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B-Carotene, a potent natural antioxidant, was recovered from the peel of Momordica cochinchinensis (gac)
fruit peel using Soxhlet extraction. Experimental results indicated that both the sample mass and solvent
flow rate exerted a positive influence on the yield of B-carotene. The B-carotene extraction achieved the
highest yield with a solvent mixture of ethyl acetate and acetone in a 6:4 (v/v) ratio. Thermal stability
assessments revealed that B-carotene exhibited greater stability in acetone compared to ethyl acetate

under oxygenated conditions. A kinetic model was developed to describe the B-carotene extraction,
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Accepted 18th February 2025 acilitating the estimation of key parameters including the extraction rate constant, degradation rate
constant, and the maximum extractable B-carotene in the gac peel. The model demonstrated good

DOI: 10.1039/d4ra08999% correlation with experimental data, providing valuable insights for optimizing B-carotene extraction
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1. Introduction

B-Carotene is an organic compound belonging to the carotenoid
family, distinguished by its vibrant orange-red coloration and
its widespread occurrence in plants." As a provitamin A
compound, B-carotene plays a crucial role in human health and
is widely utilized in the food, pharmaceutical, and cosmetic
industries.” Its bioactive properties include antioxidant activity,
skin protection, potential anticancer effects, and benefits for
ocular health.** Numerous extraction techniques have been
employed to isolate B-carotene from plant matrices, including
supercritical ~extraction,” ultrasound-assisted extraction,®
microwave-assisted extraction,” pressurized liquid extraction,®
and conventional solvent extraction.®

The Soxhlet apparatus is widely utilized for solid-liquid
extraction, offering several advantages, including its ability to
handle large sample volumes, elimination of the need for post-
extraction filtration, and capacity to accelerate the extraction

process.’™* While Kongkiatpaiboon and Gritsanapan and

“Faculty of Applied Science, Ho Chi Minh University of Natural Resources and
Environment, Ho Chi Minh City, Vietnam. E-mail: tdhai@hcmunre.edu.vn

*Faculty of Applied Sciences, Ton Duc Thang University, Ho Chi Minh City, Vietnam.
E-mail: 62000839@student.tdtu.edu.vn; 62000635@student.tdtu.edu.vn
‘Biomaterials and Nanotechnology Research Group, Faculty of Applied Sciences, Ton
Duc Thang University, Ho Chi Minh City, Vietnam. E-mail: nguyenquochai@tdtu.
edu.vn

“Laboratory of Biofuel and Biomass Research, Faculty of Chemical Engineering, Ho Chi
Minh University of Technology (HCMUT), VNU-HCM, Ho Chi Minh City, Vietnam.
E-mail: dvhan@hcmut.edu.vn

DOI:

T Electronic  supplementary  information available.  See

https://doi.org/10.1039/d4ra08999%¢

(ES)

6764 | RSC Adv, 2025, 15, 6764-6773

Fagbemi et al.*® have successfully employed the Soxhlet apparatus
to isolate bioactive compounds from plant materials, the extrac-
tion kinetics have not analysed. Several kinetic models proposed
to describe the extraction process have been reviewed and dis-
cussed by Sridhar et al.** and Das et al.'> However, a comprehen-
sive mathematical model specifically developed for the Soxhlet
extraction method is yet to be reported in the literature.

According to Calvo-Flores et al.,'® ethyl acetate (EA) and
acetone (AC) are classified as “Preferred” solvents due to their
low toxicity, minimal hazards, and favourable environmental
profiles. Additionally, EA and AC are characterized by their
availability, low cost, and ease of removal from the extraction
solution.'®” Consequently, they are commonly utilized for the
extraction of valuable bioactive compounds from various
biomass sources. The previous studies have reported the
successful use of EA for the extraction of B-carotene from
tomato,"”*® citrus peel,* and others.”>** Similarly, AC has been
demonstrated to be an effective solvent for extracting B-carotene
from sources such as raw carrots, sweet potatoes, and supple-
mented chicken meat nuggets,” as well as microgreens* and
sweet potatoes.** However, to our knowledge, the extraction of
B-carotene from Momordica cochinchinensis (gac) peel using
a mixture of EA and AC has not been previously investigated.
While the solubility of B-carotene in EA (500 mg L") is higher
than in AC (200 mg L"), the polarity of AC allows it to disrupt
the lipid bilayer of plant cell membranes, potentially enhancing
the release of intracellular compounds.*® The combination of
EA and AC may offer a promising strategy to improve the effi-
ciency of B-carotene extraction.

Although gac peel is a rich source of P-carotene, it is
frequently discarded as agricultural waste. The present study

© 2025 The Author(s). Published by the Royal Society of Chemistry
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aimed to recover B-carotene from gac peel applying a Soxhlet
extraction, employing a solvent mixture of EA and AC. The
effects of volume ratio of EA to AC, sample mass, and solvent
flow rate on the B-carotene extraction yield were investigated.
Furthermore, a mathematical model was developed and simu-
lated to characterize the extraction process in the Soxhlet
apparatus.

2. Modeling of Soxhlet extraction

Based on the operational principles, we propose a two-stage
Soxhlet extraction process. The first stage, referred to as the
filling stage, begins when the first drop of condensed solvent
falls and ends when the thimble is fully filled. During this
phase, the thimble can be characterized as a semi-batch reactor.
The end of the filling stage was represented by “x” points in
Fig. 4b, 5b, and 6b. The second stage, known as the cycling
stage, begins immediately following the completion of the
filling stage. In this phase, the thimble functions as a contin-
uous reactor.

To estimate mathematical equations for describing the
kinetic of B-carotene extraction, several assumes were proposed:
(i) uniform distribution of B-carotene concentration within the
thimble, (ii) a constant rate of condensed solvent, (iii) neglect of
solvent loss during sampling, and (iv) the absence of B-carotene
in the condensed solvent flow.

2.1. Modelling the filling stage

For modelling the kinetics of Soxhlet extraction, it is assumed
that the extraction rate of P-carotene follows a pseudo-
homogeneous reaction model. Additionally, previous studies
have indicated that the degradation of B-carotene in n-decane
solvent follows the first-order kinetics.>” Therefore, the time-
dependent concentration of B-carotene in the thimble is
expressed by eqn (1).
dc,

RN = T RN
where R, = k.Cs and Ry = kqC, are the extraction rate and
degradation rate, respectively, C is the apparent concentration
of B-carotene, C; is the concentration of B-carotene in the extract
within the thimble, k. is the extraction rate constant, and kq is
the degradation rate constant. The formula for C is defined by

eqn (2).

- E)?d = chs - deI (1)

ms

C=""
Vi

(2)

where my is the extractable B-carotene mass from the sample in
the thimble at time ¢ and V is the volume of solvent in the
thimble at time ¢. Observably, ms = Mg max at t = 0 and my; —
0 when ¢t — o. The mass of B-carotene extracted into the
solvent at time ¢, denoted as my, is given by eqn (3).

My = Mg max — Ms — My, (3)

where myq, is the mass of degraded B-carotene in the thimble.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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By combining eqn (2) and (3), eqn (1) can be rewritten as eqn

(4)-

dG_ f Mom = =My P
dt Vi Vi ()
_ ke(ms‘max — my — mdl) - kdmt
Z

Mass balancing for B-carotene in the thimble yields eqn (5).

dmy;

W=t (5)

Substituting eqn (4) into eqn (5) results in eqn (6).
dm
Tl = ke(ms.mzlx - my — mdl) - kdml (6)
t
Degradation rate of B-carotene follows the first-order kinetic,
as expressed by eqn (7).

= kdml (7)

2.2. Modelling the cycling stage

2.2.1. Operation of thimble. The mass balance for extrac-
ted B-carotene in the thimble is given by eqn (8).

dm,
dr

_Foul - N Vf (8)

where V¢ is the volume of solvent in the thimble at the end of the

filling stage (¢ = ¢¢), Fou is the mass flow transferring from the

thimble into the receiving flask, which can be calculated using
eqn (9).

my ny

Fou=qC, = q— = —* 9

t = qbi=4q Vi (©)

where t© = V¢/q is called the space time, which is recorded from

each experimental run.

By substituting eqn (2) and (9) into eqn (8), the expression

can be rewritten as eqn (10).

% = flmt + ke (Mg max — My — mg, — my — mg,) — kqgm,  (10)
where myg, is the mass of the B-carotene degraded in the
receiving flask.

2.2.2. Operation of the receiving flask. The mass flow of B-
carotene from the thimble to the receiving flask results in the
accumulation of B-carotene in the receiving flask. The variation
of the mass of B-carotene in the receiving flask can be described
by eqn (11).

dmy, m

=qC =g =

o 7z (11)

1
—my — kqmy
T

Eqn (12) presents the kinetic of B-carotene degradation in
the receiving flask.
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dl’i’ld2

dt

where my, is the mass of B-carotene in the receiving flask.

= kdmb (12)

3. Experimental

3.1. Chemicals and apparatus

Acetone, AC, (99.7%) and ethyl acetate, EA, (99.5%) were ob-
tained from VN-CHEMSOL CO., LTD. Standard p-carotene
(96%) was purchased from Shanghai Macklin Biochemical Co.,
Ltd. All chemicals were used directly without further
purification.

The Soxhlet apparatus consists of a three-neck round-
receiving flask, a thimble, and a condenser with a heating
magnetic stirrer serving as the heat source.

The concentration of B-carotene was determined using an
Evolution UV-Vis spectrophotometer (Thermo Fisher Scientific,
USA), with measurements taken at the maximum wavelength of
455 nm (as discussed in Section 4.1), 1 cm of path length.

3.2. Preparation of B-carotene solutions for calibration

A stock solution (80 mg L™ ") was prepared by dissolving 83.3 mg
of the standard B-carotene (96% w/w) into 1000 mL of solvent
mixtures containing EA and AC at different volume ratios.
Subsequently, the stock solution was then diluted to produce
working solutions with concentrations ranging from 0.5 to
5 mg L™". The volume ratios of EA to AC used were 0:10, 3:7,
6:4,7:3,and 8:2.

3.3. Preparation of raw material

A total of 40 kg of fresh gac fruit were purchased from a tradi-
tional market in Ho Chi Minh City, Vietnam. The selected fruits
need to be similar in terms of peel colour and size. The fruits
were thoroughly washed by tap water to remove dirt, pesticide
residues, and surface contaminants before cutting. The peels
were then sliced into rods with dimensions of 1 x 1 x 6 cm
(thickness x width x length) and dried at 100 °C until reaching
a dry basis moisture content of 10-15%. The dried gac peel was
subsequently ground and sieved through a 1 mm mesh. The
obtained material was stored in zipper bags for P-carotene
extraction experiments.

3.4. Operation of B-carotene extraction

A Soxhlet apparatus was assembled as illustrated in Fig. 1, using
a receiving flask and covering the top of the condenser by
a plastic sheet. Initially, 300 mL of solvent was added to the
receiving flask. B-Carotene extraction was conducted at
different volume ratios of EA to AC, sample masses, and
condensed flow rates. At desired time intervals, extracts from
the receiving flask were collected to quantify the concentration
of B-carotene. The extraction experiments were repeated three
times at each condition.

The mass of B-carotene in the receiving flask can calculated
based on its concentration in the receiving flask, as expressed in
eqn (13).
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Fig. 1 Scheme of Soxhlet apparatus.
my, = GV = Co(Vo — V) (13)

where Cy, is the concentration of B-carotene in the receiving
flask, V}, is the solvent volume in the receiving flask, and V, is
the initial volume of solvent charged into the receiving flask (V,
=03 L)

After each extraction run, the heating source was turned off,
and the system was allowed to cool down for 30 minutes under
ambient conditions. Then, the volume of free solvent (V,) was
determined by transferring it to a graduated cylinder. The
volume of the retained solvent (V}) in the sample bulk was
calculated based on the difference between the wet and initial
sample masses. Therefore, at the end of the filling stage, the
volume of solvent in the thimble and receiving flask could be
calculated to be V¢ = V, + V4, and V;, = V, — V4, respectively.

3.5. Procedures for the study of B-carotene degradation

To study the degradation of B-carotene in EA under temperature
and oxygen conditions, 4 glass bottles (20 mL) containing 10 mL
of B-carotene solution (40 mg L") were prepared. Each bottle
was bubbled with oxygen for 15-20 seconds and then immedi-
ately sealed. These oxygen-bubbled bottles were stored at 30 °C.
At 0,1, 2, and 3 hours of storage, one bottle was removed at each
time point, and the remaining B-carotene concentration was
analysed. Similar experimental procedures were conducted at
60 °C to evaluate the stability of B-carotene at elevated
temperatures.
Similar procedures were again performed for AC solvent.

3.6. Numerical method

To determine the values of kinetic parameters (kq, ke, 75 max)
using Soxhlet apparatus, the developed model was fitted with
experimental data for the cycling stage. As outlined in Section
2.2, the system of eqn (7), (10)-(12) was numerically solved

© 2025 The Author(s). Published by the Royal Society of Chemistry
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using a 4th order Runge-Kutta method, revealing the relation-
ship between my, and ¢ with conditions:

m=0 att=0
mg, =0 atr=0
my, =0 with 0==r=¢
de:O with 0=t=1¢

The least squares method was employed to minimize the
sum of squared errors (SSE) using Solver-Excel tool with
Generalized Reduced Gradient method.

SSE = Z(mb,cal - mb,exp)i2 — min (14)
where my, o1 and my, oxp are mass of B-carotene from calculation
and experiment, respectively.

To evaluate the goodness of fit between the model and
experimental data, the squared correlation coefficient (R?) is
used, where 0 = R* < 1. R’ is defined as eqn (15).

(15)

where TSS is the total sum of squares, which is calculated by
eqn (16).

2

1SS =Y (mbm, - —mbﬁexp) (16)

where 7, exp is the mean of experimental results.

3.7.
flask

Determination of B-carotene concentration in receiving

As detailed in Section 4.1, the light absorbance of B-carotene is
influenced by both its concentration and the volume ratio of EA
to AC, denoted as r. The r value within the receiving flask can be
computed using eqn (A-5), derived from the combination of
Raoult's law and the Antoine equations (as elaborated in the
Appendix). All physicochemical properties of the pure solvents
were measured at the temperature of the extract within the
receiving flask.

The margin of error (MoE) for mean concentration was
calculated by eqn (17).

SD

MoE =t,,—

a2 \/ﬁ

where ¢,/, represents the value from the Student's ¢-distribution

at a confidence coefficient of 0.95 with n — 1 = 2 degrees of

freedom, SD denotes the standard deviation, and n = 3 indi-
cates the number of times the experiment was repeated.

(17)

4. Results and discussion

4.1. Behaviour of UV-vis absorbance of B-carotene in ethyl
acetate and acetone

The analysis of UV-vis absorbance provides valuable insights for
evaluating both the quantity and quality of B-carotene. Fig. 2a
illustrates the absorbance spectra for standard B-carotene at

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The response of B-carotene to UV-vis radiation in different
solvents: (a) absorbance spectra and (b) calibration surface.

a concentration of 3 mg L™ in EA, AC, and a mixture of EA and
AC (7:3 vol/vol). It is apparent that the solvent employed
significantly influences the absorbance of B-carotene. The
principal mechanism behind the absorbance of light by B-
carotene is the electronic transition from the ground state to the
excited state, which occurs within the conjugated double bonds
of the molecule. This transition gives rise to a pronounced
absorbance peak at the maximum wavelength (A,,,).2* Changes
in the electronic field surrounding B-carotene can alter this
transition, resulting in shifts in both the position and intensity
of the absorption peak. As B-carotene has a conjugated m-elec-
tron system, it exhibits electron-donating properties,* which
enable interactions with electron-accepting molecules such as
the solvents EA and AC via donor-acceptor interactions. In the
case of AC, the solvent's higher acceptor number® results in the
destabilization of the ground state of m-electron in B-carotene
and stabilization of its excited state, which leads to distinct
effects on B-carotene's electronic states. Additionally, the molar
absorptivity of B-carotene in AC is greater than in EA.* As
a result, the presence of AC not only shifts the A« to longer

RSC Adv, 2025, 15, 6764-6773 | 6767
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Table 1 Obtained constants in calibration surface function (eqn (18))

Constants Value

a —8.66 x 1073
b, 0.17

b, 2.42 x 1072
b1 —1.08 x 10°*
by, —6.02 x 10°*
125 2.51 x 107

wavelengths but also increases the intensity of the absorbance
peak, as shown in Fig. 2a. However, the shift in A,,x observed in
this study remains relatively narrow, ranging from 453 to
457 nm. Given the minimal shift in peak position, an average
Amax value of 455 nm was selected for subsequent quantitative
analysis of B-carotene in the samples.

As previously discussed, the absorbance of B-carotene is
influenced by the solvent. Therefore, a mathematical relation-
ship (eqn (18)) was derived to describe the dependence of the
maximum absorbance (A;,,x) on both the concentration of B-
carotene (C) and volume ratio of EA to AC (7). This equation was
employed to quantify the B-carotene content in the extracts.

Amax = a + b1C + byr + b1 C? + bopr® + b15Cr (18)
where a, b4, b,, b11, bs», and b;, are constants.

Regression analysis of eqn (18) using experimental data
yielded the constants, as listed in Table 1, corresponding to the
three-dimensional surface depicted in Fig. 2b, called calibration
surface. The experimental and predicted values indicated
a good agreement (R*> = 0.9579, p-value < 0.0001) according to
the analysis of variance.

4.2. Validation of B-carotene degradation

This study examined the stability of B-carotene in EA and AC
solvents under the influence of temperature and oxygen. Fig. 3
presents the reduction of B-carotene in both solvents at 30 °C
and 60 °C. It can overall be observed that B-carotene exhibited
greater stability at 30 °C compared to 60 °C.

3 064 & EA (30 °C)
@ EA (60 °C)
) —0—AC (30 °C) ‘...
0.4 —0—AC (60 °C)
| "o
' T v T v T v T v T
0 1 2 4 5

3
Time, hour

Fig. 3 Degradation of B-carotene in EA and AC at 30 and 60 °C.
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At 30 °C, B-carotene demonstrated remarkable stability in
both EA and AC. After 3 hours of storage, minimal degradation,
approximately 6% and 2% of the initial B-carotene reduced in
EA and AC, respectively, was observed. However, as the
temperature increased to 60 °C, the degradation of B-carotene
was significantly accelerated. After 3 hours at 60 °C, B-carotene
in EA experienced a degradation of approximately 35%, which
was six times greater than the degradation observed at 30 °C. In
contrast, the degradation in AC at 60 °C was less pronounced,
with about 7% of the initial BC reduced after 3 hours. These
results indicate that temperature is the key factor influencing
the degradation of B-carotene. Additionally, the degradation of
B-carotene in AC was less sensitive to temperature changes than
in EA.

High temperature promotes the processes that occur during
extraction, including degradation. The conjugated T-electron
system within the polyene chain of B-carotene has been impli-
cated as a key factor contributing to its degradation.* Due to its
ability to participate in electron transfer reactions,*' B-carotene
can interact with peroxyl radicals to form B-carotene radical
cations.” These radical cations can subsequently react with
oxygen or undergo self-decomposition.®® In another way, B-
carotene can directly react with oxygen through autoxidation.**
These mechanisms contribute to the accelerated degradation of
B-carotene in EA. However, the formation of B-carotene radical
cations is less likely to occur in AC.** Consequently, B-carotene
degradation in AC is primarily attributed to autoxidation via
singlet oxygen quenching.*® These findings offer a valuable
foundation for developing kinetic models and interpreting
experimental results for f-carotene extraction from gac peel.

4.3. Soxhlet extraction of B-carotene

4.3.1. Effect of volume ratio of ethyl acetate to acetone.
Initially, the influence of the volume ratio () of EA to AC on the
extraction of B-carotene from gac peel was systematically
investigated. For each extraction trial, a constant total solvent
volume of 300 mL was used in conjunction with 26 g of sample.
The experimental procedure revealed that the time required for
the filling stage was consistent across varying r values, averaging
approximately 15 minutes. The time-dependent accumulation
of B-carotene in the receiving flask during the extraction process
is shown in Fig. 4a. The data demonstrated that the combina-
tion of EA and AC solvents significantly enhanced the efficiency
of B-carotene extraction. As the r was increased from 0:10to 6:
4, a corresponding increase in the mass of B-carotene extracted
was observed. However, when the ratio was further elevated
beyond 6:4, the extraction efficiency declined, indicating
a diminishing return on B-carotene yield with higher r values.
Based on these findings, the optimal r value for maximizing B-
carotene extraction from gac peel was determined to be 6: 4.

EA and AC solvents have been proposed to enhance the
extraction of B-carotene in different pathways. B-Carotene,
a nonpolar compound, is primarily synthesized and stored
within plastids, which are organelles enclosed in plant cells.’”
Due to its polar nature, AC is capable of interacting with the
lipid bilayer of the cell membrane, leading to the leakage of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Mass of B-carotene in (a) the receiving flask and (b) the thimble
at different volume ratios of EA to AC (my =26 g, g = 8.64 mL min™Y).

cellular contents.*® Meanwhile, B-carotene exhibits higher
solubility in the medium-polar EA solvent (12.06 mg mL " at 50
°C) compared to the more polar AC solvent (1.82 mg mL " at 50
°C).* As a result, the polarity difference between these solvents
creates a favorable concentration gradient for B-carotene
extraction when using EA. The combination of EA and AC
solvents, with distinct polarities, thus enhances the extraction
of B-carotene by leveraging their complementary properties.
This approach has been successfully applied in various

View Article Online
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extraction systems, including B-carotene extraction from orange
peel using acetone/hexane mixtures,* from the aril oil of gac
using methanol/chloroform mixtures,** and from maize using
methanol/ethyl acetate mixtures.*>

The smooth curves presented in Fig. 4a and b represent the
simulated temporal variations in the mass of B-carotene within
the receiving flask and thimble, respectively. As shown in
Fig. 4b, during the filling stage, the B-carotene mass in the
thimble increases rapidly, approaching an equilibrium value
before exhibiting an exponential decrease during the cycling
stage for the r ranging from 0:10 to 6 : 4. However, for r values
of 7:3 and 8:2, the B-carotene mass in the thimble did not
reach a plateau during the filling stage. At these ratios, AC may
not be enough for its lipid bilayer disruption role, leading to
more requiring time for extraction processes.

The r has a significant influence on the rate constants gov-
erning the extraction and degradation of B-carotene, as shown
in Table 2. Notably, the extraction rate constant (k) is signifi-
cantly higher than the degradation rate constant (kq). As the r
parameter increased from 0:10 to 6:4, a corresponding
increase in the k. was observed, suggesting that EA plays a crit-
ical role in enhancing P-carotene extraction efficiency. This
enhancement can be attributed to the higher solubility of B-
carotene in EA, which creates a more favourable concentration
gradient between the B-carotene stored in the plant cells and the
solvent. This gradient facilitates the transfer of f-carotene from
the cell interior to the solvent phase, enhancing the overall
extraction process. In contrast, at the higher r values of 7 : 3 and
8:2, the proportion of AC in the solvent mixture may be
insufficient to effectively disrupt the cell membranes, resulting
in reduced solvent's penetrability and a subsequent decrease in
ke.

As depicted in Table 2, a positive correlation exists between
the r and k4. However, the precise mechanism underlying the
observed increase in k4 with rising r remains unclear. p-Caro-
tene is known to undergo autoxidation in the presence of free
oxygen, leading to the formation of degradation products.
Specifically, in the presence of AC, B-carotene typically yields
carbonyl compounds,* while in EA, B-carotene tends to form
copolymers.** Previous studies have indicated that dissolved
oxygen in non-polar solvents such as n-decane can significantly
influence f-carotene autoxidation, but the formation of
carbonyl products was not reported.>” More recently, endoper-
oxides have been identified as the major reaction products
resulting from the interaction between oxygen and B-carotene.*
While free oxygen is a recognized factor in [-carotene

Table 2 Calculated kinetic parameters of the -carotene extraction from gac peel at different volume ratios of EA to AC

Volume ratios of EA to AC

Parameters 0:10 3:7 6:4 7:3 8:2

ke (min™") 1.22 1.37 1.54 9.80 x 102 4.64 x 1072
kq (min™") 4.08 x 107° 6.04 x 10° 3.46 x 107* 5.15 x 10°* 1.73 x 107
Mg max (ME) 10.00 12.51 14.64 11.64 8.18

R 0.9518 0.9611 0.9496 0.9834 0.9867

© 2025 The Author(s). Published by the Royal Society of Chemistry
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degradation, the relationship between free oxygen and EA and
the possibility of a direct interaction between B-carotene and EA
remains to be elucidated.

The predicted maximum extractable masses of B-carotene
(Ms,max), derived from the proposed model, show close agree-
ment with the experimental result. Additionally, the high R
coefficients suggest that the model is highly effective in
describing the extraction of B-carotene from gac peel using
a Soxhlet apparatus.

4.3.2. Effects of sample mass. During the extraction
process, continuous solvent reflux was employed to ensure that
the solvent in the thimble remained below the saturation point
of B-carotene, thereby maintaining a consistent and effective
driving force for the extraction process, irrespective of sample
mass (). As shown in Fig. 4a, an increase in sample mass from

w
o
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N
(4]
1

N
o
1

N
o
1

Mass of extracted B-carotene in the bottom flask, mg
o
1

0 T T T T T 1
0 20 40 60 80 100 120 140

Extraction time, min

Mass of extracted B-carotene in the thimble, mg

Extraction time, min

Fig. 5 Mass of B-carotene in (a) the receiving flask and (b) the thimble
at different sample masses (r = 6: 4, g = 8.64 mL min™?).
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13 to 52 g resulted in a corresponding increase in the amount of
B-carotene extracted. After 120 minutes of the cycling stage, the
B-carotene yield per gram of sample was determined to be 0.58,
0.55, and 0.51 mg g~ for 13, 26, and 52 g of sample masses,
respectively. These findings indicate that, within the range
studied, the [-carotene extraction yield remains relatively
independent of sample mass. Based on these results, the
maximum sample mass capacity of the thimble, 52 g, was
selected for subsequent experiments to optimize the extraction
process.

The increase in the sample mass within the thimble resulted
in a decreased solvent capacity, leading to a slightly shorter
filling time, as recorded from the experimental runs. By fitting
the proposed model to experimental data, smooth curves rep-
resenting the time-dependent extraction of B-carotene mass in
the receiving flask (Fig. 5a) and the thimble (Fig. 5b) were
generated. The corresponding parameters were determined and
presented in Table 3. AC has a lower boiling point than EA,
leading to AC filling the void spaces within the thimble
following EA. Increasing sample mass reduces this void space.
Therefore, a large sample mass causes the shortage of EA in the
thimble, declining the role of EA. As a result, the k. at a sample
mass of 52 g was slightly lower than that at 13 and 26 g.

Previous studies have demonstrated that B-carotene is
particularly vulnerable to degradation in the presence of
oxygen.*® The Soxhlet extraction system utilized in this study
operated under atmospheric conditions, which allowed oxygen
to diffuse into the void spaces of the sample. An increase in
sample mass resulted in a greater pressure drop across the
material,*” which in turn impeded the escape of oxygen from the
sample. This restriction on oxygen diffusion promoted the
degradation of p-carotene,*® as evidenced by the gradual
increase in kq with sample mass (Table 3). However, the overall
kq values remained substantially lower than the k., indicating
that B-carotene degradation had a comparatively minor effect
on the overall extraction efficiency.

As shown in Fig. 5b, a larger sample mass caused the higher
mass of B-carotene remaining in the thimble, suggesting that
more time was required to transfer B-carotene from the thimble
to the receiving flask. However, despite this delay, the p-caro-
tene content in the thimble consistently approached zero by the
conclusion of each extraction cycle. This suggests that a 120-
minute cycling stage was sufficient to achieve near-complete
extraction of B-carotene from gac peel. This finding is consis-
tent with the previously observed independence of B-carotene
yield from sample mass.

Table 3 Calculated kinetic parameters of the B-carotene extraction
from gac peel at different sample masses

Sample masses (g)

Parameters 13 26 52

ke (min™") 1.50 1.54 1.32

kq (min™") 2.00 x 10°* 3.45 x 107* 5.59 x 10°*
M5 max (M) 7.79 14.64 28.01

R 0.9764 0.9496 0.9973

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Mass of B-carotene in (a) the receiving flask and (b) the thimble
at different condensed solvent flow rates (r = 6 : 4, mg = 52 g).

4.3.3. Effect of condensed solvent flow rate. To investigate
the influence of condensed flow rate (g) on the extraction of B-
carotene from gac peel, heat power was adjusted to three levels
corresponding to g values of 3.24, 8.64, and 10.80 mL min ™. As
illustrated in Fig. 6a, an increase in g resulted in a shorter filling
stage and a faster rate of B-carotene extraction. Represented by
the smooth curves in Fig. 6a, the simulation result shows the
most pronounced convex curve at a g of 3.24 mL min~ ", likely
due to the contribution of B-carotene degradation during the
extraction process. At g of 8.64 and 10.80 mL min~', the -
carotene mass in the receiving flask reached a plateau and did
not exhibit a decline phase. However, the B-carotene extract-
ability at ¢ = 8.64 mL min " was not significantly different from
that at ¢ = 10.80 mL min ', indicating that a ¢ value higher

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Calculated kinetic parameters of the B-carotene extraction
from gac peel at different condensed solvent flow rates

Condensed solvent flow rates (mL min ")

Parameters 3.24 8.64 10.80

ke (min™%) 0.40 1.20 2.69

kq (min™") 2.85 x 107° 5.29 x 10~* 4.34 x 107°
Mg max (Mg) 37.36 30.12 27.10

R? 0.9772 0.9888 0.9718

than 8.64 mL min ' did not promote B-carotene extraction
efficiency.

Fig. 6b demonstrates a significant influence of g on the
kinetics of B-carotene within the thimble. During the filling
stage, the mass of B-carotene in the thimble exhibited the sign
of decline at a g of 3.24 mL min~ " and did not attain a plateau at
a g of 10.80 mL min . In the cycling stage, an increase in g
resulted in a decreased retention time of the solvent within the
thimble, thereby accelerating the withdrawal rate of B-carotene
from the thimble.

The parameters presented in Table 4 were obtained by fitting
the proposed model to the experimental data. At higher g, the B-
carotene extracted in the thimble is rapidly transferred to the
receiving flask, creating a steep concentration gradient of B-
carotene between the gac peel particles and the solvent within
the thimble. This rapid transfer enhances the extraction effi-
ciency, leading to an increase in the k. with increasing q. A
similar trend has been reported for soybean oil extraction using
a percolation-type extractor.* Additionally, at elevated g values,
the void space within the thimble is quickly filled, which
minimizes the exposure time of the extracted B-carotene to the
oxygen present in the sample. This reduction in exposure to
oxygen limits B-carotene degradation, resulting in a decrease in
the kq value.

5. Conclusions

This study successfully recovered B-carotene from gac peel
using Soxhlet extraction. The effects of volume ratio of EA to AC,
sample mass, and condensed solvent flow rate on the B-caro-
tene extractability have been explored. Additionally, the influ-
ence of temperature on f-carotene degradation under
oxygenated conditions was evaluated, revealing that B-carotene
exhibited greater stability in AC compared to EA. Experimental
results demonstrated that B-carotene extraction efficiency was
highest at a 6: 4 volume ratio of EA to AC and that B-carotene
yield increased with sample mass and condensed flow rate. A
mathematical model describing the p-carotene extraction
process was developed, allowing for the determination of
important kinetic parameters. The developed model exhibited
good consistency with experimental data through the closeness
of R* to 1. Overall, the extraction rate constant was significantly
greater than the degradation rate constant. The maximum
extractable -carotene amount in gac peel depends on operating
conditions. This study demonstrates the feasibility of f-
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carotene extraction from gac peel and provides valuable
insights into the kinetics of B-carotene extraction, offering
potential avenues for optimization and application.
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Appendix
The volume ratio of EA to AC was calculated using eqn (A-1).

VEa _ MEA/ Pea LN Mea pac

= = A-1
Vac WlAc/l)Ac NAC PEA Mac ( )

where V, m, n, p, M are volume, mass, mole, density, and
molecular weight of each pure solvent.
Rearranging eqn (A-1), the mole of AC can be determined by
eqn (A-2).
nea Mea pac

nac = ——
I Pga MAC

(A-2)
This leads to eqn (A-3), which can be used to calculate the
mole fraction of EA (xg,) in a liquid EA-AC mixture.

NEA 1

NEA +AC 1_‘_1MEA Pac
" pea Mac

XEA = (A'S)

Total vapour pressure at equilibrium state is related to the
mole fraction according to Raoult's law, as expressed in eqn (A-
4).

P = XeaPea + (1 = Xea)Pac (A-4)

where py, and p,. are the equilibrium vapour pressures of EA
and AC, respectively, which are correlate to temperature by the

_B_
Antoine equations: p* = 10*~ 7+C. By submitting eqn (A-3) and
the Antoine equations into eqn (A-4), we obtain eqn (A-5).
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1 4 B
= 1107 7+C
p 1_~_l]\/IEA PAC
r pea Mac A
1 B
+l1- — 107" T+C A-5
1+1MEA PAC (a-5)
r ppa Mac AC

where p = 760 mmHg is the operation pressure; 4, B, and C are
Antoine coefficients for the pure solvents, as listed in Table 5; T
is the temperature (°C).

Table 5 Antoine coefficients for EA and AC

Antoine coefficients EA AC

A 7.25963 7.31414
B 1338.46 1315.67
C 228.608 240.479

Temp. ranges —83.55 to 250.15 —94.7 to 235.05
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