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Abstract: Coffee is one of the largest consumed drinks all over the world generating, every

year, a very significant amount of wastes during the beans processing. Among these by-

products, coffee silverskin is a very interesting waste product deriving from the roasting

process. Today, it has been estimated that 0.8 tons of coffee silverskin are produced on 100

tons of final coffee. Up to now, these waste residues have no specific use, being mostly

discharged in landfill or burned. On the other hand, in recent years, coffee silverskin has

attracted great attention as promising source of bioactive compounds, including

polyphenols and caffeine. However, in order to valorize these valuable components, they

should be isolated from the starting matrix through suitable processes and, in this regard,

recently, several extraction methods with different complexity, cost and yield have been

applied. Among them, microwave-assisted extraction results particularly efficient,

nowadays garnered increasing interest in various fields. On this basis, the aim of the

present research is the investigation and the optimization of the solid-liquid extraction of

valuable antioxidant polyphenols from coffee silverskin, under microwave irradiation. The

influence of the main reaction parameters, such as temperature, extraction time and

composition of the solvent, consisting of a binary mixture of water/ethanol, has been

assessed, also employing statistical modeling. The achieved polyphenols yields are higher

than those reported in the literature, thus leading to an important step forward, in the

perspective of improving this waste recycling in a circular economy perspective.

Keywords: waste biomass, coffee silverskin, solid-liquid extraction, polyphenols, caffeine,

5-O-caffeoylquinic acid, antioxidant activity, microwaves, recycling, circular economy.
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1. Introduction

Coffee is one of the most consumed drinks all over the world after water and the most

commercialized product, secondly to only petroleum. According to the International Coffee

Organization, Italians consume an average of 5.9 kg of coffee per capita per year and the countries of

northern Europe have an even higher consumption of about 12 kg [1]. Annual world coffee exports

amount to 8-10 million tons and represent a fundamental economical income for many tropical and

subtropical countries. However, the processing of coffee generates massive amounts of by-products,

such as husks, coffee silverskin (CS) and spent coffee, which are generally disposed as waste materials.

In particular, husk is the outer coating of the coffee cherry and the main by-product of the agro-

industry, while CS, which is a thin tegument that covers the outer layer of the green coee bean, is

removed during the roasting process, and, lastly, spent coffee grounds remain as solid residue after

coffee brewing. For every 100 tons of final product, 200 tons of husks, 60 tons of spent coffee and 0.8

tons of CS are produced [2-3]. The large quantities of those residuals are a major problem for the

manufacturers of this industrial area, both for disposal costs and for environmental issues.

Nevertheless, such by-products have an interesting bulk chemical composition, being rich in nutritional

elements and bioactive components, which could be valorized for new value-added applications. In

addition, the European waste management policy is aimed to minimize the production of wastage or

to re-use it, rather than landfill disposal [4]. Moreover, the new concepts of circular economy and

biorefinery encourage the valorization of each biomass component, developing more sustainable

approaches. Among all the possible coffee by-products, CS is a relatively dry feedstock due to its low

moisture content (5-9 wt%) and it is generally used for the production of bioenergy, compost and

organic fertilizers [5]. However, such an approach is limiting and does not fully exploit the components

of this biomass. Taking into account that the exact chemical composition of CS depends on the coffee

species, the geographical origins and the roasting process of the starting beans, its main components

are dietary fibers about 56-65 wt% (including lignin (10-20 wt%) and carbohydrates (cellulose: 10-23

wt% and hemicellulose: 10-17 wt%)), proteins around 16-20 wt%, fats in the range 1-3 wt% and ash

between 7-10 wt% [6-8]. In addition, CS contains antioxidant compounds, such as caffeine about 0.8-3

wt%, caffeoylquinic acids up to 6 wt%, melanoidins around 10-23 wt% originating as a consequence of

the coffee roasting and vitamin E about 0.4 wt% [9]. Exploiting the nutritional and chemical

composition, CS emerges as a highly interesting product to be used in nutraceutical, cosmetic and

pharmaceutical industries [9]. Recent researches have demonstrated the anti-aging skin activity of CS

extracts, particularly promising for cosmetic applications [9]. Tests in vitro have shown an inhibitory

effect of hyaluronidase, which is responsible for hyaluronic acid degradation [9]. This last process is

detrimental for human skin, which shows tendency to become dry and wrinkled, whereas CS-based

creams improve skin hydration and firmness. In another investigation, it has been observed that the

roundworm nematodes C. elegans, under short-wavelength irradiation (UV-C), increase longevity,

when treated with CS extract [10]. In addition, nanostructured lipid carriers, associated with caffeine

extracted from CS, can penetrate the skin barrier and act as anti-cellulite agents. CS extracts are also

effective antimicrobial agents against pathogenic bacteria (Staphylococcus aureus, Staphylococcus

epidermidis, Escherichia coli and Klebsiella pneumoniae) [9]. Moreover, CS extract inhibits the



XX CONGRESSO NAZIONALE CIRIAF Perugia, 16 e 17 aprile 2020

ISBN (online PDF) 978-88-9392-190-9 - © 2020 Morlacchi Editore University Press, CC BY 4.0 International.

Published by Morlacchi Editore University Press.
Cod_007_pp_51

formation of advanced glycation products, a process that plays an important role in the development

of type 2 diabetes [11]. The biological activities of the CS extracts are mainly ascribed to the contribute

of the phenolic components, in particular caffeoylquinic acids, known as chlorogenic acids, and caffeine

[12]. In this regard, many studies on the extraction and characterization of phenolic compounds of CS

source have been carried out on laboratory-scale [13-16]. However, pilot production systems have not

been developed yet, essentially due to the difficulties of obtaining a profitable extraction process from

CS, achieving highly concentrated products. Conventional methods, based on solid-liquid extraction,

require long extraction times, up to 3h [13] or even 18h [17], and high amounts of solvents, with

CS/solvent ratios between 1/20 and 1/50 g/mL, adopting temperatures in the range 65-80°C, which

make these procedures significantly energy-demanding. Other methods, implying harsher conditions,

have been applied for CS, such as subcritical water extraction at 180-210°C for 10 minutes [18] and

hydrothermal pre-treatment at 120°C for 20 minutes [13]. Recently, the research towards new eco-

friendly, energy-efficient and effective techniques, is increasing, in order to improve the quality of the

extract and reduce time and volume of solvents. In this work, the microwave (MW)-assisted extraction

of polyphenols has been proposed, where the main reaction parameters, temperature, reaction time

and solvent composition, have been optimized by Response Surface Methodology (RSM). MW

technology has already been applied successfully to the extraction of bioactive compounds and the

production of important platform chemicals from various food and lignocellulosic matrices [19-21].

RSM has been used for improving and optimizing various processes, including biomass treatments [22-

25]. It uses a model equation, considering different variables at one time, fits the experimental data

and processes the optimal response of the system with a limited number of experiments. Moreover,

preliminary and ongoing tests have shown that the CS extracts can be treated by ion-exchange resins

in order to concentrate and separate chlorogenic acids from caffeine and obtain two different fractions

with specific applications, one rich in caffeine and the other one in clorogenic acids. Indeed, recently,

absorption and ion-exchange processes have been widely applied for the recovery and purification of

phenolic compounds from natural extracts, being techniques that can be easily realized with low-cost

and low-environmental impact systems [26-27]. The smart proposed approach, outlined in Figure 1,

enables us to achieve a higher concentration of total polyphenols than the CS extracts obtained with

traditional methods, opening the way towards a more sustainable and economic exploitation of CS

waste biomass.

Figure 1. Flow-chart for the production of coffee silverskin extracts.
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2. Materials and Methods

2.1. Materials

Coffee silverskin was provided by Grillo Pods Service s.r.l. (Leghorn, Italy) and used as received for

the polyphenols extraction. Caffeine (99.5% purity), 5-O-caffeoylquinic acid (purity 95.0%), gallic acid

(purity 99.0%), acetonitrile for HPLC and water for HPLC were purchased by Sigma Aldrich. Folin-

Ciocalteu reagent was bought by Titolchimica. Anhydrous ethanol (99.9%), sodium carbonate (99.5%)

and formic acid (99.0%) were acquired by Carlo Erba. All the solvents and chemicals were used as

received.

2.2. Extraction procedure

Polyphenols extraction was carried out in the microwave reactor CEM Discover S-class System (Max

Power = 300W, 35 ml pyrex vial). In a typical experiment, the coffee silverskin/solvent ratio of 1g/10ml

was used. During the MW-assisted extraction, the reaction slurry was mixed by a magnetic stirrer. At

the end of the extraction, the mixture was filtered under vacuum on a crucible, and the recovered

liquid sample was filtered on a PFTE syringe filter (0.22 µm) and analyzed by high-performance liquid

chromatography (HPLC)/UV-Vis, while the solid residue was dried at 105°C for 24h, weighted and

analyzed by FT-IR.

2.3. Total phenolic content (TPC)

The total phenolic content (TPC) of liquid samples wasmeasured by the Folin–Ciocalteumethod and

expressed as gallic acid equivalents (GAE), as reported by Alves [28]. Briefly, in a 50ml volumetric flask,

0.5 ml of CS extract were diluted 10-fold with water and mixed with 2.5 ml of Folin–Ciocalteu reagent.

After 1 minute, 7.5 ml of sodium carbonate solution (20 wt%) were added and the flask was filled up

to 50 ml with water. The reaction mixture was kept in the dark for 2h and then absorbance at 750 nm

was measured using a UV-Vis spectrophotometer. The calibration curve was acquired by employing

commercial standard gallic acid, in the range of concentration 50-1000 mg/L. The TPC yield, expressed

as mgGAE/g of starting CS, was calculated using equation (1):

TPC Yield (mgGAE/g) =
[phenols](

mgGAE

g
)·startin solvent volue L

startin bioass 
(1)

2.4. Analytical instrumentation

The quantification of caffeine and 5-O-caffeoylquinic acid in the CS extracts was carried out by HPLC,

using the Perkin Elmer Series 200 instrument, equipped with a UV-Vis detector. The analysis was

performed at 40 °C, using the Ascentis Express RP-Amide (Supelco) column (10 cm x 2.1 mm, with a

particle diameter of 2.7 μm) and the Ascentis Express RP-Amide (Supelco) pre-column (5mm x 2.1 mm,

with a particle diameter of 2.7 μm). The mobile phase was composed of water (A) and acetonitrile (B),
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both containing 0.3% (v/v) of formic acid. The composition of the mobile phase was changed according

to the following elution gradient: 0-3.75min 100% isocratic with solvent (A); 3.75-19.50min from 100%

to 89% of solvent (A); 19.50-27.75 min from 89% to 79% of solvent (A); 27.75-44.25 min from 79% to

60% of solvent (A); 44.25-50.25 min from 60% to 37% of solvent (A); 50.25-51.00 min from 37% to 0%

of solvent (A); 51.00-52.50 isocratic min at 0% of solvent (A); lastly, 52.50-64.00 min return to starting

conditions of analysis. The mobile phase flow was 0.4 mL/min. with an injection volume of 20 μL.

Regarding the UV-Vis detector, the wavelength of 275 nm was selected for the analysis of caffeine,

while 300 nm was selected for that of 5-O-caffeoylquinic acid. The chromatograms were processed

with the Chromera software. The quantitative analysis of both compounds of interest was carried out

by calibration with the respective external standards, in the range 1–50 mg/L. The yield of those

compounds was calculated by equations similar to Equation 1.

Determination of TPC was carried out by UV-Vis spectroscopy, adopting the JASCO V-530

spectrophotometer, as described in paragraph 2.3.

The FT-IR characterization of CS was performed with the PerkinElmer Spectrum-Two

spectrophotometer, equipped with the Attenuated Total Reflectance (ATR) apparatus. The acquisition

of each spectrum was provided by 12 scans, with a resolution of 8 cm-1, in the wavenumber range

between 4000–450 cm-1.

2.5. Statistical modeling

Response Surface Methodology and Face-Centered Central Composite Design (FCCD) were employed

for the reaction optimization, by maximizing the TPC yield. The independent variables for the

investigated extraction were temperature, reaction time and solvent composition, as reported in Table

1. Their levels were selected based on the reported literature and preliminary experiments carried out

in the laboratory. The FCCD suggested a matrix of 17 experimental runs inclusive of 2 replicates to

ascertain the significance of selected process variables and the interaction between the independent

variables in order tomaximize TPC yield (Table 1). Design Expert 12 (12.0.1.0) Trial Versionwas adopted

to analyze the results and elaborate the RSM model. The quadratic equation representing the

correlation between independent variables and response(s) can be written as:

Y = β0 + ∑ βk
i=1 iXi + ∑ βk

1≤i≤j ijXiXj + ∑ βk
i=1 iiXi2

where Y is the dependent variable, x1, x2 and x3 indicate the independent variables, β0 is the constant

and βi, βij and βii are respectively the linear, interaction and quadratic coefficients, of the independent

variables (x1, x2 and x3) on the dependent variable (Y).

3. Results and Discussion

3.1. Coffee silverskin characterization

The starting CS feedstock obtained after the roasting process originates from a coffee blend,

consisting of 30 wt% Arabica + 70 wt% Robusta, coming from Uganda, Brazil, Ethiopia, India and
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Vietnam. Its moisture content was evaluated, resulting 7.5 wt%, in agreement with the literature [6].

Moreover, FT-IR analysis of the starting CS was carried out, as reported in Figure 2.

Figure 2. FT-IR spectrum of starting CS sample.

The absorption band at 3300 cm-1 is assigned to the stretching of the hydroxyl groups, which are

typical of biomass macro-components, cellulose, hemicellulose and lignin derivatives [29]. Then, those

at about 2920 and 2850 cm-1 are due to C-H stretching vibrations of methyl and methylene groups,

which are common to all the macro-components [30]. Instead, the absorption band at 1630 cm-1 is

related to the stretching of the C=O groups, both those conjugated to the aromatic ring of lignin and

simple phenols of our interest, such as caffeine and chlorogenic acids [6,30]. The band at 1515 cm-1 is

assigned to the deformations of the C=C bonds of the aromatic rings of lignin and simple phenols [31],

whilst that at 1445 cm-1 is ascribed to the asymmetrical bending vibrations of the C–H bonds of the CH2

groups of cellulose [32]. The bands at 1373 and 1315 cm-1 are related to the bending of the C–H and

C–O bonds of the aromatic rings, respectively, whereas that at 1240 cm-1 to the stretching of the C–O

bond of the ethers, mainly of lignin source [33]. Stretching of the C–O–C bond of the polysaccharide

ring is defined by the band at 1096 cm-1 [34], whilst that at 1030 cm-1 confirms the presence of the C–

OH bonds of the hydroxyl groups and the C–OR bonds of cellulose, lignin and chlorogenic acids

[6,30,33]. Lastly, the small band at 895 cm-1 is due to the presence of β-glycosidic bonds between the

monosaccharide units, while those at lower wavenumbers can be attributed to the stretching and

bending deformation modes of the C–H of the aromatic ring [34]. Therefore, the FT-IR analysis of the

investigated biomass qualitatively confirms its bulk lignocellulosic structure, in agreement with the

literature [2,6,8].

3.2. MW-assisted solid-liquid extraction of polyphenols from CS

The solid-liquid extraction of polyphenols from CS has been investigated through the multivariate

MVAT (multi variable at time) approach, taking into account the most noteworthy reaction variables,
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according to the literature: temperature, reaction time and composition of the solvent, the latter

composed of a binary mixture of water/ethanol. On the basis of preliminary runs, the starting

biomass/solvent (g/ml) ratio has been kept constant to 1/10 (g/ml), this ratio being higher than those

up to now reported in the literature, ranging from 1/20 to 1/50 (g/ml). Such a higher ratio allows a

significant increase of the final concentration of the target products in the extraction solvent, both

simplifying the downstream work-up operations and therefore improving the whole economy of the

process [8,13]. On the basis of preliminary explorative runs, the most influential parameters were

verified: temperature (T, x1), reaction time (t, x2) and solvent composition (%EtOH, x3), which have been

chosen as independent variables for the statistical design. The selected dependent variable, that is the

response, was the total phenolic content (TPC) yield, expressed as mg of GAE for g of starting CS

(mgGAE/g). Table 1 shows the operational conditions assayed in the runs of the experimental design,

the independent variables and the corresponding achieved TPC yields.

Table 1. Operational conditions defining the experiments assayed for polyphenols MW-extraction

from CS, in terms of dimensionless and dimensional variables and TPC yield.

Run Dimensionless normalized variables Dimensional variables TPC yield
(mgGAE/g)x1 x2 x3 Temperature

(°C)
Reaction Time

(min)
Solvent Composition

(%EtOH v/v)

1 -1 -1 -1 40 10 20 14.5

2 -1 1 -1 40 60 20 13.1

3 -1 -1 1 40 10 80 9.8

4 -1 1 1 40 60 80 10.1

5 1 -1 -1 160 10 20 38.3

6 1 1 -1 160 60 20 44.8

7 1 -1 1 160 10 80 22.2

8 1 1 1 160 60 80 30.1

9 -1 0 0 40 35 50 15.5

10 1 0 0 160 35 50 41.2

11 0 -1 0 100 10 50 13.3

12 0 1 0 100 60 50 21.7

13 0 0 -1 100 35 20 18.8

14 0 0 1 100 35 80 21.4

15 0 0 0 100 35 50 23.7

16 0 0 0 100 35 50 23.4

17 0 0 0 100 35 50 24.0

TPC yield ranges from the lowest value of 9.8 (run 3) to the highest one of 44.8 mgGAE/g (run 6),

this last resulting higher than those up to now reported in the literature, usually lower than 35

mgGAE/g [29]. The best result reached in run 6 is very interesting, suggesting that the extraction of

polyphenols is favored due to the synergy between a high temperature (160 °C) and a mainly polar

solvent (20% EtOH), together with a relatively long reaction time (60 min). The beneficial effect of a
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higher temperature is clear from the data reported in Table 1 and Figure 3. In fact, comparing run 1

with 5, carried out adopting the same solvent composition (20% EtOH) and the same reaction time (10

min), different TPC yields are achieved: it increases from 14.5 to 38.3 mgGAE/g moving from 40 to

160°C, confirming the positive effect of the increase of temperature on the extraction of the target

products [15,35-36]. A further evidence is observed comparing run 2 with 6, both performed using the

same solvent composition (20% EtOH) and the same longer reaction time (60 min): the TPC yields are

13.1 and 44.8 mgGAE/g at 40 and 160°C, respectively, underling as the difference of TPC yields is more

marked at a longer reaction time, rather than at a shorter one (compare runs 1/5 with runs 2/6). The

same conclusions are drawn by comparing run 3 with 7 after 10 min of reaction and run 4 with 8 after

60 min, all experiments carried out adopting the same solvent composition (80% EtOH): also for these

essays, the highest TPC yields are achieved employing the highest temperature of 160°C. In particular,

the TPC yields are 9.8 and 22.2 mgGAE/g for runs 3 and 7, respectively (40 and 160°C, both 10 min),

and 10.1 and 30.1 mgGAE/g for runs 4 and 8, respectively (40 and 160°C, both 60 min). Finally, the

same trends are observed for runs 9, 15 and 10, which have been performed at the intermediate

reaction time of 35 min and at the intermediate solvent composition of 50% EtOH, achieving TPC yields

of 15.5, 23.7 and 41.2 mgGAE/g at the temperatures of 40, 100 and 160°C, respectively.

Figure 3. Effect of temperature on TPC yield.

Regarding the effect of the reaction time, this variable reveals a weaker impact on TPC yield, as

shown in Table 1 and Figure 4. In fact, comparing run 1 with 2 and run 3 with 4, it is possible appreciate

the effect of reaction time at low temperature (40°C), with the extreme solvent compositions of 20%

EtOH (runs 1 and 2) and 80% EtOH (runs 3 and 4). TPC yield remains almost constant in both cases,

ranging from 14.5 to 13.1 mgGAE/g from run 1 to 2, and from 9.8 to 10.1 mgGAE/g from run 3 to 4.

This scarce influence of the reaction time on TPC yield is in agreement with the literature [15]. In fact,

these extraction processes usually require short reaction time to be completed, already adopting

traditional heating systems, even more using the more efficient microwave heating. The employment

of harsher temperature conditions, 160 °C, a favorable temperature for the extraction of polyphenols,

enables us to highlight the positive effect of reaction time, adopting the two investigated solvent

compositions (20% and 80% EtOH), even if to a lesser extent respect to the other variables. Comparing
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run 5with 6 and run 7 with 8, TPC yield, moving from 10 to 60min, increase from 38.3 to 44.8 mgGAE/g

for runs 5 and 6, respectively, and from 22.2 to 30.1 mgGAE/g for runs 7 and 8, respectively, (runs 5

and 7: 10 min; runs 6 and 8: 60 min).

A further confirmation of the short reaction time required for these extraction processes results by

the comparison of runs 11, 15 and 12 where, working at the intermediate temperature of 100°C and

at the intermediate solvent composition of 50% EtOH, the prolonged reaction time, from 10 to 35 and

finally to 60 min, causes a considerable increase of TPC yield from 13.3 to 23.7 mgGAE/g from 10 to 35

min, whereas, after that, TPC yield remains almost constant up to 60 min (21.7 mg GAE/g).

Figure 4. Effect of reaction time on TPC yield.

Finally, regarding the effect of solvent composition, reported in Table 1 and Figure 5, it is evident

that polyphenols show greater compatibility with more polar solvents, such as water, rather than with

ethanol, in agreement with the literature [37]. Comparing run 1 with 3 and run 2 with 4, it is possible

to highlight the effect of the solvent composition at low temperature (40°C), for short (runs 1 and 3,

both 10 min) and long (runs 2 and 4, both 60 min) reaction times. For both comparisons, the TPC yield

increases moving from the run carried out with an excess of EtOH (80% EtOH) to the run performed

with an excess of water (20% ETOH), trend observed both after 10 min (run 1 with 3) and after 60 min

(run 2 with 4), being 9.8 and 14.5 mgGAE/g for runs 3 and 1, respectively, and 10.1 and 13.1 mgGAE/g

for runs 4 and 2, respectively. The same observations can be inferred comparing run 5 with 7, after 10

min and run 6 with 8, after 60 min, all carried out at 160°C: at the increase of the polarity of the solvent

(lower loading of EtOH), TPC yield moves from 22.2 to 38.3 mgGAE/g after 10 min and from 30.1 to

44.8 mgGAE/g after 60 min. Lastly, it is interesting to underline that when intermediate conditions of

temperature (100°C) and reaction time (35 min) are employed, the effect of the solvent composition

becomes negligible, achieving almost constant TPC yields of 18.8, 23.7 and 21.4 mgGAE/g, adopting

20%, 50% and 80% EtOH in runs 13, 15 and 14, respectively.
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Figure 5. Effect of solvent composition on TPC yield.

In addition to TPC as the main response, the obtained extracts have been characterized for the

content of caffeine and 5-O-caffeoylquinic acid, which are very important bioactive products for

nutraceutical, cosmetic and pharmaceutical emerging applications. These yields are reported in Table

2, calculated respect to the weight of the starting CS (mg/g).

Table 2. Yields in caffeine and 5-O-caffeoylquinic acid respect to the starting CS (mg/g).

Run Yield in caffeine

(mg/g)

Yield in 5-O-caffeoylquinic acid

(mg/g)

1 7.0 0.5

2 6.3 traces

3 7.4 0.3

4 7.5 0.4

5 10.0 0.5

6 12.2 0.3

7 7.1 0.3

8 7.9 0.3

9 8.4 0.4

10 8.8 0.4

11 10.3 0.8

12 10.1 0.6

13 8.1 0.4

14 7.7 0.5

15 11.9 0.7

16 11.6 1.0

17 11.9 0.7

The highest caffeine yield equal to 12.2 mg/g, is achieved in run 6 carried out at 160°C for 60 min

with the solvent composition of 20% EtOH, whereas the highest 5-O-caffeoylquinic acid yield of 0.8

mg/g as average value is obtained in runs performed at the central conditions of the experimental
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domain, runs 15/16/17 done at 100°C for 35 min with the solvent composition of 50% EtOH. These

outcomes highlight as the highest caffeine yield is attained under the same reaction conditions for

polyphenols, where the high temperature, the long reaction time and the great polarity of the solvent

are the most favorable parameters. On the other hand, the best reaction conditions found for 5-O-

caffeoylquinic acid are in agreement with its reactivity, being easily degraded through hydrolysis,

isomerization and/or reactions with melanoidins [38-40]. These reactions become more significant

with the increase of temperature,making necessary the use of intermediate temperatures and reaction

times, together with intermediate solvent compositions (50% EtOH), considering the major affinity of

this acid with such intermediate polarity.

Concerning the RSM modeling of data, Table 3 lists the values calculated for the set of regression

coefficients, involved in the equations describing the behavior of the dependent variable TPC yield, as

well as its statistical significance based on the Student’s t-test. The same Table 3 also includes the

statistical parameter R2 measuring the correlation of the investigated model.

Table 3. Regression coefficients and the statistical parameter R2.

Parameter TPC yield

β0 22.73***

β1 11.36***

β2 2.17*

β3 -3.59***

β12 1.94*

β13 -2.89**

β23 -0.39

β11 6.35**

β22 -4.50*

β33 -1.90

R2 0.954

*** Coefficients significant ≥ 99% confidence level; ** Coefficients significant ≥ 95% and < 99%

confidence level; * Coefficients significant ≥ 90% and < 95% confidence level.

The data reported in Table 3 show a prevailing significant dependence of TPC yield from the linear

coefficients, in particular from the temperature (β1), which represents the most relevant parameter,

and, to a lesser extent, from the solvent composition (β3), whereas the dependence from the reaction

time is weak (β2). Moreover, the positive synergy between the temperature and the solvent

composition is particularly remarkable, as well as that between the temperature and the reaction time,

confirmed by the β13and β12 interaction terms. The good value of R2means a close agreement between

the experimental results and those predicted by the model.

Figure 4 shows the calculated dependence of TPC yield on temperature and reaction time, evaluated

at intermediate solvent composition (50% EtOH).
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Fig. 4. Dependence of TPC yield on temperature and reaction time, calculated for intermediate

solvent composition (x3 = 0).

The above figure again confirms that the temperature strongly affects TPC yield, whereas the

influence of reaction time is almost insignificant. At low values of temperature, in the whole

investigated reaction time, TPC yield ranges between 10 and 20 mgGAE/g, whereas, in the same

reaction time range but at high temperature, it is about 40-45mgGAE/g. This is confirmed by the results

of run 9 (40°C, 35 min, 50% EtOH, TPC yield: 15.5 mgGAE/g) and run 10 (160°C, 35 min, 50% EtOH, TPC

yield: 41.2mgGAE/g).Working at the intermediate temperature of 100°C, in thewhole studied reaction

time, TPC yield hovers between 15 and 25 mgGAE/g, as proved from run 11 (100°C, 10 min, 50% EtOH,

TPC yield: 13.3 mgGAE/g), run 12 (100°C, 60 min, 50% EtOH, TPC yield: 21.7 mgGAE/g) and from runs

15/16/17 (100°C, 35 min, 50% EtOH, average TPC yield: 23.7 mgGAE/g). Employing the solvent

composition of 50% EtOH, the model predicts the highest TPC yield of about 40-45 mgGAE/g at high

temperature, together with long reaction time.

Figure 5 shows the calculated dependence of TPC yield on temperature and solvent composition,

evaluated at intermediate reaction time (35 min).

Fig. 5. Dependence of TPC yield on temperature and solvent composition, calculated for

intermediate reaction time (x2 = 0).
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The obtained surface shows that at low temperature, in the whole explored solvent composition,

TPC yield is about 15 mgGAE/g, as evidenced from run 9 (40°C, 35 min, 50% EtOH, TPC yield: 15.5

mgGAE/g). Working at the intermediate temperature of 100°C, in the whole investigated solvent

composition range, TPC yield is around 20 mgGAE/g, as verified from run 13 (100°C, 35 min, 20% EtOH,

TPC yield: 18.8 mgGAE/g), run 14 (100°C, 35 min, 80% EtOH, TPC yield: 21.4 mgGAE/g) and runs

15/16/17 (100°C, 35 min, 50% EtOH, average TPC yield: 23.7 mgGAE/g). Finally, when a high

temperature is employed, in the whole studied solvent composition range, TPC yield ranges from 30 to

45 mgGAE/g, as confirmed from run 10 (160°C, 35 min, 50% EtOH, TPC yield: 41.2 mgGAE/g). In this

case, employing the reaction time of 35 min, the highest predicted TPC is approximately 40-45

mgGAE/g, being achievable at high temperature and employing a solvent with a low EtOH

concentration. Of course, in both cases of intermediate solvent composition (Figure 4) and

intermediate reaction time (Figure 5), it is imperative to not increase the temperature beyond a certain

limit higher than 160°C which may prop up the decomposition and/or degradation of phenolic

compounds.

Figure 6 shows the calculated dependence of TPC yield on reaction time and solvent composition,

evaluated at intermediate temperature (100 °C).

Fig. 6. Dependence of TPC yield on reaction time and solvent composition, calculated for

intermediate temperature (x1 = 0).

Figure 6 shows that at short reaction time, in the whole range of solvent composition, TPC yield is

between 10 and 15 mgGAE/g, in agreement with the results of run 11 (100°C, 10 min, 50% EtOH, TPC

yield: 13.3 mgGAE/g). On the other hand, at long reaction time, in the whole range of solvent

composition, TPC yield hovers from 10 to 20 mgGAE/g, as evidenced from run 12 (100°C, 60 min, 50%

EtOH, TPC yield: 21.7 mgGAE/g). Finally, working at the intermediate reaction time of 35 min, in the

whole investigated solvent composition, TPC yield ranges from 15 to 25 mgGAE/g, as found in run 13

(100°C, 35 min, 20% EtOH, TPC yield: 18.8 mgGAE/g), run 14 (100°C, 35 min, 80% EtOH, TPC yield: 21.4

mgGAE/g) and runs 15/16/17 (100°C, 35 min, 50% EtOH, average TPC yield: 23.7 mgGAE/g). Working

at 100°C, the obtained surface evidences the highest TPC yield about 20-25 mgGAE/g at reaction time

longer than 35 min together with a solvent with low EtOH loading, less than 50% EtOH.
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The theoretical model predicts the maximal TPC yield of 45.2 mgGAE/g in the optimal conditions of

160°C for 53 min with the solvent composition of 20% EtOH. Under these conditions, the experimental

average value of TPC yield carried out in triplicate resulted 43.1 mgGAE/g (Table 4), confirming the

good prediction of the model.

Table 4. Triplicates of the run performed adopting the optimal reaction conditions predicted from the

model, TPC and average TPC yields (mgGAE/g), caffeine and 5-O-caffeoylquinic acid yields (mg/g).

Run TPC yield

(mgGAE/g)

Average TPC yield

(mgGAE/g)

Yield in caffeine

(mg/g)

Yield in 5-O-caffeoylquinic acid

(mg/g)

18 42.2

43.1

9.7 0.3

19 44.3 10.7 0.2

20 42.8 10.0 0.3

Table 4 shows that, adopting the best reaction conditions for the extraction of polyphenols,

considerable amounts of caffeine and appreciable quantity of 5-O-caffeoylquinic acid can be obtained

in the extracts, about 10.1 and 0.3 mg/g, respectively. Preliminary tests, still in progress, have proven

that these valuable compounds can be successfully separated through adsorption/desorption on ion-

exchange resins, in particular adopting both strong and weak base anion resins studying the effect of

temperature, pH and initial products concentration, thus paving the way to the exploitation of each of

the two compounds.

4. Conclusions

In this work, the exploitation of coffee silverskin, an abundant waste fraction deriving from the

coffee production chain, was proposed. This fraction is nowadays disposed in landfills or burnt for

energy recovery, whilst it contains value-added bioactive compounds, such as polyphenols, caffeine

and chlorogenic acids, which could be advantageously exploited, once identified and optimized a

suitable isolation procedure. In our investigation, the solid-liquid extraction of these compounds with

a binary mixture of water/ethanol, assisted by the efficient microwave heating, was chosen for this

purpose. The extraction procedure has beenmodeled by experimental design (DoE), which has allowed

us to identify the optimal extraction conditions, in terms of temperature, reaction time and solvent

composition, thus maximizing the content of total polyphenols in the extract. Maximum yield in total

polyphenols of about 45 mgGAE/g, evaluated with respect to the starting biomass, was experimentally

achieved, a higher value than those reported in the literature and in agreement with the forecasts of

the proposed DoE model, which has been validated. The HPLC analysis of the extracts has enabled us

to determine the content of caffeine and 5-O-caffeoylquinic acid, thus verifying the good extractability

of these bio-active compounds, under the investigated extraction conditions. These polyphenols can

be profitably exploited in cosmetic and nutraceutical applications and this valorization proposal

represents an important step forward from the perspective of recycling and circular economy.
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