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Abstract: As an agroindustrial waste product, potato peels contain valuable phenolic compounds
that can be extracted before they are sent to the landfill. Based on previous work, this study focused
on determining the efficacies of phenolic compound extraction from potato peels using conven-
tional shaking extraction (CSE) and both direct ultrasound-assisted extraction (DUAE), and indirect
ultrasound-assisted extraction (IUAE). The yield curve associated with each extraction method was
measured and characterized. The maximum yield of phenolic compounds and its dependence on
processing parameters were evaluated. The applicability of the Peleg model for describing the
yield curve was evaluated. Based on the Peleg model, a recovery ratio was defined to calculate
its corresponding extraction rate. This extraction rate, combined with the yield, can be used for
describing the efficacy of an extraction method. Our results indicate that the ultrasound-assisted
extraction methods were capable of extracting phenolic compounds at a given recovery ratio one or
two orders of magnitude faster than the CSE method. Models described in the article are expected to
be useful in evaluating the extraction efficacy of valuable compounds from various agricultural or
agroindustrial waste.
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1. Introduction

In general, potato peels are viewed as agroindustrial waste. As a staple food source [1],
potatoes are usually peeled, generating over a million tons of potato peels annually in the
U.S. alone. This leads to disposal, sanitation, and environmental problems [2–4]. However,
potato peels contain valuable chemicals including phenolic compounds, which are natural
antioxidants [5–8]. The food industry relies on synthetic antioxidants for preventing lipid
oxidation [9]. The use of synthetic antioxidants is linked to a number of health risks such
as hepatic damage and the development of cancers. Excessive amounts of synthetic an-
tioxidants could lead to DNA mismatches or damage. The natural antioxidants extracted
from potato peels are potential replacements for synthetic antioxidants, including butylated
hydroxyanisole (BHA), butylated hydroxytoluene (BHT), and tertiary butylhydroquinone
(TBHQ). Recent research has shown that potato peel extracts perform better than buty-
lated hydroxyanisole (BHA) and butylated hydroxytoluene when it comes to preventing
oxidation in certain oils [10–13].

The conventional method for phenolic compound extraction from potato peels is shak-
ing extraction, which is associated with a long extraction time with low yields [14–16]. Ad-
mittedly, there are innovative methods including subcritical water extraction, microwave-
assisted extraction, high-pressure homogenization extraction, pressurized liquid extraction,
and ultrasound-assisted extraction [17–26]. Nevertheless, these new methods for potato
peels still hold limitations. The efficacies of these methods are difficult to evaluate due to
(1) the lack of experimental data and (2) the lack of accepted models for describing the
yield curve associated with each method.
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The Peleg model [27] is one of the models that can be used for the description of the
yield curve of phenolic compounds from potato peels. Kumari et al. [3] made an attempt to
use Peleg’s sorption model to describe the extraction kinetic of total phenolic compounds
and individual phenolic components as a function of potato peel type and ultrasonic
frequency. One of the issues in using the Peleg model is that most of the experiments
reported in the literature were not designed to meet the model requirements for having
sufficient data in the initial testing to ensure model accuracy. The dry potato peels were
usually soaked in the solvent for a certain duration before each test. It is difficult to estimate
the amount of phenolic compounds that are extracted during the soaking period, although
the amount could be small with the slow conventional shaking extraction. Furthermore,
data are usually obtained in the time frame where yield curves become less sensitive to
times, making curve fitting less accurate.

The goal of this study was to investigate the efficacy of phenolic compound yield from
potato peels. Three methods were evaluated: namely CSE, IUAE, and DUAE. Based on the
Peleg model, we defined a recovery ratio and calculated the time required to achieve the
recovery. These two parameters, together with the yield at the given recovery ratio, can be
used to evaluate the efficacy of a method for extracting phenolic compounds from potato
peels. Factors that affect the efficacy of extraction and the maximum yield are discussed.

2. Materials and Methods
2.1. Materials

Basic American Foods (Blackfoot, ID, USA) provided the potato (Solanum tuberosum L.)
peels. Peels were dried for 48 h at 45 ◦C in a convection oven. The as-received dehydrated
potato peels were ground into powder. The powders were sieved and were divided
into four groups based on their sizes: original (as-received), >45 mesh (particles retained
on the 45-mesh screen), 45–100 mesh (particles that passed through the 45-mesh screen
but retained on the 100-mesh screen), and <100 mesh (particles that passed through the
100-mesh screen). Until used, the powders were stored at −18 ◦C in sealed Ziploc® bags (S.
C. Johnson & Son, Racine, WI, USA).

All chemicals used in this study were reagent grade. Experimental details can also be
found in Ref. [13].

2.2. CSE

0.25 g of ground peel powders was mixed with 5 mL of methanol (50 %, v/v) in a
5 mL black centrifuge tube. The mixture was then put in an incubator shaker in triplicate.
The incubator shaker (Environmental incubator shaker, G24, New Brunswick Co., Inc.,
Edison, NJ, USA) was set to the desired temperature (25 or 50 ◦C) and 150 rpm for varied
extraction times up to 8640 min (6 days). The mixture was centrifuged at 1500× g for 15 min
following the extraction. For each extraction, two samples were taken for measuring the
total phenolic compounds (TPC) in the supernatant in triplicates.

2.3. IUAE

0.25 g of ground peel powders and 5 mL of methanol (50%, v/v) were mixed in a
glass tube placed in the water bath of a SharperTek ultrasonic cleaner (Model XPD360-6L)
(SharperTek, Pontiac, MI, USA) for 1, 2, 5, 10, 15, 30, 45, and 60 min, respectively. The
bath temperature was 25 ◦C and the vibration frequency was 40 kHz (500 W). The mixture
was centrifuged at 1500× g for 15 min following the extraction. The extraction under each
condition was repeated three times. The TPC in the supernatant of each extraction was
quantified in triplicates.

2.4. DUAE

Powders and methanol were mixed in a glass cylinder set in a liquid bath in a Thermo
Haake K15 w/DC 10 controller (Thermo Fisher, Singapore). An E-type thermocouple was
placed within the glass cylinder for recording the temperature of the mixture as a function
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of time with a PicoLog recorder (PicoLog software version 5.25.3, PicoLog Technology,
TX, USA).

An ultrasound probe (12.7 mm diameter, model 1102, Sonics & Materials, Newtown,
CT, USA) was submerged into the suspension for 5 mm in the glass cylinder for 1, 2, 5, 10,
15, 30, 45, and 60 min. The ultrasonic frequency was 22.95 kHz with an output power of
120 W. The mixture was centrifuged at 1500× g for 15 min following the extraction. The
extraction under each condition was repeated three times. The TPC in the supernatant of
each extraction was quantified in triplicate. Experimental details can be found in [13].

In addition, the DUAE method was utilized as an accelerated method for investigating
the impact of extraction parameters on the maximum yield at a given extraction time of
30 min. The solvent-to-solid ratios were set at 10:1, 20:1, 40:1, and 60:1, respectively, by
varying the amounts (2.5, 5, 10, or 15 mL) of methanol (50%, v/v) to mix with 0.25 g of
potato peel powders. The temperature of the liquid bath was controlled at −2, 25, 45, and
60 ◦C while the temperature within the mixture was measured. The yields of phenolic
compounds at 30 min of DUAE were measured.

2.5. Measurement of TPC in Potato Peel Extracts

TPC were determined with the Folin–Ciocalteau method [9] with some modifications.
Details can be found in [13]. The measured TPC was expressed as milligrams of gallic acid
equivalents per gram dry weight of potato peel powders (mg GAE/g dry wt.).

2.6. Statistical Analysis

Analysis of variance was performed using SPSS, version 23.0 (SPSS Inc., Chicago, IL,
USA). The mean TPC was the average of triplicate measurements. The level of significance
was set at p < 0.05.

3. Results and Discussion
3.1. Yield Curves of Selected Methods

Figure 1 depicts the yields of TPC of the three selected methods where C is the TPC
extracted, and t is the extraction time. Figure 1a shows that the yield curves associated with
the ultrasound-assisted extraction (DUAE and IUAE) are significantly higher than that
with the CSE method in the first 60 min of extraction. This means that the UAE methods are
capable of extracting or recovering more TPC from potato peel waste at much faster rates
or with much shorter times than CSE. Of the two UAE methods, the yield curve of DUAE
is slightly higher than that of IUAE. It seems that there is a plateau TPC, CP, on the yield
curve for each method, being 9.3, 9.09, and 5.86 mg GAE/g dry wt. for DUAE, IDEA, and
CSE, respectively. The plateau TPC is reached at about 30 min for UAE (either DUAE or
IUAE) as shown in Figure 1a but much later for CSE. The yield of TPC by CSE reaches 9.0
mg GAE/g dry wt. (Figure 1b) when the extraction time is extended to 8640 min (6 days).
It is reasonable to assume that the maximum amount of TPC that can be extracted from this
type of potato peel is in the neighborhood of slightly over 9.0 mg GAE/g dry wt. under
given extraction conditions.

In the CSE method, dry potato peel particles are suspended in the solvent, and the
resultant mixture is shaken at a 150 rpm. The flow in the solvent during shaking is turbulent,
but there is always a laminar flow layer surrounding each particle. As a result, the extraction
rate is controlled by the diffusion of phenolic compounds within each particle as well as in
the laminar layer outside of the particle. This diffusion process is usually slow, so the yield
of TPC and the extraction rates are low during given extraction times.
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solvent-to-solid ratio 40:1; potato peel size 45–100 mesh (0.354 mm). (a) Within the first 60 min of 
extraction, and (b) For short duration, and (b) the TPC yield curve using CSE in 6 days. 
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extraction rate is controlled by the diffusion of phenolic compounds within each particle 
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With the UAE methods, acoustically induced streaming is usually generated at the 
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rounding solvent–particle interfaces. The extraction rates are controlled by the diffusion 
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hances the diffusion rates of compounds in the solid [28]. As a result, the extraction rates 
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ably due to the difference in vibration intensity associated with these methods. DUAE was 
designed to avoid severe cavitation from occurring in the solvent, as severe cavitation may 
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sonotrode in contact with the solvent was less than 100 W/cm2 (there is about 30% power 
loss when the power is transmitted from the transducer to the tip of the sonotrode). Com-
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The diffusion rates of molecules in the solid particle increase with increasing vibration 
intensity. This may account for the fact that the yield curve of DUAE is slightly higher 
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Figure 1. Yields of total phenolic compounds (TPC) from potato peels extracted using conventional
shaking extraction (CSE), direct ultrasound-assisted extraction (DUAE), and indirect ultrasound-
assisted extraction (IUAE). Data were obtained under the conditions of: bath temperature 25 ◦C;
solvent-to-solid ratio 40:1; potato peel size 45–100 mesh (0.354 mm). (a) Yields in the first 60 min of
extraction, and (b) yields using CSE in 6 days.

With the UAE methods, acoustically induced streaming is usually generated at the
particle–solvent interface [28–31], which effectively eliminates the laminar layer surround-
ing solvent–particle interfaces. The extraction rates are controlled by the diffusion of the
compounds within potato peel particles. Furthermore, ultrasonic vibration enhances the
diffusion rates of compounds in the solid [28]. As a result, the extraction rates associated
with the UAE methods are significantly higher than those with the CSE.

Of the two UAE methods, DUAE has a slightly higher yield curve than IUAE, probably
due to the difference in vibration intensity associated with these methods. DUAE was
designed to avoid severe cavitation from occurring in the solvent, as severe cavitation may
break down the molecules of the phenolic compounds. The power output at the tip of
the sonotrode in contact with the solvent was less than 100 W/cm2 (there is about 30%
power loss when the power is transmitted from the transducer to the tip of the sonotrode).
Compared with IUAE, DUAE is higher in vibration intensity in the particle/solvent mixture.
The diffusion rates of molecules in the solid particle increase with increasing vibration
intensity. This may account for the fact that the yield curve of DUAE is slightly higher than
that of IUAE.

3.2. Modeling of the Yield Curves

During the experiments, the initial TPC concentration in the fresh solvent was zero or
negligible at the start of extraction because shaking or vibration was applied in the sample
immediately after the potato peel powders were added into the solvent. C increased sub-
stantially initially with increasing times, t, slowed down gradually, and finally approached
to the plateau concentration, CP, which can be determined experimentally. This yield curve
could be described using the Peleg equation in the following form [27]:

C =
t

k1 + k2t
(1)
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where C is the yield of TPC, k1 is the rate constant, and k2 is the capacity constant. When
using Equation (1) to describe the yield of TPC from potato peels shown in Figure 1, the
units of k1 and k2 are min/(mg GAE/g dry wt.) and 1/(mg GAE/g dry wt.), respectively.

Differentiating Equation (1) gives the extraction rate, q, defined by:

q =
dC
dt

=
k1

(k1 + k2t)2 (2)

The unit of q is mg GAE/g dry wt./min. At the beginning of extraction, where t = 0,
the initial extraction rate, q0, is related to k1 by:

q0 =
1
k1

(3)

As the extraction time approaches infinity, i.e., t→∞, C approaches the plateau con-
centration, CP. Thus, k2 is related to CP by:

Cp =
1
k2

(4)

Figure 2 illustrates the applicability of the Peleg model to fit the experimental data
shown in Figure 1. The model constants and curve fitting quality, R2, are given in Table 1.
Additionally listed in Table 1 is the maximum yield, CMax, on the measured yield curve.
Figure 2 and data given in Table 1 indicate that the curve-fitting quality is reasonably good,
so the Peleg model is applicable for describing the yield of phenolic compounds from
potato peels.
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Figure 2. Curve fitting quality using Equation (1) to fit experimental data shown in Figure 1. The
intercept of each curve on the y-axis is k1 and the slope of the curve is k2. The values of k1 and k2 are
given in Table 1. (a) Yields in the first 60 min of extraction, and (b) yields using CSE in 6 days.
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Table 1. Parameters obtained by fitting the Peleg model with experimental data shown in Figure 1.

Parameter DUAE IUAE CSE (60 Min) CSE (6 Days)

k1, min/(mg GAE/g dry wt.) 0.0483 0.0459 0.1985 14.249

k2, 1/(mg GAE/g dry wt.) 0.107 0.1136 0.1696 0.1166

q0, (mg GAE/g dry wt.)/min 20.70 21.79 5.04 0.07

CP, mg GAE/g dry wt. 9.346 8.803 5.896 8.576

R2 0.9999 0.9989 0.9985 0.9928

CMax, mg GAE/g dry wt. 9.30 9.09 5.86 9.00

3.3. Efficacies of the Extracting Methods

Data given in Table 1 show that (1) the initial extracting rates, q0, of the UAE methods
are identical; both are much higher than that for CSE, and (2) the plateau concentration, Cp,
associated with DUAE is the highest, followed by that with IUAE and CSE with CSE the
lowest. The efficacy of each method can be evaluated using k1 and k2, which represent q0
and Cp. The issue is that Cp varies with method used and extraction times, especially with
CSE as shown in Figure 1 and in Table 1. Nonetheless, C seems to approach a maximum
yield, CMax, that is slightly higher than 9.0 mg GAE/g dry wt.

Knowing CMax, one can evaluate the efficacy of a method of extracting phenolic
compounds by defining a recovery ratio, R, as:

R =
C

CMax
(5)

The relationships between recovery ratio and time for the three tested methods should
be similar to the curves shown in Figure 1.

An important feature shown in Figure 1 is that the time required extracting a certain
amount of TPC, C, from potato peels increases substantially when C approaches CMax. It
may not be cost effective to recover TPC close to CMax.

The time, tR, needed to achieve a given R can be calculated. Substituting Equation (1)
into Equation (5) yields tR as a function of R by:

tR =
k1CMaxR

1− k2CMaxR
(6)

In the case that CMax = CP, Equation (6) is reduced to the recovery ratio defined by
Peleg as [19]:

tR =
k1R

k2(1− R)
(7)

At a given R, Equation (6) can be used to calculate tR. Figure 3 depicts tR vs. R for the
three methods calculated using Equation (6) assuming CMax = 9.0. The times, tR, required
to achieve a given R are much shorter using the UAE methods than that using CSE. For
recovering phenolic compounds at ratios greater than 0.6, the ultrasound-assisted methods
can be one or two orders of magnitude faster than CSE as shown in Figures 1 and 3.

The average extracting rate, qR, for obtaining phenolic compounds at a given R can be
derived using Equation (6) as:

qR =
RCMax

tR
=

1− k2RCMax
k1

(8)

Figure 4 illustrates qR as a function of R., and also plotted on Figure 4 is the yield, or
C, which equals RCMax at a given R. It is evident that qR decreases with increasing R or C
for all three methods. The UAE methods are much faster than CSE. Still, the efficacy of a
method has to be evaluated considering achieving a reasonably high R or C at an acceptable
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extraction rate in order to recover maximal valuable substances within acceptable costs.
Thus, Figure 4 can be used for evaluating the efficacy of an extraction method.
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Figure 4. Extraction rates, qR, at given values of recovery ratio, R, and resultant yield, C, for the three
extraction methods tested in the present study. qR is calculated using Equation (8) and data given in
Table 1 assuming that CMax = 9.0 mg GAE/g dry wt. The solid lines with markers are the qR curves,
and the dash line is the C curve.

Figure 4 also shows that there are two curves associated with the CSE method: one for
the yield data obtained within 60 min and the other within 6 days. These two curves do
not overlap because each one has its own k1 and k2 and resultant CP. These constants are
sensitive to the extraction time frame where the data are measured, as shown in Figure 1
and Table 1. It would be more meaningful to use CMax in fitting the Peleg model and use
Equations (6) and (8) to determine the efficacy of an extraction method. This is because
CMax is the maximum amount of phenolic compounds extractable from potato peels under
a given condition when the extraction approaches infinity.

3.4. Factors Affecting CMax

Based on previous work [13], factors affecting CMax include, but are not limited to, the
size of potato peel particles, the type of solvent and its temperature, and the particle-to-
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solvent ratio. CMax has to be determined experimentally. Measuring CMax using CSE is
very time consuming, as indicated in Figure 1. The yield does not reach 9.0 mg DAE/g dry
wt., which might still be lower than CMax, within an extraction time of 6 days. The UAE
methods, however, provide much more accelerated means of estimating CMax. As shown
in Figure 1, it takes only 30 min for both UAE methods to reach the yield of over 9.0 mg
GAE/g dry wt. Thus, DUAE was used to evaluate some of the factors that affecting CMax.

3.4.1. Effects of Particle Size

The particle size of the potato peels has a significant effect on CMax. Figure 5 shows
the relationship between CMax and the size of the potato peel particles during DUAE. CMax
increases from 2.54 mg GAE/g dry wt. for particles in the size range of 20 to 30 mm to
10.29 mg GAE/g dry wt. for particles smaller than 0.150 mm. This represents a 4-times
increase in CMax when the particle size decreases from 20–30 mm to smaller than 0.150 mm.

It is important to note that the maximum yield of 10.29 mg GAE/g dry wt. shown in
Figure 5 is higher than the maximum yield listed in Table 1, which is 9.346 mg GAE/g dry
wt. obtained using particles in the size range of 45–100 mesh. It appears that CMax is strongly
affected by the particle size at least for particles smaller than 0.354 mm (45–100 mesh).
When the particle size is larger than 0.354 mm (45–100 mesh), CMax is significantly lower.
Since the number/yield of phenolic compounds extractable from potato peels is propor-
tional to CMax, we suggest that the potato peels be ground at least to the size range of
45–100 mesh in order to extract maximal amounts of valuable TPC within feasible times.
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Figure 5. Relationship between the maximum yield, CMax, and the particle size of the potato peels
during DUAE under the conditions of: ultrasonic power 120 W, frequency 22.95 kHz, bath tempera-
ture 25 ◦C; solvent-to-solid ratio 40:1; and extraction time 30 min. The particle sizes in corresponding
to the mesh size are original (20–30 mm); >45 mesh (>0.354 mm); 45–100 mesh (0.150–0.354 mm), and
<100 mesh (<0.150 mm).

The effect of particle size on CMax is likely related to (1) the area of the interface
between the particles and the solvent where extraction of phenolic compounds occurs, and
(2) the diffusion distance from within a particle to its interfaces which affects the diffusion
time. Small particles have greater interface area per unit volume and shorter diffusion
distances than larger ones. As a result, more phenolic compounds per weight potato peels
can be extracted from smaller particles than from larger particles at a given extraction time.

Additionally plotted on Figure 5 is the temperature of the solvent/particle mixture
measured during experiments. The temperature increases with decreasing particle size
as well. These experiments were performed with the direct injection of ultrasonic energy,
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which heated up the mixture. The heat generated was proportional to the interaction
of ultrasound waves and the solid–liquid interfaces [21]. For a given amount of potato
peel particles, their interface area increases with decreasing particle size, resulting in the
increased heating of the particle/solvent mixture. It is well known that the diffusion
coefficient of molecules in solid particles increases with increasing temperatures, resulting
in an increased yield of phenolic compounds in the solvent.

3.4.2. Effects of Bath Temperature

To isolate the effect of temperature on CMax, we carried out experiments varying the
bath temperatures. Figure 6 depicts the yields at an extraction time of 30 min with DUAE
and CSE. The red dash line is the bath temperature as the CSE method does not increase
the temperature in the particle/solvent mixture. Still, the yield, C, increases from 5.44 to
8.71 mg GAE/g dry wt. when the bath temperature is increased from 25 to 53 ◦C. The
yield curve and the mixture temperature associated with DUAE are higher than those for
CSE. It is evident that both the ultrasonic vibration and resultant temperature increase in
the particle/solvent mixture contribute to the enhanced yield with DUAE. Figure 6 also
indicates that CMax increases with increasing bath temperature as the yield with DUAE at
an extraction time of 30 min. is a good estimate for CMax.
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Figure 6. Relationship between C and bath temperature during DUAE and CSE under the conditions
of: solvent-to-solid ratio 40:1; particle size 45–100 mesh (0.150–0.354 mm); and extraction time 30 min.
DUAE was operated at 120 W with a frequency of 22.95 kHz.

3.4.3. Effects of the Solvent-to-Particle Ratio

The solvent-to-particle ratio is also an important parameter affecting CMax. Figure 7
illustrates the relationship between CMax and the ratio. Generally, CMax increases with
increasing solvent-to-solid ratio when the ratio is smaller than 20:1. CMax then increases
insignificantly with the ratio in the range of 20:1 to 60:1, taking account of standard
deviations in measurement.

The results shown in Figures 5–7 confirm that the maximum yield can be strongly
affected by process parameters such as the size of potato peel particles, the temperature of
the solvent/solid mixture during extraction, and the solvent-to-particle ratio. These results,
together with the models on yield, i.e., Equation (1), and recovery, i.e., Equations (5)–(8),
can be used for evaluating the efficacy of an extraction method for the recovery of valuable
substances from potato peel waste before it is sent to the landfill.
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Figure 7. Relationship between the maximum yield, CMax, and the solvent-to-solid ratio during
DUAE under the conditions of: the power of ultrasonic vibration 120 W, frequency 22.95 kHz, bath
temperature 25 ◦C; and particle size 45–100 mesh (0.150–0.354 mm).

4. Conclusions

The yields of phenolic compounds from potato peel waste were measured using three
methods. Of these three methods, the two ultrasound-assisted extraction methods, namely
direct ultrasound-assisted extraction (DUAE) and indirect ultrasound-assisted extraction
(IUAE) are much faster in extracting phenolic compounds than the conventional shaking
extraction (CSE).

The yield curve associated with each method can be described using the two-parameter,
nonexponential Peleg model, but the plateau yield on the yield curve may not be the
maximum yield of TPC extractable from potato peels. The maximum yield increases with
decreasing size of the potato peel particles and increasing extraction temperature.

A recovery ratio based on the maximum yield is defined for describing the efficacy
of extracting phenolic compounds from potato peels. The ultrasound-assisted extraction
methods are capable of extracting phenolic compounds at a given recovery ratio one or
two orders of magnitude faster than the CSE method. The models described in the article
are expected to be useful in evaluating the extraction efficacy of valuable compounds from
various agricultural or agroindustrial waste.
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