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Abstract: The current study aimed at developing an effective organosolv treatment, with the objective
to obtain potato peel extracts highly enriched in polyphenols. To this end, two low-cost solvents were
employed, 1- and 2-propanol, which are considered green, but they have been rather poorly studied
compared to other conventional solvents, such as ethanol. Treatment development also embraced
the use of sulfuric acid, a well-examined catalyst in organosolv processes. Treatment evaluation on
the basis of response surface optimization and severity demonstrated that 1-propanol was a more
effective solvent, providing a maximum yield in total polyphenols of 19.28 mg chlorogenic acid
equivalents per g of dry potato peel weight, attained with 40% 1-propanol/1.5% (w/v) sulfuric acid
at a treatment time of 60 min and a temperature of 90 ◦C. This treatment was of lower severity
compared to the one with 2-propanol, and it also provided almost 24% higher total polyphenol yield.
The extracts produced contained chlorogenic acid as the major constituent, accompanied by caffeic
acid and minor amounts of p-coumaric acid. This is the first report on such an organosolv treatment
of potato peels to recover polyphenolic compounds with high efficiency.

Keywords: antioxidants; potato peels; organosolv; polyphenols; food waste valorization

1. Introduction

The rapidly expanding world population has led to unprecedented pressure on biore-
source utilization, provoking largely uncontrolled overexploitation, ecosystem degradation,
and severe environmental aggravation. An issue of utmost concern pertaining to crop
cultivation and food production is the generation of outstanding amounts of waste. This
residual biomass consists of biological tissues of high organic load, and their improper
management and excessive dumping in landfills entails imminent risks of environmental
pollution as well as risks to ecosystem conservation and public health [1,2]. On the basis of
the above considerations, there has been to-date a wide recognition that linear economy
models are both inefficient and environment threatening, and thus circular economy aspects
are gaining universal acceptance by adopting sustainable routes of agricultural production
and food manufacturing. One of the major pillars associated with establishing circular
economy strategies is the exploitation of food wastes in order to produce high value-added
compounds, energy, and plant-form chemicals [3,4].

Plant food wastes are particularly rich in bioactive phytochemicals, such as polyphe-
nols, which are a prominent family of phytochemicals possessing a spectrum of bioactivi-
ties [5]. This has oriented the relevant research towards the development of eco-friendly
technologies for their effective recovery and valorization [6,7]. Aside from the utiliza-
tion of non-toxic, benign solvents, the development of green extraction of polyphenols
comprises implementing innovative techniques, such as microwave-assisted extraction,
ultrasound-assisted extraction, etc., which in some instances have been proven far more
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efficient than conventional extraction techniques. Furthermore, recent reports have also
introduced organosolv treatments, which have been shown to be extraction processes of
high efficiency [8].

The organosolv processes, originally developed for the pretreatment of biomass to
increase the recovery and fermentability of cellulose, aim at disintegrating the cell wall
lignocellulosic matrix [9,10]. At the same time, cell wall degradation enables intracel-
lular metabolite (polyphenol) liberation and the entrainment of these compounds into
the extraction solvent (liquid phase) [11]. This results in increased mass transfer, and,
hence, improved extraction yield. Ethanol is commonly employed in organosolv processes,
but other alcohols have also been used for this purpose, such as butanol, glycerol, and
2-propanol [12,13]. Additionally, acid catalysis, usually by incorporating sulfuric acid into
the solvent system, may significantly enhance treatment performance [14].

Potatoes are tubers from the plant Solanum tuberosum, and they are consumed by large
populations around the world. After cereals, the potato is the most important food crop,
and the global production was over 368 million tons in 2018. Apart from being one of the
most commonly consumed plant tissues, potatoes are regularly processed to produce a
number of commodities, such as puree, chips, French fries, hash browns, etc. The potato
processing industry is one of the largest, and accounts for the generation of waste streams
caused mainly by removal of peels, which account for 15% to 40% of the initial fresh
weight [15]. This is translated into the production of about 70 and 140 thousand tons of
potato peels (PP) worldwide on an annual basis.

Thus, owing to their abundance and composition, PP have been the subject of ex-
tensive research regarding their exploitation through biorefinery processes but also the
production of polyphenol-enriched extracts. The major polyphenol encountered in PP is
chlorogenic acid, usually accompanied by other isomers (i.e., neochlorogenic acid), and
simple hydroxycinnamates, such as ferulic acid and caffeic [16]. Polyphenols are consid-
ered the principal bioactives in PP, to which an array of properties have been attributed.
Furthermore, PP extracts have been successfully used as natural food antioxidants, and
they have been regarded as effective replacers of synthetic ones [17]. Therefore, it does
not come as a surprise that several processes have been proposed for the production of PP
polyphenol extraction, yet conventional methodologies reported in the literature appear to
provide rather low yields in total polyphenols.

On the other hand, recent reports on organosolv treatments of plant food wastes,
such as spent coffee waste [8], and onion solid wastes [18], clearly demonstrated their
supremacy in achieving high-performance extractions. On this basis, this investigation was
undertaken to develop an acid-catalyzed organosolv treatment based on 1- and 2-propanol,
which are two benign and low-cost solvents that have been poorly studied with regard to
polyphenol extraction. A critical comparison of these two alcohols was based on response
surface optimization and process severity as well as liquid chromatography-tandem mass
spectrometry in order to examine the possible effects on the polyphenolic profile of the
extracts produced. To the best of our knowledge, the treatment developed is described for
the first time.

2. Materials and Methods
2.1. Reagents and Chemicals

Caffeic acid (≥98%), p-coumaric acid (>98%), and chlorogenic acid (≥95%) were
from Extrasynthese (Genay, France). For all chromatographic analyses, HPLC grade
solvents were used. 2,4,6-Tripyridyl-s-triazine (TPTZ) and iron chloride hexahydrate
(FeCl3·6H2O) were from Honeywell/Fluka (Steinheim, Germany). Ascorbic acid and
2,2-diphenylpicrylhydrazyl (DPPH) were from Sigma-Aldrich (Darmstadt, Germany).
Ethanol, 1- and 2-propanol, and sodium carbonate were purchased from Honeywell/Riedel-
de Haen (Seelze, Germany). Folin-Ciacalteu reagent was from Merck
(Darmstadt, Germany).
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2.2. Collection and Handling of Potato Peels (PP)

Fresh PP were collected immediately after processing (peeling) of brown-skin potatoes
(Solanum tuberosum) from a catering facility. PP were shortly transferred to the laboratory,
placed on aluminum foil trays, and dried in an oven (Binder BD56, Bohemia, NY, USA), at
60 ◦C, for 12 h [19]. The dried material was then comminuted in a domestic blender, and
after sieving, a powder with mean particle size < 0.7 mm was collected. This powder was
used in all experiments performed for the study.

2.3. Solvent Screening and Organosolv Treatment

The two solvents tested, 1- and 2-propanol, were first tested for their efficiency to
extract polyphenolic compounds from PP. To this end, the amount of 1 g of pulverized PP
was mixed with 10 mL of alcohol/water solutions with a proportion of 20, 40, 60, 80, and
100% (v/v). Extractions were accomplished for a resident period of 210 min by employing
a hotplate (Witeg, Wertheim, Germany) set at 500 rpm stirring speed and a temperature of
70 ◦C [20]. After the extraction, centrifugation at 10,000× g was carried out to remove cell
debris, and the clear supernatant was collected for analysis.

To carry out the organosolv treatments, a previously published methodology was
followed [21]. In particular, solvent with optimum alcohol/water ratio was spiked with
concentrated sulfuric acid solution to give a final sulfuric acid concentration (CSuAc) of
0.5, 1, and 1.5% (w/v). Then, a volume of 10 mL of each solvent system was combined
with 1 g PP, and treatments were performed for a resident time of 60, 180, and 300 min at
90 ◦C. Considering the boiling point of both 1- and 2-propanol, the upper limit of 90 ◦C
was the maximum temperature that could be used, and this was for safety reasons. Upon
treatment completion, mixtures were centrifuged at 10,000× g.

2.4. Determination of Severity Factor

By considering the resident time and temperature, the severity of an organosolv
treatment can be estimated and used to compare different processing conditions as fol-
lows [22,23]:

Ro = t× e(
T−100
14.75 ) (1)

SF = logRo (2)

SF represents the severity factor, Ro the severity, and 100 ◦C is the reference temper-
ature. The value 14.75 is an empirical factor, related to the treatment temperature and
activation energy. An integrated form of SF, the combined severity factor (CSF) takes into
consideration the pH of the solvent, which may be crucial in affecting the decomposition of
the biomatrix (PP) [24]:

Ro
′ = 10−pH × t× e(

T−100
14.75 ) (3)

CSF = logRo
′ − pH (4)

Finally, an approach suggested to deliver a fairer comparison of severities of different
treatments, at widely different pH was also taken into account [24]:

CSF′ = logRo + |pH − 7| (5)

2.5. Design of Experiment and Response Surface Optimization

Optimization of the organosolv treatment was conducted by deploying response
surface methodology. The experimental setup considered the catalyst (sulfuric acid) concen-
tration, CSuAc, and the resident time, t, as the process (independent) variables, and the total
polyphenol yield (YTP) as the response. The experimental design chosen was an 11-point
central composite, including three central points. Both independent variables (t, C) were
codified in 3 levels, −1, 0, and 1, as described elsewhere [25]. The codified and actual levels
of each variable are given in Table 1.
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Table 1. The process variables considered for the experimental design, and their coded and actual
levels. Where CSuAc is the concentration of sulfuric acid in the solvent used for the treatment.

Process
Variables Codes

Coded Variable Level

−1 0 1

t (min) X1 60 180 300
CSuAc (% w/v) X2 0.5 5.0 1.5

Preliminary experiments and the recent relevant literature formed the basis to select
the ranges for each variable tested [22]. Both lack-of-fit and analysis of variance (ANOVA)
tests, at a minimum significance level of 95%, were used to assess the significance of the
individual model coefficients, and also the overall statistical significance of the models
(R2, p).

2.6. Determinations

Analysis of total polyphenols was accomplished with a well-described Folin-Ciocalteu
methodology [26]. Results were reported as chlorogenic acid equivalents, using a chloro-
genic acid calibration curve (50–700 mg L−1, R2 = 0.9987). The antiradical activity (AAR)
and the ferric-reducing power (PR) were determined using methodologies described
elsewhere [26].

2.7. Liquid Chromatography—Tandem Mass Spectrometry (LC-MS/MS)

For the tentative identification and quantitation of the major polyphenols occurring
in PP, a TSQ Quantum Access MS/MS detector (Thermo Scientific, Waltham, MA, USA)
was employed, coupled with a ACQUITY Binary Solvent Manager and ACQUITY Sample
manager (Waters, Milford, MA, USA). The separation was achieved with a 5 µL injection
volume at a flow rate of 0.3 mL min−1 on a Fortis SpeedCore C18, 100 mm × 2.1 mm
(2.6 µm) maintained at 40 ◦C. The mobile phase was (A) water containing 1% acetic acid,
and (B) methanol containing 1% acetic acid, and the elution program was linear gradient,
as follows: 0 min, 0% B, and 20 min, 100% B. Mass spectra acquisition was accomplished
in negative ionization mode, with a sheath gas pressure of 30 (arbitrary units), a capillary
temperature set at 300 ◦C, an auxiliary gas pressure of 15 (arbitrary units), and collision
pressure at 1.5 mTorr. The quantitation of caffeic acid, p-coumaric acid, and chlorogenic
acid was accomplished using external standards, and calibration curves were constructed
using the highest intensity fragment produced during the collision-induced dissociation
(CID) of the selected precursor molecular ion.

2.8. Statistical Analyses

JMP™ Pro 16 (SAS, Cary, NC, USA) was used to carry out distribution analysis, set
up the experimental design for the response surface, and compute the accompanying
statistics (ANOVA, lack-of-fit). SigmaPlot™ 15.0 (Systat Software Inc., San Jose, CA, USA)
was employed for linear and non-linear regressions, at least at a 95% significance level.
Organosolv treatments were carried out at least twice and all determinations in triplicate.
The values presented are means ± standard deviation (sd).

3. Results and Discussion
3.1. Solvent Assay

In order to have evidence of the capacity 1- and 2-propanol to extract polyphenolic
compounds from PP, an initial assay was carried out by varying solvent concentration. In
Figure 1, it can be seen that an aqueous mixture composed of 40% 1-propanol gave signifi-
cantly higher YTP (p < 0.05). A similar result was drawn from the examination of water/
2-propanol mixtures, but the YTP attained with 40% 2-propanol was not statistically differ-
ent from those attained with either 20 or 60%. Thus, to maintain identical levels for both
1- and 2-propanol, 40% solutions were chosen for the subsequent organosolv treatments.
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Figure 1. Testing of water mixtures with 1- and 2-propanol for total polyphenol recovery efficiency.
Extractions were carried out at 70 ◦C for 210 min. Columns designated with different letters (a, b, c)
represent statistically different total polyphenol yield (YTP) values. Bars indicate standard deviation.

3.2. Acid-Catalyzed Treatment and Solvents Effects

As mentioned above, aqueous mixtures of 40% of either 1- or 2-propanol were used
to accomplish the organosolv treatment of PP by maintaining a temperature of 90 ◦C. The
effect of acid catalysis on polyphenol recovery from PP was tested by switching sulfuric
acid concentration (CSuAc) to different levels and carrying out the organosolv treatment
under variable time regimes. Assessment of the severity of each treatment was determined
using Equations (4) and (5), and the results drawn are analytically given in Table 2. For
the treatment with 1-propanol, statistically higher YTP was achieved with CSuAc of 1% at
60 min and with CSuAc of 1.5% at 60 min. These treatments were characterized by CSF
values of 0.28 and 0.39, respectively, which were statistically different (p < 0.05). The
corresponding CSF values were 7.28 and 7.39, which were also statistically different. This
finding suggested that the maximum YTP with minimal process severity may be attained
with CSuAc of 1% at 60 min. Regarding the process with 2-propanol, significantly higher YTP
was obtained with CSuAc of 1% at 300 min, and CSuAc of 1.5% at 300 min. The corresponding
CSF values for these treatments were 0.82 and 0.95, which had no statistical difference
(p > 0.05).

Similarly, the corresponding CSF values were 7.82 and 7.95, which were not signifi-
cantly different (p > 0.05). Thus, with 2-propanol treatment, maximum performance with
minimal severity could be obtained with CSuAc of 1% at 300 min. Considering the above
set of conditions, the treatment with 1-propanol would afford a YTP of 18.85 mg CGAE
g−1 DM, which was almost 20% higher compared to the 15.00 mg CGAE g−1 DM obtained
with the 2-propanol treatment. Process severity with 1-propanol was also lower compared
to that performed with 2-propanol. This outcome strongly pointed to the superiority of
1- over 2-propanol in recovering PP polyphenols.
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Table 2. Combinations of sulfuric acid concentration and time used to develop the organosolv
treatment, and their corresponding severities and total polyphenol yields. Treatments were carried
out at a constant temperature of 90 ◦C. CSF, CSF′, and YTP correspond to combined severity factor,
alternative combined severity factor, and the yield in total polyphenols (expressed as chlorogenic acid
equivalents—CGAE). CSuAc is the concentration of sulfuric acid in the solvent used for the treatment.

CSuAc
(% w/v) t (min) CSF CSF′ YTP

(mg CGAE g−1 DM)

1-Pr 2-Pr 1-Pr 2-Pr 1-Pr 2-Pr

0.5 60 0.07 a −0.03 a 7.07 a 6.97 a 17.04 a 9.56 a

180 0.55 c 0.45 c 7.55 c 7.45 c 18.00 c 11.88 c

300 0.77 c 0.67 c 7.77 c 7.67 c 17.99 c 13.61 c

1.0 60 0.28 a 0.12 a 7.28 a 7.12 a 18.85 b 11.45 a

180 0.76 c 0.60 c 7.76 c 7.60 c 18.30 c 14.72 c

300 0.98 b 0.82 b 7.98 b 7.82 b 17.31 c 15.00 b

1.5 60 0.39 c 0.25 a 7.39 c 7.25 c 19.22 b 12.50 c

180 0.87 c 0.73 c 7.87 c 7.73 c 18.00 c 15.03 b

300 1.09 b 0.95 b 8.09 b 7.95 b 16.45 a 15.38 b

Values within columns with different superscripted letters (a, b, c), are statistically different (p < 0.05).

To have a deeper insight into the effect of both 1- and 2-propanol on process severity
and efficiency, empirical models relating YTP with either CSF or CFS were also established,
as depicted in Figure 2. In the case of 1-propanol treatment, the quadratic models linking
YTP with CSF and CFS were as follows:

YTP = −6.91CSF2 + 7.09CSF + 16.91 (R2 = 0.78, p = 0.0109) (6)

YTP = −6.91CSF′2 + 103.77CSF′ − 371.10 (R2 = 0.78, p = 0.0109) (7)

Thus, considering Model (6), the maximum YTP(max) may be determined by the fol-
lowing equation:

YTP(max) =
D

4× (−6.91)
(8)

where D = 7.092 − 4 × (−6.91) × 16.91. Using Equation (8), the maximum YTP was
determined to be 18.25 mg CGAE g−1 DM. This was in accordance with the experimen-
tal value 18.85 mg CGAE g−1 DM, which was achieved with CSuAc = 1%, at 60 min, as
shown in Table 2. Likewise, when the model (7) was considered, the theoretical maxi-
mum YTP determined was 18.48 mg CGAE g−1 DM. Therefore, both models provided
accurate predictions.

On the other hand, for the treatments carried out with 2-propanol, the correlations
between YTP with CSF and CFS were adequately described by linear models:

YTP = 5.68CSF + 10.34 (R2 = 0.88, p = 0.0002) (9)

YTP = 5.68CSF′ − 29.45 (R2 = 0.88, p = 0.0002) (10)

Thus, YTP(max) could be determined by using the maximum CSF and CFS, which were
0.95 and 7.95, respectively (Table 2). The YTP(max) values thus computed were 15.74 mg
CGAE g−1 DM and 15.71 mg CGAE g−1 DM, respectively, which were virtually equal to
the experimental value 15.38 mg CGAE g−1 DM. In this case too, accurate predictions could
be made using the models established.
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Figure 2. Diagrams illustrating the correlations between YTP values and CSF (A), or CSF′ (B). Bars
indicate standard deviation. CSF, CSF′, and YTP correspond to combined severity factor, alterna-
tive combined severity factor, and the yield in total polyphenols (expressed as chlorogenic acid
equivalents—CGAE).

3.3. Response Surface Process Optimization

Based on the evidence derived from the severity-based models, solvent effects were
pronounced and differentially affected polyphenol recovery from PP. On this ground,
response surface optimization was used as a further means of modeling the organosolv
treatments, by taking into account time, t, and catalyst (sulfuric acid) concentration, CSuAc,
as the process variables. This approach had the scope to evaluate the effects of t and CSuAc
on treatment performance, and to reveal possible synergistic (cross) functions. Model
assessment and process optimization were based on analysis of variance (ANOVA) and
lack-of-fit tests (Figures 3 and 4), considering the predicted and measured values’ proximity
(Table 3).
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Table 3. The design points included in the response surface optimization, the coded levels of
the process (independent) variables, and the actual (measured) and predicted YTP values for both
1-propanol and 2-propanol-based organosolv treatments. YTP correspond to a combined severity
factor, alternative combined severity factor, and the yield in total polyphenols (expressed as chloro-
genic acid equivalents—CGAE). CSuAc is the concentration of sulfuric acid in the solvent used for
the treatment.

Design
Point Independent Variables Response (YTP, mg CGAE g−1 DM)

X1 (t) X2 (CSuAc) 1-Propanol 2-Propanol

Measured Predicted Measured Predicted

1 −1 −1 17.04 17.21 9.56 9.32
2 −1 1 19.22 19.28 12.5 12.52
3 1 −1 17.99 17.95 13.61 13.39
4 1 1 16.45 16.30 15.38 15.43
5 −1 0 18.85 18.62 11.45 11.67
6 1 0 17.31 17.50 15.00 15.17
7 0 −1 18.02 17.87 11.88 12.34
8 0 1 18.07 18.08 15.03 14.96
9 0 0 18.30 18.35 14.72 14.41

10 0 0 18.22 18.35 14.01 14.41
11 0 0 18.54 18.35 14.91 14.41
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1 −1 −1 17.04 17.21 9.56 9.32 
2 −1 1 19.22 19.28 12.5 12.52 
3 1 −1 17.99 17.95 13.61 13.39 
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Figure 4. Statistical information pertaining to response surface optimization of the 2-propanol-based
organosolv treatment of PP. Plot (A) shows the desirability function, through which prediction of
optimized variable values could be made, as well as the estimated maximum YTP. Plot (B) shows the
correlation of predicted and measured YTP values of each design point considered for the optimization.
Values designated with different colors in the inset tables are statistically different.

The models derived were given in the form of equations containing only significant
terms (Figures 3 and 4, inset table “Parameter estimates”), accompanied by the square
correlations coefficients (R2), in order to provide a means of the total variability around the
mean predicted by the models:

YTP(1-Prop) = 18.34 − 0.56X1 − 0.93X1X2 − 0.37X2
2 (11)

YTP(2-Prop) = 14.41 + 1.75X1 + 1.31X2 − 0.99X1
2 − 0.76X2

2 (12)

Both models found to have R2 were equal to 0.97 and highly significant p values for
lack-of-fit for a confidence interval of at least 95% (Figures 3B and 4B). These data strongly
suggested that the response surface models displayed excellent fitting to the measured
(experimental) values. The 3D diagrams constructed based on the models depicted the
effect of the process variables on the response (YTP) and visualized the differences between
the two solvents tested (Figure 5).
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For the 1-propanol treatment, t (X1) was significant, but CSuAc (X2) was not. However,
the effect of CSuAc was manifested by its cross term with t (X1X2), and its quadratic term
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2). Nevertheless, quadratic effects of t were non-significant. By contrast, both X1 and X2
exhibited a significant effect on YTP when the treatment was performed with 2-propanol,
and so did the quadratic terms X1

2 and X2
2. However, no significant cross terms were seen

in this case.
By employing the desirability function (Figures 3A and 4A), the theoretical optimal

values for both t and CSuAc could be determined, along with the predicted maximum
response for each treatment. In the case of 1-propanol, maximum YTP (19.28 ± 0.47 mg
CGAE g−1 DM) would require t = 60 min and CSuAc = 1.5%. For the treatment with
2-propanol, maximum YTP was estimated to be 15.56 ± 0.66 mg CGAE g−1 DM, with the
optimum t and CSuAc being 167 min and 1.36%, respectively. On the grounds of these data,
it was made clear that the organosolv treatment with 1-propanol was more efficacious than
that with 2-propanol, providing over 19% higher YTP. Furthermore, despite the comparable



Appl. Sci. 2023, 13, 9484 11 of 15

CSuAc, the resident time required for the 1-propanol treatment was over than 4.5 times
shorter than that determined for the 2-propanol treatment, meaning that the former was a
less severe process. To bring out the role of acid catalysis in enhancing total polyphenol
recovery from PP, treatments under optimal resident times but without sulfuric acid were
also performed. For the treatment with 1-propanol, the presence of acid catalysts boosted
YTP by 87%, while in the 2-propanol treatment, the enhancement was 71% (Figure 6). This
outcome highlighted the importance of the acid catalyst in developing the organosolv
treatment.
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Figure 6. Plot portraying the effect of sulfuric acid, used as catalyst, on the treatment performance.
Assignments: 1-prop/SuAc, treatment performed with 40% 1-propanol/1.5% sulfuric acid; 1-prop,
treatment performed without sulfuric acid addition; 2-prop/SuAc, treatment performed with 40%
2-propanol/1.36% sulfuric acid; 2-prop, treatment performed without sulfuric acid addition. The
resident time used for the treatments with 1-propanol (with or without sulfuric acid) was 60 min.
The corresponding time for the 2-propanol treatments was 167 min. Bars on the columns rep-
resent standard deviation. YTP is the yield in total polyphenols, expressed as chlorogenic acid
equivalents—CGAE.

A critical appraisal of the YTP levels attained by employing the 1-propanol/sulfuric
acid treatment with those reported in several recent studies would illustrate the effective-
ness of the process developed. Optimization of polyphenol extraction with hydroethanolic
solutions has been reported to afford YTP between 9.46 to 10.31 mg CGAE g−1 DM [19].
With water/methanol solvent, ultrasound-assisted extraction was of equal performance,
providing YTP of 9.33 mg gallic acid equivalents g−1 DM [27]. Combination of hydroethano-
lic solvent and microwave-assisted extraction was shown to give a level of 11 mg gallic
acid equivalents g−1 DM [28].

Results from another examination on ultrasound-assisted extraction of polyphenol
from PP with water/ethanol solvent reported a maximum YTP of 6.20 mg gallic acid
equivalents g−1 DM [29]. On the other hand, YTP as high as 20 mg gallic acid equivalents
g−1 DM has been achieved with subcritical water extraction of PP [30], and 32.87 mg gallic
acid equivalents g−1 DM with sequential hydrothermal extraction [31], whereas extraction
under alkaline conditions and high-pressure homogenization has afforded no more than
4.16 mg gallic acid equivalents g−1 DM [32].



Appl. Sci. 2023, 13, 9484 12 of 15

3.4. Polyphenolic Composition and Antioxidant Activity

Aside from the total polyphenol yield, the polyphenolic profile of the extracts obtained
with 1- and 2-propanol was also of importance, and, thus, the extracts generated under
optimized conditions were analyzed by liquid chromatography-tandem mass spectrometry
(LC-MS/MS) to tentatively identify and quantify the principal constituents. The analyses
revealed that the principal compounds were chlorogenic acid, accompanied by caffeic
acid and p-coumaric acid (see Supplementary Material). Chlorogenic acid was charac-
terized by its molecular ion at m/z = 353, and the diagnostic fragments at m/z = 191.1
and 85.2. Likewise, caffeic acid was identified by the molecular ion at m/z = 179 and the
diagnostic fragment at m/z = 135.1, and p-coumaric acid by the corresponding ions at
m/z = 163 and 119.3.

The treatment with 1-propanol/sulfuric acid and 2-propanol/sulfuric acid resulted
in virtually equal caffeic acid recovery, but the former treatment afforded 50% higher
chlorogenic acid recovery. Both extracts also contained minor amounts of p-coumaric acid,
which, in the case of 2-propanol/sulfuric acid treatment, accounted for no more than 1.2%
of the total hydroxycinnamates considered (Table 4). In total, the extract produced with
the 1-propanol/sulfuric acid was 30% richer in hydroxycinnamates. The predominance of
chlorogenic acid in PP extracts has been previously described by other authors, reporting
yields of 250.15 [19], 267.40 [33], and 904.21 µg g−1 DM [34]. However, yields as low as
83.67 µg g−1 DM [26] and as high as 4100 µg g−1 DM [29] have also been found. On the
other hand, caffeic acid has been shown to accompany chlorogenic acid at significantly
lower levels, ranging usually from 89 to 920 µg g−1 DM, although its content may reach up
to 1297 µg g−1 DM [35].

Table 4. Polyphenolic composition and antioxidant characteristics of the extracts obtained under
optimized conditions. Values are given along with the standard deviation. Assignments: CA, caffeic
acid; CGA, chlorogenic acid; p-CouA, p-coumaric acid.

Sample Phenolic Acid Content
(µg g−1 DM) Total

AAR
(µmol DPPH

g−1 DM)

PR
(µmol AAE

g−1 DM)

CA CGA p-CouA

40% 1-prop/1.5% SuAc 772.25 ± 54.30 1771.84 ± 98.52 17.00 ± 2.34 2561.00 148.66 ± 10.32 29.94 ± 1.85
40% 2-prop/1.36% SuAc 764.20 ± 63.02 1181.80 ± 84.61 24.04 ± 1.87 1970.00 192.03 ± 14.20 24.88 ± 2.02

Both extracts were also tested for antioxidant activity by determining the ferric-
reducing power (PR) and the antiradical activity (AAR). With reference to AAR, the extract
obtained with 2-propanol/sulfuric acid treatment displayed 29% higher value compared to
the extract produced with 1-propanol/sulfuric acid. Conversely, the 1-propanol/sulfuric
acid treatment afforded extract with 20% higher PR compared to the control extract obtained
using with 2-propanol/sulfuric acid (Table 4). These discrepancies revealed a diversified
response of the extracts to the AAR and PR tests. Such a disagreement of the results from the
two antioxidants tests would not come as a surprise, given that the antioxidant responses
of mixtures of antioxidant compounds may depend on several factors, such as the relevant
proportion of each compound in the mixture tested. Evidence arising from the examination
of the radical-scavenging activity of polyphenolic mixtures indicated the manifestation of
antagonistic and/or synergistic effects, which depended on the nature of polyphenols in
the mixture [36].

The study of several binary antioxidant mixtures at varying proportions with cyclic
voltammetry and a chemiluminescence-based test confirmed such behavior, demonstrating
again the expression of either antagonism or synergism, depending on the nature of the
antioxidants interacting and their relative ratio [37,38].
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4. Conclusions

The examination presented herein clearly demonstrated that the organosolv treatment
developed employing 1-propanol and sulfuric acid as a catalyst may be a highly effective
means of recovering antioxidant polyphenols from waste potato peels. Models based
on both response surface optimization and severity revealed that the 1-propanol-based
treatment was significantly more effective compared to the one developed with 2-propanol,
but also less severe. Furthermore, a critical comparison with the literature data suggested
the treatment developed to be a high-performance process. The analysis of the extract
generated under optimized conditions showed chlorogenic acid to be the predominant
polyphenolic constituent, accompanied by caffeic acid and minor amounts of p-coumaric
acid. Based on the evidence that has emerged out of this study, it could be argued that acid-
catalyzed, 1-propanol organosolv treatments may have important prospects as effective
processes for the recovery of high valued-added substances, such as chlorogenic acid,
from potato-processing residues. Such a process could be integrated into a wider frame
of a potato waste biorefinery to establish strategies of holistic waste valorization, which
would contribute towards development of circular economy routes and sustainable food
production.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/app13169484/s1, Figure S1: A representative total ion
chromatogram of 1-propanol extract obtained under optimized conditions: RT 4.41 min, chlorogenic
acid; RT 4.56 min, caffeic acid; RT 6.16 min, p-coumaric acid.

Author Contributions: S.C., A.G. and S.G.: performance of experiments, data curation, and anal-
ysis; D.P.M. and S.G.: methodology—design and supervision; S.C., A.G. and S.G.: data curation;
D.P.M. and S.G.: writing and editing. All authors have read and agreed to the published version of
the manuscript.

Funding: Mediterranean Agronomic Institute of Chania (M. A. I. Ch.).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data is available from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bakan, B.; Bernet, N.; Bouchez, T.; Boutrou, R.; Choubert, J.-M.; Dabert, P.; Duquennoi, C.; Ferraro, V.; Garcia-Bernet, D.; Gillot, S.

Circular economy applied to organic residues and wastewater: Research challenges. Waste Biomass Valoriz. 2022, 13, 1267–1276.
2. Yaashikaa, P.; Kumar, P.S.; Varjani, S. Valorization of agro-industrial wastes for biorefinery process and circular bioeconomy: A

critical review. Bioresour. Technol. 2022, 343, 126126.
3. Amran, M.A.; Palaniveloo, K.; Fauzi, R.; Satar, N.M.; Mohidin, T.B.M.; Mohan, G.; Razak, S.A.; Arunasalam, M.; Nagappan, T.;

Sathiya Seelan, J.S. Value-added metabolites from agricultural waste and application of green extraction techniques. Sustainability
2021, 13, 11432. [CrossRef]

4. Monteiro, A.R.; Battisti, A.P.; Valencia, G.A.; de Andrade, C.J. The Production of High-Added-Value Bioproducts from Non-
Conventional Biomasses: An Overview. Biomass 2023, 3, 123–137. [CrossRef]

5. De Camargo, A.C.; Schwember, A.R.; Parada, R.; Garcia, S.; Maróstica Júnior, M.R.; Franchin, M.; Regitano-d’Arce, M.A.B.;
Shahidi, F. Opinion on the hurdles and potential health benefits in value-added use of plant food processing by-products as
sources of phenolic compounds. Int. J. Mol. Sci. 2018, 19, 3498. [CrossRef] [PubMed]

6. Chemat, F.; Vian, M.A.; Ravi, H.K. Toward petroleum-free with plant-based chemistry. Curr. Opin. Green Sustain. Chem. 2021,
28, 100450. [CrossRef]

7. Carpentieri, S.; Soltanipour, F.; Ferrari, G.; Pataro, G.; Donsì, F. Emerging green techniques for the extraction of antioxidants from
agri-food by-products as promising ingredients for the food industry. Antioxidants 2021, 10, 1417. [CrossRef] [PubMed]

8. Ravindran, R.; Desmond, C.; Jaiswal, S.; Jaiswal, A.K. Optimisation of organosolv pretreatment for the extraction of polyphenols
from spent coffee waste and subsequent recovery of fermentable sugars. Bioresour. Technol. Rep. 2018, 3, 7–14. [CrossRef]

9. Wei Kit Chin, D.; Lim, S.; Pang, Y.L.; Lam, M.K. Fundamental review of organosolv pretreatment and its challenges in emerging
consolidated bioprocessing. Biofuels Bioprod. Biorefin. 2020, 14, 808–829. [CrossRef]

https://www.mdpi.com/article/10.3390/app13169484/s1
https://doi.org/10.3390/su132011432
https://doi.org/10.3390/biomass3020009
https://doi.org/10.3390/ijms19113498
https://www.ncbi.nlm.nih.gov/pubmed/30404239
https://doi.org/10.1016/j.cogsc.2021.100450
https://doi.org/10.3390/antiox10091417
https://www.ncbi.nlm.nih.gov/pubmed/34573049
https://doi.org/10.1016/j.biteb.2018.05.009
https://doi.org/10.1002/bbb.2096


Appl. Sci. 2023, 13, 9484 14 of 15

10. Sun, C.; Song, G.; Pan, Z.; Tu, M.; Kharaziha, M.; Zhang, X.; Show, P.-L.; Sun, F. Advances in organosolv modified components
occurring during the organosolv pretreatment of lignocellulosic biomass. Bioresour. Technol. 2022, 368, 128356.

11. Chemat, F.; Rombaut, N.; Sicaire, A.-G.; Meullemiestre, A.; Fabiano-Tixier, A.-S.; Abert-Vian, M. Ultrasound assisted extraction of
food and natural products. Mechanisms, techniques, combinations, protocols and applications. A review. Ultrason. Sonochem.
2017, 34, 540–560. [CrossRef] [PubMed]

12. Zhao, X.; Li, S.; Wu, R.; Liu, D. Organosolv fractionating pre-treatment of lignocellulosic biomass for efficient enzymatic
saccharification: Chemistry, kinetics, and substrate structures. Biofuels Bioprod. Biorefin. 2017, 11, 567–590. [CrossRef]

13. Zhu, S.; Guo, J.; Wang, X.; Wang, J.; Fan, W. Alcoholysis: A promising technology for conversion of lignocellulose and platform
chemicals. ChemSusChem 2017, 10, 2547–2559. [CrossRef]

14. Vaidya, A.A.; Murton, K.D.; Smith, D.A.; Dedual, G. A review on organosolv pretreatment of softwood with a focus on enzymatic
hydrolysis of cellulose. Biomass Convers. Biorefin. 2022, 12, 5427–5442. [CrossRef]

15. Rodríguez-Martínez, B.; Gullón, B.; Yáñez, R. Identification and recovery of valuable bioactive compounds from potato peels: A
comprehensive review. Antioxidants 2021, 10, 1630. [CrossRef]

16. Rasheed, H.; Ahmad, D.; Bao, J. Genetic diversity and health properties of polyphenols in potato. Antioxidants 2022, 11, 603.
[CrossRef]

17. Eliopoulos, C.; Markou, G.; Langousi, I.; Arapoglou, D. Reintegration of food industry by-products: Potential applications. Foods
2022, 11, 3743. [CrossRef]

18. Bozinou, E.; Palaiogiannis, D.; Athanasiadis, V.; Chatzilazarou, A.; Lalas, S.I.; Makris, D.P. Glycerol-based deep eutectic solvents
for simultaneous organosolv treatment/extraction: High-performance recovery of antioxidant polyphenols from onion solid
wastes. Sustainability 2022, 14, 15715. [CrossRef]

19. Shaheen, S.; Grigorakis, S.; Halahlah, A.; Loupassaki, S.; Makris, D.P. Extractor dimensions affect optimization of laboratory-scale
batch solid-liquid extraction of polyphenols from plant material: Potato peels as a case study. Chem. Eng. Commun. 2021,
208, 1618–1629. [CrossRef]

20. Morsli, F.; Grigorakis, S.; Halahlah, A.; Poulianiti, K.P.; Makris, D.P. Appraisal of the combined effect of time and temperature on
the total polyphenol yield in batch stirred-tank extraction of medicinal and aromatic plants: The extraction efficiency factor. J.
Appl. Res. Med. Arom. Plants 2021, 25, 100340. [CrossRef]

21. Papadaki, E.S.; Palaiogiannis, D.; Lalas, S.I.; Mitlianga, P.; Makris, D.P. Polyphenol release from wheat bran using ethanol-based
organosolv treatment and acid/alkaline catalysis: Process modeling based on severity and response surface optimization.
Antioxidants 2022, 11, 2457. [CrossRef]

22. Overend, R.P.; Chornet, E. Fractionation of lignocellulosics by steam-aqueous pretreatments. Phil. Trans. R. Soc. Lond. Ser. A Math.
Phys. Sci. 1987, 321, 523–536.

23. Sidiras, D.; Politi, D.; Giakoumakis, G.; Salapa, I. Simulation and optimization of organosolv based lignocellulosic biomass
refinery: A review. Bioresour. Technol. 2022, 343, 126158. [CrossRef]

24. Pedersen, M.; Meyer, A.S. Lignocellulose pretreatment severity–relating pH to biomatrix opening. New Biotechnol. 2010,
27, 739–750. [CrossRef] [PubMed]

25. Athanasiadis, V.; Palaiogiannis, D.; Bozinou, E.; Lalas, S.I.; Makris, D.P. β-Cyclodextrin-aided aqueous extraction of antioxidant
polyphenols from peppermint (Mentha × piperita L.). Oxygen 2022, 2, 424–436. [CrossRef]

26. Lakka, A.; Lalas, S.; Makris, D.P. Development of a low-temperature and high-performance green extraction process for the
recovery of polyphenolic phytochemicals from waste potato peels using hydroxypropyl β-cyclodextrin. Appl. Sci. 2020, 10, 3611.
[CrossRef]

27. Wang, S.; Lin, A.H.-M.; Han, Q.; Xu, Q. Evaluation of direct ultrasound-assisted extraction of phenolic compounds from potato
peels. Processes 2020, 8, 1665. [CrossRef]

28. Wu, T.; Yan, J.; Liu, R.; Marcone, M.F.; Aisa, H.A.; Tsao, R. Optimization of microwave-assisted extraction of phenolics from
potato and its downstream waste using orthogonal array design. Food Chem. 2012, 133, 1292–1298. [CrossRef]

29. Riciputi, Y.; Diaz-de-Cerio, E.; Akyol, H.; Capanoglu, E.; Cerretani, L.; Caboni, M.F.; Verardo, V. Establishment of ultrasound-
assisted extraction of phenolic compounds from industrial potato by-products using response surface methodology. Food Chem.
2018, 269, 258–263. [CrossRef]

30. Alvarez, V.H.; Cahyadi, J.; Xu, D.; Saldaña, M.D. Optimization of phytochemicals production from potato peel using subcritical
water: Experimental and dynamic modeling. J. Supercrit. Fluids 2014, 90, 8–17. [CrossRef]

31. Martinez-Fernandez, J.S.; Seker, A.; Davaritouchaee, M.; Gu, X.; Chen, S. Recovering valuable bioactive compounds from potato
peels with sequential hydrothermal extraction. Waste Biomass Valoriz. 2021, 12, 1465–1481.

32. Zhu, X.; Cheng, Y.; Chen, P.; Peng, P.; Liu, S.; Li, D.; Ruan, R. Effect of alkaline and high-pressure homogenization on the extraction
of phenolic acids from potato peels. Innov. Food Sci. Emerg. Technol. 2016, 37, 91–97. [CrossRef]

33. Kumari, B.; Tiwari, B.K.; Hossain, M.B.; Rai, D.K.; Brunton, N.P. Ultrasound-assisted extraction of polyphenols from potato peels:
Profiling and kinetic modelling. Int. J. Food Sci. Technol. 2017, 52, 1432–1439. [CrossRef]

34. López-Cobo, A.; Gómez-Caravaca, A.M.; Cerretani, L.; Segura-Carretero, A.; Fernández-Gutiérrez, A. Distribution of phenolic
compounds and other polar compounds in the tuber of Solanum tuberosum L. by HPLC-DAD-q-TOF and study of their antioxidant
activity. J. Food Compos. Anal. 2014, 36, 1–11. [CrossRef]

https://doi.org/10.1016/j.ultsonch.2016.06.035
https://www.ncbi.nlm.nih.gov/pubmed/27773280
https://doi.org/10.1002/bbb.1768
https://doi.org/10.1002/cssc.201700597
https://doi.org/10.1007/s13399-022-02373-9
https://doi.org/10.3390/antiox10101630
https://doi.org/10.3390/antiox11040603
https://doi.org/10.3390/foods11223743
https://doi.org/10.3390/su142315715
https://doi.org/10.1080/00986445.2020.1805438
https://doi.org/10.1016/j.jarmap.2021.100340
https://doi.org/10.3390/antiox11122457
https://doi.org/10.1016/j.biortech.2021.126158
https://doi.org/10.1016/j.nbt.2010.05.003
https://www.ncbi.nlm.nih.gov/pubmed/20460178
https://doi.org/10.3390/oxygen2040029
https://doi.org/10.3390/app10103611
https://doi.org/10.3390/pr8121665
https://doi.org/10.1016/j.foodchem.2011.08.002
https://doi.org/10.1016/j.foodchem.2018.06.154
https://doi.org/10.1016/j.supflu.2014.02.013
https://doi.org/10.1016/j.ifset.2016.08.006
https://doi.org/10.1111/ijfs.13404
https://doi.org/10.1016/j.jfca.2014.04.009


Appl. Sci. 2023, 13, 9484 15 of 15

35. Jimenez-Champi, D.; Romero-Orejon, F.L.; Moran-Reyes, A.; Muñoz, A.M.; Ramos-Escudero, F. Bioactive compounds in potato
peels, extraction methods, and their applications in the food industry: A review. CyTA J. Food 2023, 21, 418–432. [CrossRef]

36. Heo, H.J.; Kim, Y.J.; Chung, D.; Kim, D.-O. Antioxidant capacities of individual and combined phenolics in a model system. Food
Chem. 2007, 104, 87–92. [CrossRef]

37. Abou Samra, M.; Chedea, V.S.; Economou, A.; Calokerinos, A.; Kefalas, P. Antioxidant/prooxidant properties of model phenolic
compounds: Part I. Studies on equimolar mixtures by chemiluminescence and cyclic voltammetry. Food Chem. 2011, 125, 622–629.
[CrossRef]

38. Choueiri, L.; Chedea, V.S.; Calokerinos, A.; Kefalas, P. Antioxidant/pro-oxidant properties of model phenolic compounds. Part II:
Studies on mixtures of polyphenols at different molar ratios by chemiluminescence and LC–MS. Food Chem. 2012, 133, 1039–1044.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1080/19476337.2023.2213746
https://doi.org/10.1016/j.foodchem.2006.11.002
https://doi.org/10.1016/j.foodchem.2010.08.076

	Introduction 
	Materials and Methods 
	Reagents and Chemicals 
	Collection and Handling of Potato Peels (PP) 
	Solvent Screening and Organosolv Treatment 
	Determination of Severity Factor 
	Design of Experiment and Response Surface Optimization 
	Determinations 
	Liquid Chromatography—Tandem Mass Spectrometry (LC-MS/MS) 
	Statistical Analyses 

	Results and Discussion 
	Solvent Assay 
	Acid-Catalyzed Treatment and Solvents Effects 
	Response Surface Process Optimization 
	Polyphenolic Composition and Antioxidant Activity 

	Conclusions 
	References

