generally range between 2 and 3 mg/100 g DM [55].
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Juglone, a characteristic naphthoquinone of Juglans species, was detected as expected,
supporting the chemotaxonomic identity of the sample.

Table 1. Quantitative LC-MS profiling of phenolic compounds in walnut bark extract prepared by
microwave-assisted extraction.

Peak Compound RT (min) [M-H]−
(m/z)

Major Fragments
(m/z)

UV λmax
(nm)

Content
(mg/100 g DM)

1 Gallic acid 3.5 169 125, 79 280 21.6 ± 0.9
2 Protocatechuic acid 4.8 153 109 260, 295 0.8 ± 0.1
3 Unknown X1 5.3 153 109, 93 275 Not quantified
4 Vanillic acid 6.2 167 152, 108 255, 280 17.2 ± 0.5
5 Catechin 8.1 289 245, 203 280 4.2 ± 0.3
6 Epicatechin 9.0 289 245 280 0.5 ± 0.1

7 Unknown X2 (flavonoid
glycoside) 7.4 431 285, 151 280, 320 Not quantified

8 Syringic acid 10.5 197 182, 167 275 0.6 ± 0.1
9 Quercetin-3-glucoside 11.7 463 301 265, 350 1.2 ± 0.2
10 Quercetin (aglycone) 12.8 301 179, 151 260, 350 8.8 ± 0.4
11 Juglone 14.5 173 145, 117 260, 380 0.3 ± 0.1

12 Unknown X3 (quercetin
derivative) 13.6 447 301, 285 270, 340 Not quantified

  

 

 
 

Figure 6. Cont.
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Figure 6. Calibration curves of phenolic compound standards (absorbance vs. concentration).

The elevated levels of gallic acid, vanillic acid, and quercetin in this study may be
attributed to regional, environmental, or genetic factors specific to Tunisian walnut pop-
ulations as phenolic content is known to vary with geographic origin, climate, and tree
age. These higher concentrations enhance the antioxidant potential of the bark, suggesting
that Tunisian walnut bark could be a particularly valuable source of bioactive phenolics for
nutraceutical or pharmaceutical applications.

4. Conclusions
This study aimed to optimize and intensify the extraction of phenolic compounds from

Juglans regia bark, which contains 86.3 mg GAE/g DM. The research compared multi-stage
conventional solvent extraction (MS CSE) and multi-stage microwave-assisted extraction
(MS MAE) to identify the most cost-effective and efficient extraction method. Results
demonstrate the superiority of MS MAE, which achieved an impressive 86% recovery of
phenolic compounds in just 60 min compared to 78% recovery with MS CSE over 300 min.
This significant reduction in extraction time, coupled with lower solvent consumption,
positions MS MAE as a more sustainable and efficient process for phenolic compound
extraction from walnut bark. Furthermore, UHPLC–MS analysis confirmed that the major
phenolic compounds, such as gallic acid, vanillic acid, and quercetin, were preserved in
both qualitative and quantitative terms, indicating that microwave treatment does not
compromise the integrity of key bioactive constituents. The study’s outcomes contribute
valuable insights to the growing body of research on efficient extraction methods for
bioactive compounds from plant matrices, highlighting the potential of MS MAE as a
promising technique for sustainable valorization of agricultural by-products.
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Abbreviations
CSE, conventional solvent extraction; MS CSE, multi-stage conventional solvent extraction; MAE,

microwave-assisted extraction; MS MAE, multi-stage microwave-assisted extraction; TPC, total

phenolic compound content; Y, total phenolic compounds extraction yield.

Nomenclature

TPC Total phenolic compound content (g GAE/100 g DM)
Y Total phenolic compound extraction yield (%),
Ct Total phenolic compound concentration (g/L),
C∞ Total phenolic compound concentration after infinite time (g/L),
Deff Effective diffusivity coefficient (m2/s)
DM Dry matter
Ea Energy activation (J/mol)
GAE Gallic acid equivalent
LS Liquid-to-solid ratio
EC Ethanol concentration
t Time (s)
T Temperature (◦C)
Ta Absolute temperature (K)
α Ratio of volumes of solvent/particles
ϱ Density (kg/m3)
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