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Abstract

Ultrasound-assisted extraction (UAE) is an effective approach for process intensification in the recovery of
bioactive compounds from plant materials. In this study, the extraction of biologically active compounds from the
aerial parts of Handelia trichophylla was investigated and compared with conventional hot maceration (HM) from
a chemical engineering perspective. The processes were evaluated in terms of extraction yield, processing time,
and energy efficiency.

UAE was performed at 150 W and 40 kHz for 25 min, while HM was carried out at 50 °C for 24 h under
identical solvent conditions (96% ethanol, solid—liquid ratio 1:10). UAE provided a higher extraction yield (11.2
+0.99%) compared to HM (8.4 + 0.74%), corresponding to an intensification factor of 1.33. The process time was
reduced by a factor of 57.6.

The total energy consumption for UAE was 0.0625 kWh, with a specific energy consumption of 0.56 kwh/kg.
In contrast, HM required significantly higher energy input (7.2—-12.0 kWh), resulting in a 150-250-fold increase
in specific energy consumption. The energy efficiency index (EEI = Y/E) increased from 0.70-1.17 (HM) to 179.2

(UAE), demonstrating a substantial improvement in process performance.

The results confirm that UAE enables simultaneous enhancement of mass transfer and reduction of energy
demand due to cavitation-induced cell disruption. The proposed approach highlights the potential of UAE as an
energy-efficient and scalable technology for the extraction of plant-derived bioactive compounds.

Keywords: ultrasound-assisted extraction; process intensification; energy efficiency; maceration; Handelia

trichophylla

Introduction

The extraction of bioactive compounds from plant
materials is a key operation in chemical, pharmaceuti-
cal, and biotechnological industries. Conventional ex-
traction techniques, such as maceration, are character-
ized by slow diffusion rates, long processing times, and
high energy consumption. These limitations necessitate
the development of process intensification strategies in
extraction technologies.

Ultrasound-assisted  extraction (UAE) has
emerged as an effective method for process intensifica-
tion. The enhancement of extraction efficiency in UAE
is attributed to acoustic cavitation, which promotes cell
disruption, improves solvent penetration, and acceler-
ates mass transfer. From a chemical engineering per-
spective, the performance of extraction processes
should be evaluated not only in terms of yield but also
considering energy consumption and process effi-
ciency. Ultrasound-assisted extraction can be consid-
ered an effective process intensification strategy.

Handelia trichophylla is the sole species of the
monotypic genus Handelia Heimerl (Asteraceae). The
plant is regarded as both ornamental and medicinal and
has been traditionally used for the treatment of diges-
tive disorders and fever [1].

Ha ocHoBe *xwuakoro skcrpakra ietkos Handelia
trichophylla cosmano cpemcTBO ¢ HpOTHBOBOCIAIH-
TEJBHBIM U CIIa3MOJIUTHYECKUM JielcTBrueM [2 —3].

A preparation with anti-inflammatory and anti-
spasmodic activity has been developed based on a lig-
uid extract of the flowers of Handelia trichophylla [4].

Handelia trichophylla is a source of biologically
active terpenoids and phenolic compounds with poten-
tial pharmaceutical applications [5 —7].

However, despite growing interest in this plant,
the energy efficiency of its extraction processes has not
been previously investigated.

Therefore, the aim of this study is to evaluate the
process intensification and energy efficiency of UAE in
comparison with conventional hot maceration. Special
attention is given to extraction yield, energy consump-
tion, and energy efficiency indicators.

Materials and Methods
Plant Material

The aerial parts of Handelia trichophylla were col-
lected during the flowering period in the Jizzakh region
(Uzbekistan). The plant was identified using herbarium
specimens stored in the Central Herbarium of Uzbeki-
stan (No. 5296).
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Extraction Procedures

Hot maceration (HM) was performed using 96%
ethanol at a solid-liquid ratio of 1:10, at 50 °C for 24
h with periodic stirring.

Ultrasound-assisted extraction (UAE) was carried
out under identical solvent conditions using an ultra-
sonic bath (150 W, 40 kHz) at 45 °C for 25 min.

All experiments were performed in triplicate. Re-
sults are presented as mean + standard deviation. Sta-
tistical analysis was performed using Student’s t-test
(n=3,p<0.05).

Determination of Extraction Yield

The extraction yield was calculated as:

y = Mextract x 100,

raw
where Mexiract - Mass of dry extract; myaw - Mass of

raw plant material.
The yields were:
e HM: 8.4 £ 0.74%
e UAE: 11.2£0.99%
Energy Analysis
Total energy consumption was calculated as:
E=P Xt,
where
e E - energy consumption (kwWh)
o P - power of the equipment (kW)
o t - process time (h)
For UAE:
Eyar = 0.15 x 0.417 = 0.0625 kWh
Specific energy consumption:
E
E =
spee Mextract '
where Egpec — Specific energy consumption

(kWh/kg).
0.0625
Especyae = 0112 = 0.56 kWh/kg

For hot maceration, energy consumption was es-
timated based on typical heating power (0.3-0.5 kW):
Enm =7.2-12.0 kWh
Espec, HM = 857—1429 kWh/kg
Energy efficiency index:

EEI =X,
E

where EEI — a energy efficiency index;

Y — yield of extractive substances (%);

E — energy consumption (kWh).

Statistical Analyses

The results are presented as mean values (M) £
standard deviation (SD). Differences were considered
statistically significant at p < 0.05. Statistical analysis
was performed using Student’s t-test (n = 3). The inten-
sification factor (Kin), acceleration factor (Ky), energy
consumption coefficient (Kg), and energy efficiency in-
dex (IE) were calculated based on the average values of
extraction yield and energy consumption.

The graphical representation (Figure 1) was gen-
erated based on experimental data and interpolated val-
ues for visualization purposes.

Results and Discussion

From a process engineering perspective, the sig-
nificant improvement observed in UAE can be at-
tributed to enhanced mass transfer mechanisms. Acous-
tic cavitation leads to the formation and collapse of mi-
crobubbles, generating localized high-pressure
gradients that disrupt plant cell structures. This reduces
internal diffusion resistance and shifts the extraction
mechanism from diffusion-controlled to convection-
enhanced mass transfer.

The key aspects of the energy efficiency of ultra-
sound-assisted extraction include specific energy con-
sumption, the cavitation mechanism, preservation of
thermolabile compounds, and environmental sustaina-
bility [8 —11].

Ultrasound-assisted extraction resulted in a higher
yield (11.2%) compared to hot maceration (8.4%), cor-
responding to a 33% increase in extraction efficiency.
In addition, the extraction time was reduced from 24 h
to 25 min, indicating a significant intensification of the
process.

The comparative characteristics of hot maceration
(HM) and ultrasound-assisted extraction (UAE) are
presented in Table 1.

Table 1.
Comparison of extraction methods for Handelia trichophylla
. . Energy - i Energy effi-
Method \E(';I)d 2;::::8 consumption iﬁf:'?ﬁ)ﬁn(iwhﬁn) ciency index
0 (kWh) P g (EEI)
Hotmaceration | $2% | 1440 7.2-12.0* 85.7-142.9 0.7-1.2
Ultrasound 112+
extraction 0.99 25 0.0625 0.56 179.2

*Calculated for heating power 0.3-0.5 kW.

UAE also demonstrated superior energy perfor-
mance. The total energy consumption was 0.0625 kWh,
whereas hot maceration required 7.2-12.0 kWh. The
specific energy consumption for UAE (0.56 kWh/kg)
was significantly lower than that for HM (85.7-142.9
kWh/kg), corresponding to a reduction factor of 150—
250.

The energy efficiency index increased from 0.70-
1.17 (HM) to 179.2 (UAE), confirming a substantial
improvement in process performance. These results in-

dicate strong potential for scale-up and industrial im-
plementation of ultrasound-assisted extraction pro-
Cesses.

Figure 1 illustrates the relationship between ex-
traction yield and energy consumption. The curve
demonstrates a nonlinear dependence, where high
yields are achieved at low energy input (UAE region),
followed by a plateau at higher energy consumption
levels (HM region). The intermediate values were in-
terpolated for visualization purposes and reflect the
general trend of the process.
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Figure 1. Dependence of extraction yield on energy consumption for UAE and HM

To better illustrate the relationship between en-
ergy consumption and extraction yield, intermediate
data points were interpolated based on the experimental
values. The resulting curve demonstrates a nonlinear
dependence, where the extraction yield increases
sharply at low energy input (UAE region) and gradually
approaches a plateau at higher energy consumption
(maceration region).

The curve suggests an exponential-type depend-
ence between energy consumption and extraction yield.

Conclusions

Ultrasound-assisted extraction of bioactive com-
pounds from Handelia trichophylla demonstrates clear
advantages over conventional hot maceration in terms
of process intensification and energy efficiency.

The application of ultrasound resulted in:

e a 33% increase in extraction yield;

e a 57.6-fold reduction in extraction time;

e a 150-250-fold reduction in specific energy
consumption;

¢ asignificant increase in the energy efficiency in-
dex.

These results confirm that UAE is a promising
strategy for the development of energy-efficient and
scalable extraction processes for plant-derived bioac-
tive compounds.
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