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Abstract: The examination presented herein sought to establish a novel methodology for the efficient
recovery of polyphenolic antioxidants from coffee processing residues, namely coffee silverskin
(CSS). The process developed was an ethanol-based organosolv treatment, assisted by acid catalysis,
using sulfuric acid or oxalic acid as the catalyst. The first approach was modeling treatment based
on severity, where it was found that treatment dependence on time and temperature may well be
described by linear relationships. Response surface methodology was then deployed as a consecutive
stage, to optimize treatments with regard to catalyst concentration and resident time. In this case,
again, linear models could effectively predict polyphenol recovery yield (YTP). For the sulfuric-
acid-catalyzed treatment, the maximum theoretic YTP was found to be 10.95 ± 0.44 mg caffeic acid
equivalent (CAE) g−1 DM, achieved at CSuAc = 1.5% and t = 300 min. On the other hand, the
maximum YTP of 10.30 ± 0.53 could be attained at COxAc = 4%, and t = 300 min. Considering
treatment severity, it was concluded that the use of oxalic acid, a food-grade organic acid, instead of
sulfuric acid, a corrosive acid, would afford equivalent effects at lower severity. The high-performance
liquid chromatography analyses also revealed that the extract produced through the oxalic-acid-
catalyzed treatment was more enriched in neochlorogenic and chlorogenic acids, and it exhibited
stronger antiradical activity, but weaker ferric-reducing effects. It is proposed that the methodology
developed may contribute towards the use of coffee processing wastes as potential sources of bioactive
ingredients and the design of novel functional products, in the frame of a more sustainable strategy
for coffee processing companies.

Keywords: antioxidants; coffee silverskin; organosolv; polyphenols

1. Introduction

The waste biomass generated from agricultural practices and food industry processes
is characterized by a high load of bio-organic substances, with significant polluting po-
tential. If this material is improperly treated, its uncontrolled dumping may entail severe
environmental risks, with associated hazards to public health. The implementation of
adequate technologies for pollution minimization aims at destroying heavily polluting
wastes, yet contemporary strategies embracing biorefinery technologies within circular
economy frames strongly dictate the valorization of agricultural and food processing
residues. This concept channels waste side streams into routes where wastes represent novel
raw materials to produce a spectrum of high-value-added compounds, platform chemicals,
and/or energy [1,2].

Coffee is globally a highly consumed beverage, with an ever-increasing regular
consumption. Major coffee production is based on the plant species Coffea arabica and
Coffea canephora, collectively known as arabica and robusta coffees, respectively. Coffee pro-
duction generates a vast amount of residues (e.g., defective beans, husks, coffee silverskin,
hulls, and spent coffee grounds), which may be a source of ecosystem pollution and an
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important environmental problem [3,4]. Coffee silverskin (CSS) is a thin tegument covering
the coffee seed, which detaches during the roasting process as coffee beans expand. Thus,
CSS is the main byproduct of the coffee roasting process [4]. Compared to other coffee
byproducts, CSS is a relatively stable material due to its lower moisture content (5–7%),
and it is mainly exploited as fuel and for fertilizer production through composting.

On the other hand, CSS may be regarded as a good resource of bioactive compounds,
which can be recovered through extraction and used in cosmetic, food, and pharmaceutical
products [5]. The major polyphenols encountered in CSS are chlorogenic acids, which are
hydroxycinnamate derivatives with notable biological activities, including neuroprotective
and cardioprotective effects, [6], but also effects on metabolic syndrome and antimicrobial
and antioxidant activities [7]. Therefore, it is not surprising that several recent investi-
gations have focused on the use of coffee waste materials to produce extracts enriched
in chlorogenates [3]. These techniques may encompass both conventional and emerg-
ing processes, such as stirred tank, solid–liquid extraction, subcritical water extraction,
ultrasound-assisted extraction, pulsed-electric-field extraction, and microwave-assisted
extraction [8].

Several plant tissues (i.e., peels, leaves, seeds, bran) are complex matrices involving
recalcitrant bio-polymers, such as pectins and lignocellulosic material. Such networks
may act as barriers in retrieving polyphenolic compounds because they hinder polyphenol
entrainment into the liquid phase, slowing down the diffusion rate. On the other hand,
some polyphenolic constituents may be covalently bound onto polysaccharide chains, and
their liberation would require far more drastic conditions than those usually employed
in a common, conventional extraction process. Thus, techniques that would contribute
towards (i) disintegrating complex matrices (lignocellulose) and (ii) breaking down bonds
between polyphenols and polysaccharides and/or lignin could boost polyphenol release
and recovery, significantly increasing extraction yield.

As they entail treating the lignocellulosic material to organic solvent/water combina-
tions at relatively increased temperatures for a specific resident time, the maxima of which
are interdependent [9,10], organosolv processes may be particularly promising in this con-
text. The efficiency of these procedures, which depend on rupturing ester and ether bonds,
such as those involved in polysaccharide/lignin complexes, may be considerably improved
by the inclusion of catalysts (e.g., sodium hydroxide, sulfuric acid). The deployment of a
pertinent methodology has been recently found to be of high performance in extracting
polyphenols from spent coffee waste [11].

In this regard, applying an organosolv treatment to target polyphenol recovery from
CSS would appear as a challenging prospect. This being the case, this study was undertaken
to develop an ethanol-based organosolv process, which aimed at optimizing antioxidant
polyphenol recovery from CSS. Ethanol was chosen because of its green character, avail-
ability and relatively low cost. Furthermore, sulfuric acid and oxalic acid were preferred
as high-efficiency catalysts in biomass decomposition [12], and process evaluation was
based on models including severity and response surface methodology. The appraisal
of the extracts generated was based on polyphenol profiling by high-performance liquid
chromatography (HPLC), and antioxidant activity determination. As far as the authors are
aware, such an investigation on CSS is described for the first time.

2. Materials and Methods
2.1. Chemicals and Reagents

L-Ascorbic acid was from Carlo Erba (Milano, Italy). Sodium carbonate anhydrous was
from Penta (Prague, Czech Republic). Oxalic acid, neochlorogenic acid (≥98%) and chloro-
genic acid (≥95%) were from Sigma-Aldrich (Steinheim, Germany). Iron(III) chloride hex-
ahydrate (FeCl3•6H2O) was from Merck (Darmstadt, Germany). Gallic acid monohydrate
(≥98%), Folin–Ciocalteu reagent and absolute ethanol were from Panreac (Barcelona, Spain).
2,4,6-Tris(2-pyridyl)-s-triazine (TPTZ) was from Fluka (Steinheim, Germany). 2,2-Diphenyl-
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1-picrylhydrazyl (DPPH) was from Alfa Aesar (Karlsruhe, Germany). HPLC solvents were
used for all chromatographic analyses.

2.2. Coffee Silverskin

Coffee silverskin (CSS), obtained directly after industrial toasting of arabica coffee,
was kindly provided by Coffee Island (Patra, Greece). The material received was in air-
tight packaging, and it was soon comminuted in a laboratory table mill. The comminuted
CSS was sieved and powdered, and particles of diameter ≤ 0.5 mm were selected for the
organosolv treatments.

2.3. Hydroethanolic Solvent Testing and Organosolv Treatments

Initially, the effectiveness of polyphenol recovery from CSS was assayed using wa-
ter/ethanol solvent systems at varying proportions. The composition of the systems tested
was from 20 to 80% ethanol (v/v), while water and pure ethanol were used for control
extractions. A Duran™ vial of 25 mL volume was used as the extractor and the process was
accomplished by mixing 2 g of comminuted CSS with 20 mL of solvent. Then, the mixture
was placed on a temperature-controlled hotplate stirrer (Witeg, Wertheim, Germany) at a
stirring speed of 500 rpm, for 180 min, at a constant temperature of 80 ◦C. This temperature
was the highest safe limit to avoid reaching the boiling point of the solvent, given that the
solvent systems tested were ethanol mixtures. The organosolv treatments were performed
by incorporating acid catalyst into the hydroethanolic solvents. The two catalysts tested
were sulfuric acid, at concentrations (CSuAc) of 0.5, 1, and 1.5% (w/v), and oxalic acid, at
concentrations (COxAc) of 4, 8, and 12% (w/v). Thus, a set of combinations of acid catalyst
concentration and treatment duration (60, 180, and 300 min) was used to achieve different
severity levels.

2.4. Treatment Severity Determination

Severity determination was computed taking into consideration the resident time and
temperature of the treatment, as follows [13,14]:

Ro = t × e(
T−100
14.75 ) (1)

SF = logRo (2)

The SF value is the severity factor, Ro the severity, 100 ◦C the reference temperature,
t the resident time (min), and T the treatment temperature (◦C). The value 14.75 represents
an empirical parameter related to temperature and activation energy. The combined
severity factor (CSF), which is an extended form of SF, can be estimated by considering the
pH of the solvent used, which may also be implicated in the disintegration of the biomatrix
treated (CSS) [15]:

Ro′ = 10−pH × t × e(
T−100
14.75 ) (3)

CSF = logRo
′ − pH (4)

Another measure of treatment severity is an alternative form of CFS, termed as CSF′,
which was argued to provide a fairer severity value for treatments performed at greatly
different pH values [15]:

CSF′ = logRo + |pH − 7| (5)

2.5. Response Surface Treatment Optimization

By considering acid catalyst concentration, CSuAc or COxAc, and resident time, t, as
the independent (treatment) variables, and the yield in total polyphenol as the response,
optimization of the organosolv treatment was accomplished by deploying a response
surface methodology on the basis of a central composite experimental design, includ-
ing in total 11 design points and 3 central points. Treatment variables were codified in
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3 levels, −1, 0 and 1, as previously described in detail [16]. Treatment variable levels in
both actual and codified form are displayed in Table 1. Variable ranges were chosen by
carrying out preliminary experiments and by considering the relevant literature [11]. The
overall model significance (R2, p) and the significance of the individual coefficients of the
models derived was appraised by performing lack-of-fit and ANOVA tests, considering a
minimum significance level of 95%.

Table 1. Variables of the organosolv treatments, given in both actual and codified forms. Term
C corresponds to acid catalyst concentration, which was either sulfuric acid (CSuAc) or oxalic
acid (COxAc).

Treatment Variables Codes Coded Variable Level

−1 0 1

t (min) X1 60 180 300
CSuAc (%, w/v) X2 0.5 1.0 1.5
COxAc (%, w/v) 4 8 12

2.6. Total Polyphenol Measurement and Antioxidant Activity Tests

A previously established Folin–Ciocalteu protocol was used to measure total polyphe-
nols [17]. Results were reported as mg caffeic acid equivalent (CAE) per g dry mass (DM).
Assays for ferric-reducing power (PR) and antiradical activity (AAR) analysis were reported
in detail elsewhere [18]. Results were reported as µmol ascorbic acid equivalent (AAE) per
g DM and µmol DPPH per g DM, respectively.

2.7. Determination of the Analytical Polyphenolic Composition

The chromatographic determinations were accomplished as given in detail in a
previous examination [19]. Quantitations were performed with the external standard
method, using calibration curves of neochlorogenic acid (R2 = 0.9980) and chlorogenic acid
(R2 = 0.9990), at 320 nm. The concentration ranges employed for both polyphenols were
from 5 to 50 µg mL−1. Stock solutions were prepared in HPLC-grade methanol and stored
at −40 ◦C.

2.8. Statistical Analysis

Linear regressions were handled using SigmaPlot™ 12.5 (Systat Software Inc.,
San Jose, CA, USA). JMP™ Pro 13 software (SAS, Cary, NC, USA) was used to perform distri-
bution analysis, build the experimental design, and implement response surface methodology.
The statistics pertaining to response surface methodology (analysis of variance, lack-of-fit)
were also computed by JMP™ Pro 13. All treatments were conducted at least twice, and the
analytical measurements in triplicate. Values were reported as average ± standard deviation.

3. Results and Discussion
3.1. Effect of Ethanol Concentration

Initially, an assay was carried out to identify the optimum ethanol concentration
with regard to polyphenol recovery from CSS. To this end, hydroalcoholic solutions with
increasing ethanol concentration were tested, and the results obtained are illustrated in
Figure 1. A 60% solution was shown to express significantly higher extraction capacity
(p < 0.05), as opposed to 100% ethanol, which was the least effective. Therefore, further
treatment development was based on the 60% mixture.
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Figure 1. The effect of ethanol concentration (CEtOH) of water/ethanol mixtures on the recovery of
total polyphenol from CSS. Extractions were carried out at 80 ◦C for 180 min.

3.2. Effect of Acid Catalyst—Treatment Severity

Two acids were tested as catalysts, sulfuric acid and oxalic acid. Sulfuric acid was
selected because it is a strong inorganic acid (pKa = −10) with very wide applicability
and high efficiency in various organosolv processes [20]. On the other hand, oxalic acid
was chosen because it is a naturally occurring organic acid, which possesses a particularly
low first dissociation constant (pKa1 = 1.27), and it is far stronger than other commonly
encountered natural acids, such as citric acid (pKa1 = 3.13) or acetic acid (pKa = 4.80).
Moreover, oxalic acid has also been used as a mild and efficient acid catalyst in organosolv
treatments [21]. On these grounds, CSS treatments were performed with 60% ethanol/water
mixtures, containing varying concentrations of either acid, as presented in Tables 2 and 3.
The organosolv treatments included processing of CSS at variable severities, to test the
ability of the selected solvent systems to recover polyphenols.

Table 2. Combinations of sulfuric acid concentration (CSuAc) and resident time of the organosolv
treatments tested, along with the corresponding severities and total polyphenol yields. CSF, CSF′

and YTP correspond to combined severity factor, alternative combined severity factor, and yield in
total polyphenols.

CSuAc (% w/v) t (min) CSF CSF′ YTP
(mg CAE g−1 DM)

0.5
60 −0.08 a 6.92 a 9.31 a

180 0.40 c 7.40 c 9.60 c

300 0.62 c 7.62 c 10.02 c

1.0
60 0.14 a 7.14 a 9.59 c

180 0.62 c 7.62 c 9.80 c

300 0.84 b 7.84 b 10.29 b

1.5
60 0.23 a 7.23 a 9.71 c

180 0.71 c 7.71 c 10.33 b

300 0.93 b 7.93 b 10.84 b

Values within columns denoted with different superscripted letters (a, b, c) are statistically different (p < 0.05).
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Table 3. Combinations of oxalic acid concentration (COxAc) and resident time of the organosolv
treatments tested, along with the corresponding severities and total polyphenol yields. CSF, CSF′

and YTP correspond to combined severity factor, alternative combined severity factor, and yield in
total polyphenols.

COxAc (% w/v) t (min) CSF CSF′ YTP
(mg CAE g−1 DM)

4
60 −0.09 a 6.91 a 7.80 a

180 0.39 c 7.39 c 9.25 c

300 0.61 c 7.61 c 10.16 b

8
60 0.07 a 7.07 a 8.20 a

180 0.55 c 7.55 c 9.06 c

300 0.77 b 7.77 b 9.98 b

12
60 0.17 a 7.17 a 9.20 c

180 0.65 c 7.65 c 9.70 c

300 0.87 b 7.87 b 10.30 b

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

For the sulfuric-acid-catalyzed treatment, it was found that attaining significantly
higher YTP (p < 0.05) required a CSF of at least 0.71 and a CSF′ of 7.71, which corresponded
to treatment with CSuAc = 1.5% for 180 min. Under these conditions, the YTP found was
10.33 mg CAE g−1 DM (Table 2). Previous examinations on a similar material, spent coffee
waste, showed that the optimum sulfuric acid concentration was indeed 1.5%, but the
maximum YTP was achieved at 51 ◦C for 45 min, using a 68% hydroethanolic solution [11].
Furthermore, ethanol organosolv treatment of wheat bran afforded a maximum YTP at CSF
and CSF′ levels of 0.93 and 7.93, respectively, which corresponded to 1.5% sulfuric acid and
a resident time of 300 min [22].

In the case of oxalic-acid-catalyzed treatment, significantly higher YTP (p < 0.05) of
10.16 mg CAE g−1 DM could be achieved at a CSF of 0.61 and CSF′ of 7.61 (Table 3). These
data suggested that when using a benign natural chemical such as oxalic acid, instead of
the corrosive sulfuric acid, a virtually equal total polyphenol yield may be acquired, even
at slightly lower severity.

To identify any possible trend relating severity with YTP, regressions were accom-
plished between CSF and CSF′ values with YTP. From this analysis, it was found that
linear models may well describe the relevant correlations (Figure 2). These models were
as follows:

YTP(SuAc) = 1.25CSFSuAc + 9.32 (R2 = 0.83, p = 0.0006) (6)

YTP(SuAc) = 1.25CSF′SuAc + 0.60 (R2 = 0.83, p = 0.0006) (7)

YTP(OxAc) = 2.40CSFOxAc + 8.23 (R2 = 0.85, p = 0.0004) (8)

YTP(OxAc) = 2.40CSF′OxAc − 8.58 (R2 = 0.85, p = 0.0004) (9)

Based on the above models, it was evident that an increased total polyphenol yield
could be achieved by increasing the severity, and this could be accomplished either by
switching catalyst concentration or resident time. Thus, these two parameters may be
interchangeably adjusted as desired. The direct correlation between severity and total
polyphenol yield has recently been reported for polyphenol extraction from wheat bran
using pressurized water/ethanol mixtures [23]. The latter Studies on wheat bran were in
concurrence, demonstrating a direct effect of acid/alkaline ethanol organosolv treatment
severity on total polyphenol yield [22]. The same conclusion was drawn from glycerol and
deep eutectic solvent organosolv treatment of onion solid wastes, where YTP was directly
proportional to CSF [24].
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Figure 2. Linear regression between CSF (A) and CSF′ (B) with YTP. Bars indicate standard deviation.
Assignments: SuAc, sulfuric-acid-catalyzed treatment; OxAc, oxalic-acid-catalyzed treatment.

The YTP of around 10 mg CAE g−1 DM attained with either acid catalysis in this
examination was of comparable magnitude to 12 mg gallic acid equivalent (GAE) g−1 DM
achieved with conventional extraction using 50% ethanol [25] and 13.72 mg GAE g−1 DM
achieved with pulsed-electric-field-assisted extraction using water/ethanol as the sol-
vent [26]. Conventional water/ethanol extraction of CSS also gave an optimum yield of
13 mg GAE g−1 DM [27]. However, other investigations employing water/ethanol solvent
reported a YTP level of 7.22 mg GAE g−1 DM [28]. Ultrasound-assisted extraction with wa-
ter/methanol mixtures afforded yields within the range of 5.80–8.94 mg GAE g−1 DM [29],
but levels of 19.17 mg GAE g−1 DM could be obtained with mild hydrothermal treatment
of CSS [30]. On the other hand, a significantly higher yield of 35 mg GAE g−1 DM [31]
and far greater levels of 93.83 mg GAE g−1 DM [32] have been reported for subcritical
water extraction of CSS. A similar yield of 93.55 mg GAE g−1 DM could be acquired using
water/ethanol mixtures and room-temperature ultrasonication [33].

3.3. Treatment Optimization by Response Surface

The evidence from the models based on severity suggested that equal effects may be
exerted by various combinations of acid concentration and resident time. Therefore, in
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order to determine the optimum conditions that would provide a maximized response
(YTP), response surface optimization was designed and deployed. The purpose was also to
detect possible cross (synergistic) effects between the independent variables (acid catalyst
concentration, C, and resident time, t) and come up with a more credible model for the
organosolv treatment. The evaluation of the models (mathematical equations) derived from
the response surface methodology was based on a lack-of-fit test and analysis of variance
(ANOVA) (Figures 3 and 4), on the grounds of the closeness of the predicted and measured
YTP values (Table 4).

Figure 3. Data derived from implementing response surface methodology to optimize sulfuric-acid-
catalyzed ethanol organosolv treatment of CSS. (A) Plot showing the correlation between predicted
and measured (actual) YTP values. (B) Desirability plot with predicted maximum YTP and optimum
CSuAc and t. Values marked with asterisk and different color are statistically significant.

Table 4. Presentation of the design points used for the response surface methodology, the coded
levels of the independent variables, and the measured and predicted response values for both
sulfuric-acid-catalyzed and oxalic-acid-catalyzed organosolv treatments.

Design Point

Independent Variables Response (YTP, mg CAE g−1 DM)

X1 (t) X2 (C)
SuAc OxAc

Measured Predicted Measured Predicted

1 −1 −1 9.87 9.74 8.19 8.12
2 −1 1 9.71 9.74 9.42 9.20
3 1 −1 9.43 9.42 10.16 10.30
4 1 1 10.81 10.96 10.31 10.30
5 −1 0 9.59 9.69 7.90 8.19
6 1 0 10.29 10.14 9.98 9.84
7 0 −1 9.20 9.34 9.25 9.18
8 0 1 10.32 10.11 9.52 9.72
9 0 0 9.80 9.68 9.06 8.99
10 0 0 9.51 9.68 8.90 8.99
11 0 0 9.72 9.68 9.15 8.99
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Figure 4. Data derived from implementing response surface methodology to optimize oxalic-acid-
catalyzed ethanol organosolv treatment of CSS. (A) Plot showing the correlation between predicted
and measured (actual) YTP values. (B) Desirability plot with predicted maximum YTP and optimum
COxAc and t. Values marked with asterisk and different color are statistically significant.

The models were represented by equations composed of significant terms only
(Figures 3 and 4, inset table “Parameter estimates”), while non-significant terms were
excluded. The square correlation coefficients of the models, as well as the accompanying
statistical information for each individual term, may be seen in Figures 3A and 4A and in
the inset tables provided. The final form of the models was as follows:

YTP(SuAc) = 9.68 + 0.23X1 + 0.39X2 + 0.38X1X2 (10)

YTP(OxAc) = 8.99 + 0.82X1 + 0.27X2 + 0.46X2
2 (11)

Both models exhibited R2 equal to or higher than 0.92, and, based on a confidence
interval of at least 95%, both p values for lack-of-fit were significant (Figures 3B and 4B).
These data indicated that both models displayed good fitting to the values determined
experimentally. The 3D plots derived from the models visualized the effect of the indepen-
dent variables on the response (YTP) and illustrated the differences between the two acid
catalysts used (Figure 5).

The sulfuric-acid-catalyzed treatment was significantly affected by both t (X1) and
C (X2) but also their cross term (X1X2) (Figure 3, inset table “Parameter Estimates”). To the
contrary, quadratic effects of either variable were non-significant. In the case of oxalic-acid-
catalyzed treatment, once again, both X1 and X2 were shown to exert a significant influence
on YTP (Figure 4, inset table “Parameter Estimates”), but a quadratic effect of X2 (X2

2) was
also significant.
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Figure 5. Three-dimensional diagrams presenting the effect of variation in both acid concentration
(C) and treatment time (t) on the total polyphenol yield: (A) sulfuric-acid-catalyzed treatment;
(B) oxalic-acid-catalyzed treatment.

Such an effect may be visually identified by the response surface curvature (Figure 5B).
Both t and C exerted positive effects irrespective of the catalyst used, suggesting that
increasing concentration of either sulfuric acid or oxalic acid, within the range tested,
would provide higher YTP. The same held true for the cross and quadratic terms of
the models.

To determine the optimal values for both process variables t and C but also the
maximum predicted YTP for the treatment developed, the desirability function was used
(Figures 3A and 4A). For the sulfuric-acid-catalyzed treatment, the maximum theoreti-
cal YTP was found to be 10.95 ± 0.44 mg CAE g−1 DM, achieved at CSuAc = 1.5% and
t = 300 min (Figure 3A). On the other hand, the maximum YTP of 10.30 ± 0.53 could be
attained at COxAc = 4% and t = 300 min.

These values were virtually equal to the corresponding ones given in Tables 2 and 3,
and the difference between them was statistically non-significant (p > 0.05). Furthermore,
considering that the corresponding CSF′ values for the sulfuric-acid- and oxalic-acid-
catalyzed treatment were 7.87 and 7.61, it could be argued that the use of oxalic acid, a
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food-grade organic acid, instead of sulfuric acid, a corrosive acid, would afford equivalent
effects at lower severity.

3.4. Extract Composition and Antioxidant Characteristics

Apart from the efficiency of the oxalic-acid-catalyzed treatment regarding the recovery
of total polyphenols from CSS, an issue of importance was the polyphenolic profile of the
extract generated. Thus, the extract obtained under optimized conditions was analyzed
using HPLC to trace its composition. The extract generated by the sulfuric-acid-catalyzed
treatment was also analyzed to spot any possible differences. Based on the trace recorded at
320 nm, two major constituents could be tentatively identified, neochlorogenic acid (nCGA)
and chlorogenic acid (CGA) (Figure 6). This was in accordance with previous studies, which
demonstrated that nCGA (3-caffeoylquinic acid) and CGA (5-caffeoylquinic acid) were
the major constituents in CSS extracts, irrespective of the extraction solvent used [33,34].
Nevertheless, other authors reported feruloylquinic acid and 4,5-di-caffeoylquinic acid as
principal CSS polyphenols, as well [35,36].

Figure 6. Chromatograms of CSS extracts, obtained with sulfuric-acid-catalyzed (SuAc) and oxalic-
acid-catalyzed (OxAc) ethanol organosolv treatments, under optimized conditions. The HPLC traces
were recorded at 320 nm. Peak assignment: 1, neochlorogenic acid; 2, chlorogenic acid.

Overall, the two extracts displayed identical profiles, which clearly illustrated that the
nature of the acid catalyst was not a determinant of the compounds encountered in the
CSS extracts. No differences in the polyphenolic profile were seen when comparison was
made with the extract obtained with 60% ethanol (data not shown). On the other hand,
the quantitative analysis showed that the extract produced from the oxalic-acid-catalyzed
treatment was enriched by almost 16% more in nCGA and 12% in CGA compared to the
extract obtained by the sulfuric-acid-catalyzed treatment (Table 5). In total, oxalic acid
catalysis resulted in an extract that contained 13% more chlorogenates, and it also exhibited
approximately 12% higher AAR, but 44% lower PR. This outcome indicated that the
polyphenolic composition of the extracts differentially affected their antioxidant properties.
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Such an outcome might indicate that other compounds could affect the overall antioxidant
properties of CSS extracts. It should be underlined that synergistic and/or antagonistic
effects might emerge as a consequence of combinations of individual polyphenols, as
observed for various polyphenol mixtures [37].

Table 5. Quantitative data on the yields in neochlorogenic acid (nCGA) and chlorogenic acid (CGA),
achieved with sulfuric-acid-catalyzed (SuAc) and oxalic-acid-catalyzed (OxAc) ethanol organosolv
treatments under optimized conditions, along with the antiradical activity (AAR) and ferric-reducing
power (PR) of the extracts. Values are given as means of triplicate determination± standard deviation.

Sample nCGA
(µg g−1 DM)

CGA
(µg g−1 DM)

Total
(µg g−1 DM)

AAR
(µmol DPPH g−1 DM)

PR
(µmol AAE g−1 DM)

SuAc 37.56 ± 3.50 157.49 ± 12.40 195.05 75.93 ± 5.44 40.94 ± 2.32
OxAc 44.61 ± 3.88 179.59 ± 14.32 224.20 86.14 ± 6.02 32.02 ± 2.85

Thus, the levels of the antiradical activity and ferric-reducing power found may
reflect the manifestation of similar phenomena. Furthermore, it could be presumed that
compounds such as nCGA and CGA may play an important role in scavenging the DPPH,
which is a mechanism of single-electron transfer [38]. By contrast, antioxidants that display
high performance in DPPH assays may react at a relatively lower rate with Fe3+, and,
therefore, may give differentiated results in the ferric-reducing power assay. Therefore,
the discrepancies found might be associated with differences in both reaction kinetics and
mechanisms of the various CSS constituents.

4. Conclusions

This study aimed at developing an organosolv treatment for the effective recovery
of CSS polyphenols by employing ethanol and sulfuric acid or oxalic acid as the catalyst.
Models based on both severity and response surface optimization revealed that the oxalic-
acid-catalyzed treatment was equally as effective as the sulfuric-acid-catalyzed one, but
also less severe. Moreover, critical appraisal with data available in the literature suggested
the treatment developed to be a high-performance process. The extracts generated under
optimized conditions with either oxalic or sulfuric acid catalysis demonstrated chlorogenic
acid to be the predominant polyphenolic substance, accompanied by neochlorogenic acid.
On the basis of the evidence that emerged out of this investigation, it could be argued
that oxalic-acid-catalyzed ethanol organosolv treatment of CSS may have potential as an
efficacious process for the retrieval of high-valued-added compounds, such as chlorogenic
acid. Such a treatment could be integrated in wider biorefinery strategies to establish
policies of holistic waste valorization, which would orient food production towards more
sustainable routes, in compliance with circular economy principles.
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Abbreviations

CAE caffeic acid equivalent (mg g−1 DM)
COxAc oxalic acid concentration (% w/v)
CSS coffee silverskin
CSF combined severity factor (dimensionless)
CSF′ alternative combined severity factor (dimensionless)
CSuAc sulfuric acid concentration (% w/v)
SF severity factor (dimensionless)
T temperature (◦C)
t time (min)
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