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Abstract: Coffee silverskin (CS) is the only byproduct of the roasting process for coffee beans and is
rich in phenolic compounds with various bioactivities. This study proposes a valorization option
for bioactive compounds (T-CQA) based on a subcritical water extraction (SWE) technique, which
is known for its high efficiency and feasibility for use on an industrial scale. The use of water as a
sole solvent requires a minimum number of cleaning steps and renders the extract safe for further
applications, such as in either the cosmetic or food industry. Response surface methodology with
a Box–Behnken design is effectively used to optimize and explain the individual and interactive
process variables (i.e., extraction temperature, extraction time, and solid–liquid ratio) on the T-CQA
content obtained from coffee silverskin by the SWE technique. The final model exhibits a precise
prediction of the experimental data obtained for the maximum T-CQA content. Under the optimum
conditions, the CS extract is found to contain a higher content of T-CQA and TPC than that reported
previously. For antioxidant activity, up to 26.12 ± 3.27 mg Trolox equivalent/g CS is obtained.

Keywords: subcritical water extraction; coffee silverskin; Box–Behnken design; chlorogenic acids

1. Introduction

In early 2021, world coffee consumption was 166,346,000 × 60 kg bags. This amount
increased from 2020 by 1.1% [1]. Thailand is a coffee-exporting country with a capacity of
13,174 tons (or 219,565 × 60 kg bags) in the crop year 2020/2021 [2]. The coffee-processing
industry produces large quantities of waste and byproducts (e.g., coffee pulp and husk,
coffee silverskin (CS), and spent coffee grounds (SCG)) [3]. The waste and byproducts
require proper waste management before disposal in landfills [4,5]. Coffee roasting is a
fast-growing industry in Thailand. Domestic consumption increased from 36,000 tons in
2008 to 84,000 tons in 2018 [6]. Coffee silverskin is the only byproduct of the coffee roasting
process. It is composed of a thin layer of spermoderm or testa (silverskin) covering the
endosperm (coffee beans) [7–9]. The CS is approximately 4.2% w/w of the green coffee
beans [9,10]. Generally, coffee wastes (i.e., CS and SCG) are recycled in the form of energy
due to their high carbon content, low moisture content, and ash content. Other final uses
for these wastes are soil amendment and fertilizer [3,11]. However, CS is rich in phenolic
compounds that account for various bioactivities, such as antioxidant, antiviral, antiaging,
anticarcinogenic, and antimycotoxigenic activities [9,12–19]. Bioactive compounds in the
CS water extract are composed of two major groups, i.e., alkaloids and polyphenols. Caf-
feine and chlorogenic acids (CGAs), especially caffeoylquinic acids (CQA), are the most
abundant alkaloids and phenolic acids, respectively [20]. Chlorogenic acid (CGA) is the es-
ter of caffeic acids and quinic acids. There are three main subgroups of CGA: caffeoylquinic
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acid, di-caffeoylquinic acid, and feruloylquinic acid [21]. The most abundant CGA isomers
in coffee silverskin are 3-caffeoylquinic acid (3-CQA), 4-caffeoylquinic acid (4-CQA), and
5-caffeoylquinic acid (5-CQA) [14]. CGA is also known for its potential biological effects,
i.e., anti-inflammatory, antibacterial, antiviral, and antitumor activities [12,15,22–28]. Cof-
fee silverskin of robusta and arabica green coffee beans contains approximately 1–6% dry
weight of CGA [9,12]. Based on this, valorization of CS to higher-value products or chem-
icals is crucial to achieving sustainable waste management and promoting the biobased
economy. The trend toward utilizing agro-industrial byproducts as a source of natural
antioxidants to replace synthetic chemicals for various industries, e.g., the pharmaceutical,
cosmetics, and food industries, requires further investigation.

Concerning the extraction step, maceration is one of the conventional extraction meth-
ods used to recover wide arrays of bioactive compounds. However, the disadvantages
of the maceration technique often include the high costs associated with the use of high
solvent purity and a large amount of solvent, which limits its use for thermolabile compo-
nent extraction and the requirement of a long extraction time, so this method is considered
inefficient [29]. The significant drawbacks of the conventional method have encouraged
researchers to find proper, efficient, and environmentally friendly methods to recover bioac-
tive compounds. In recent years, many researchers have investigated various extraction
methods to recuperate bioactive compounds from CS [11,17,30–32]. The hydrothermal
method, both under supercritical and subcritical water extraction conditions, is known for
its high efficiency and feasibility for use on an industrial scale [33]. Extraction of phenolic
compounds by the hydrothermal method also reveals another benefit in the way that it
uses water as a sole solvent. This makes the extract safe for further application and requires
a minimum number of cleaning steps. The extraction of phenolic compounds from SCG
and CS has been studied using mild hydrothermal pretreatment conditions [34]. Later, in
2019, the mild hydrothermal pretreatment of CS based on total phenolic content (TPC) was
investigated [35]. However, optimization of the subcritical water extraction (SWE) of coffee
silverskins based on chlorogenic acid content (T-CQA) has not yet been studied. Hence,
this study aimed to determine the optimal operating conditions to achieve maximum
chlorogenic acids from CS by using SWE. The antioxidant activities of CS crude extract
obtained from the optimum conditions were also evaluated.

2. Materials and Methods
2.1. Materials

The CS samples used in this study were provided by a coffee roasting company,
Samutr Songkaram, Thailand. Upon arrival, the moisture content of the CS samples was
analyzed using a moisture analyzer balance (Sartorius MA35, Göttingen, Germany). The
moisture content of the CS samples was 9.45 ± 0.52%. The samples were pulverized by
using a house blender and sieved to sizes ranging from 150 to 500 µm. The pulverized
samples were kept in plastic zip-locked bags and stored in a refrigerator at −20 ◦C prior to
further experiments.

2.2. Chemicals and Reagents

The chemicals, including (±)6-hydroxy-2,5,7,8-tetra-methylchromane-2-carboxylic acid
(Trolox, C14H18O4), 4-(dimethylamino) benzaldehyde (4-[(CH3)2N] C6H4CHO),
5-methylphenazinium methyl sulfate (C13H11N2·CH3SO4), and 7,8-dimethyl-10-[(2S,3S,4R)-
2,3,4,5-tetrahydroxypentyl]benzo[g]pteridine-2,4-dione (riboflavin, C17H20N4O6), were pur-
chased from Sigma Aldrich (Singapore). 1,1-diphenyl-2-picrylhydrazyl free radical (>97%
DPPH assay, C18H12N5O6) and 5-O-(trans-3,4-dihydroxycinnamoyl)-D-quinic acid (neochloro-
genic acid, C16H18O9) were purchased from Tokyo Chemical Industry (Tokyo, Japan). 3-(3,4-
Dihydroxycinnamoyl quinic acid (chlorogenic acid, C16H18O9) was purchased from Alfa
Aesar Thermo Fisher Scientific Chemicals (Waltham, MA, USA). The solvents used for the
chromatographic measurement of the target compounds were of HPLC grade. All other
chemicals were of analytical grade.
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2.3. Extraction Procedure

The flow diagram indicating the extraction method, quantification of the bioactive
compounds, and in vitro analysis of coffee silverskin is shown in Figure 1. The subcritical
water extraction (SWE) was conducted using a 1 L batch reactor (Amar equipment high-
pressure lab-scale autoclave, Mumbai, India). The SWEs were carried out at a temperature
ranging from 120 to 240 ◦C, an extraction time from 10 to 60 min, and a solid-to-liquid
ratio (S/L) from 1:10 to 1:40. After the extraction, the mixed liqueur was filtered through
GF/C (Whatman®, Maidstone, UK, qualitative filter paper, Grade 1). The extract after the
filtration step was used as a sample for the quantification of TPC and DPPH antioxidant
activities. The residues were dried at 103 ± 2 ◦C for 3 h in an oven for further reaction mass
efficiency analysis. During the concentrating step, the filtrate was evaporated by using a
rotary evaporator (Bushi, Zug, Switzerland). Then, the extracts were frozen at −80 ◦C in a
prefreezer (Daihan Scientific, Kangwon-do, South Korea) and freeze-dried at −80 ◦C with
a freeze drier (Gold Sim Cellular Science, Miami, FL, USA) [35]. The dried crude extract
was lyophilized and used as the sample for further analysis.
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Figure 1. Experimental procedure.

2.4. Experimental Design

The experimental designs ordinarily used in response surface methodology are Box–
Behnken design (BBD), central composite design (CCD), central composite rotatable design
(CCRD), and face central composite design (FCCD) [36]. Multiple linear regression has
been analyzed, and a second-order polynomial model has been established according to
the following equation [36–38]:

Y = β0 +
3

∑
i=1

βiXi +
3

∑
i=1

βiiXi
2 +

2

∑
i=1

3

∑
j=i+1

βijXi Xj (1)

where Y is the predicted response variable; β0, βi, βii, and βij are the regression coefficients
for the intercept, linear, quadratic, and interaction terms, respectively; and Xi and Xj are
the independent variables.

BBD is an independent rotatable quadratic design with no embedded factorial or
fractional factorial points [36,37]. It has been commonly used for the optimization of plant
material extraction processes [39–42]. In this study, the effects of the three independent
variables (i.e., extraction temperature of 120–240 ◦C, time of 10–60 min, and the solid–liquid
ratio of 1:10–1:40 g/mL) on the response (Y) were investigated. Appropriate ranges for
the extraction factors were established based on the literature reviews and the capacity
of the autoclave reactor. Table 1 shows the input variables and their levels for the BBD.
The optimal extraction conditions were decided based on the maximum of three selected
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responses (i.e., total phenolic content (TPC), antioxidant activity (AA), and chlorogenic
acid content (T-CQA)) contained in the crude extract of coffee silverskin.

Table 1. Coded and uncoded variable levels for the BBD.

Symbol Factor
Coded and Uncoded Level

−1 0 +1

X1 Temperature (◦C) 120 180 240

X2 Time (minutes) 10 35 60

X3 Solid-to-liquid ratio (g/mL) 10 25 40

2.5. Statistical Analysis

Multiple regression analyses were evaluated for fitting the mathematical model using
Minitab 16 (State College, PA, USA). Pareto analysis of the variance was also conducted to
analyze and estimate the significant contribution of input variables to different outputs.
The factors with a confidence level greater than 95% were considered significant. The
experimental data were assessed with several descriptive statistical analyses, for example,
p-value, F-value, R2, adjusted R2, and the lack of fit. A p-value < 0.05 was used to determine
whether the observed difference was statistically significant.

2.6. Validation of the Optimized Conditions

The developed mathematical model equation was validated based on a triplicate assay
under the optimal condition. To evaluate the accuracy and suitability of the developed
model, the mean value for the experimental data was calculated and compared with the
predicted values obtained from the model.

2.7. Measurement of the Total Phenolic Content

The total phenolic contents (TPCs) for the CS extracts were tested according to the
protocol reported by Baba and Malik [43]. The solution of the crude extract was prepared
to a concentration of 1 mg/mL. Then, 400 µL of each crude extract was diluted 5.5-fold
with deionized water. Then, the diluted extract was mixed thoroughly with 1 mL of
Folin–Ciocalteu reagent for 3 min to allow the reduction process to occur. Immediately
after the color changes were observed, 4 mL of 20% (w/v) sodium carbonate was added,
and the mixture was kept in darkness for 60 min. The absorbance values were measured
at a wavelength of 650 nm (Lambda35 Ultraviolet-Visible Spectrometer, PerkinElmer,
Waltham, MA, USA). A calibration curve was established with Gallic acid at concentrations
of 10–60 mg/L (R = 0.9996). The TPC was expressed as mg of the Gallic acid equivalent
(GAE) per g CS [43].

2.8. Measurement of Antioxidant Activity

Antioxidant capacity is widely used as a parameter to characterize the ability of a test
solution to scavenge or neutralize a given free radical [44]. The DPPH assay is commonly
used to estimate the radical scavenging capacity of plant extracts. It is generally used to
provide a screening of the general activity of the antioxidants, as the free radical property of
DDPH is lost when reacting with an antioxidant compound. In this study, the antioxidant
content (AA) in the CS extracts was also measured with the DPPH radical scavenging assay
reported by Almeida et al. [44]. Briefly, the solution of the crude extract was prepared
to a concentration of 1 mg/mL. Then, 20 µL of each crude extract or control (Trolox)
was added to a 3.8 mL aliquot of DPPH solution (2.6 mg/100 mL). The mixtures were
incubated at room temperature (25 ◦C) in darkness for 30 min. The control was prepared as
mentioned above without adding any crude samples. The decrease in the absorbance of the
resulting solution was measured at a wavelength of 517 nm (Lambda35 Ultraviolet-Visible
Spectrometer, PerkinElmer, Waltham, MA, USA). All tests were conducted in triplicate. The
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AA was expressed as mg of Trolox equivalents (TE) per g CS. The ability of the CS extract
to scavenge DPPH radicals was calculated as follows [44]:

Scavenging effect (%) =

[(
A0 − A1

A0

)
× 100

]
(2)

where A0 is the absorbance of DPPH only and A1 is the absorbance of DPPH with a tested
sample or control (Trolox solution).

2.9. Quantitative Analysis of Total Chlorogenic Acid by HPLC-UV

In this study, 3-CQA, 4-CQA, and 5-CQA were measured. The summation of these
three measurements was reported as total chlorogenic acid (T-CQA). Quantification of the
T-CQA of the CS extract was conducted based on the report of Craig et al. [45] by using the
high-performance liquid chromatography method (Varian ProStar 310 UV–VIS). A standard
curve for 3-CQA, 4-CQA, and 5-CQA was constructed in triplicate with concentrations
ranging from 0.05 to 100 µg/mL. The lyophilized CS extracts were dissolved in 50%
methanol to a concentration of 10 mg/mL. The separation was performed with a C18-AR
column (25 cm × 4.6 mm i.d, particle size 5 µm). The temperature was controlled at 25 ◦C.
Mobile phase A was 0.1% (v/v) trifluoroacetic acid (TFA) in water, and mobile phase B
was acetonitrile (ACN). The sample was eluted using a linear gradient of 0.1% (v/v) TFA
(solvent A) and ACN (solvent B). The gradient was programmed as follows: 90:10 (solvent
A: solvent B) for 18 min followed by 75:25 (solvent A: solvent B) for 1 min. The injection
volume and the flow rate were 10 µL and 1.0 mL/min, respectively. The detector was set at
a wavelength of 326 nm.

3. Results

In this work, an experimental BBD was performed to investigate the optimum levels
for the independent variables. The dependent variables were X1 (temperature in ◦C),
X2 (time, min), and X3 (solid-to-liquid ratio, unitless), which represent total phenolic
content (TPC), antioxidant activity (AA), and total chlorogenic acid (T-CQA), respectively.
First, a preliminary assessment of the model adequacy was carried out as presented in
supplementary data Figure S1 (for TPC), Figure S2 (for AA), and Figure S3 (for T-CQA). It is
recommended that a straight line of residuals should be obtained. This study revealed that
all dependent variables (TPC, AA, and T-CQA) exhibit normal distributions. A long-tail
distribution was detected for all four variables. No outliers were observed. The results
for the residuals against fitted values and run orders revealed that they are independent
of one another, have a random distribution, and have constant variance. These results,
therefore, suggest that the data are appropriate and can be used to establish a model that
can efficiently explain the effects of extraction conditions for obtaining TPC, AA, and
T-CQA from coffee silverskin.

3.1. Effect of Extraction Conditions on the TPC

As shown in Table 2, the highest TPC (93.83 ± 6.11 mg GAE/g CS) was obtained
under the following conditions: extraction temperature of 240 ◦C, extraction time of 10 min,
and S/L ratio of 1:25. This value is three times higher than the value extracted using a
maceration technique with ethanol and water mixtures [16,18] and is relatively higher than
the values reported earlier The lowest TPC (19.01 ± 3.54 mg GAE/g CS) was obtained from
the following conditions: 120 ◦C, 10 min, and 1:25 (S/L ratio). Based on the same extraction
technique and extraction conditions (180 ◦C, 10 min), the TPC in the extract of our study
was two times higher than the value reported earlier [18].
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Table 2. BBD matrix with independent variables and observed values for the dependent variables
(n = 3).

Run Order Block
Independent Variables Dependent Variables

X1 X2 X3 Y1 Y2 Y3

Coded Uncoded Coded Uncoded Coded Uncoded

1 1 1 240 −1 10 0 1:25 93.83 ± 6.11 26.12 ± 3.27 0.99 ± 0.26
2 1 0 180 0 35 0 1:25 70.05 ± 5.06 17.54 ± 2.28 1.66 ± 0.19
3 1 −1 120 0 35 −1 1:10 23.70 ± 2.10 5.71 ± 1.90 2.01 ± 0.23
4 1 0 180 −1 10 1 1:40 65.06± 4.58 14.89 ± 0.85 2.33 ± 0.32
5 1 0 180 0 35 0 1:25 69.96 ± 3.25 17.44 ± 1.66 1.81 ± 0.21
6 1 1 240 1 60 0 1:25 75.03 ± 3.82 21.52 ± 2.15 0.50 ± 0.13
7 1 1 240 0 35 1 1:40 91.97 ± 4.15 24.94 ± 3.87 0.99 ± 0.27
8 1 0 180 0 35 0 1:25 72.81 ± 3.25 17.42 ± 2.48 1.62 ± 0.19
9 1 1 240 0 35 −1 1:10 89.29 ± 4.67 19.742 ± 2.87 0.48 ± 0.15

10 1 0 180 −1 10 −1 1:10 42.65 ± 3.00 9.98 ± 1.39 2.04 ± 0.32
11 1 −1 120 −1 10 0 1:25 19.01 ± 3.54 4.98 ± 1.28 1.66 ± 0.21
12 1 0 180 1 60 −1 1:10 77.69 ± 9.24 18.44 ± 2.26 1.69 ± 0.19
13 1 −1 120 1 60 0 1:25 24.00 ± 2.36 6.65 ± 1.93 1.25 ± 0.33
14 1 0 180 1 60 1 1:40 76.24 ± 3.38 19.20 ± 2.09 1.49 ± 0.21
15 1 −1 120 0 35 1 1:40 19.09 ± 2.29 4.15 ± 0.43 0.61 ± 0.41

X1 = Extraction temperature (◦C), X2 = Extraction time (min), X3 = S/L ratio, Y1 = TPC (mg GAE/g CS), Y2 = AA
(mg TE/g CS), and Y3 = T-CQA (mg/g CS).

The p-values for each factor in the polynomial regression equations of dependent
variables from the CS extracts in the final model are presented in Table 3. It was found that
the significant factors affecting TPC in the CS extract are the extraction temperature (X1),
S/L ratio (X3), the square terms of time (X2

2) and S/L ratio (X3
2), and the interaction of tem-

perature and time (X1X2) and time and S/L ratio (X2X3). The TPC is significantly enhanced
when the extraction temperature is raised from 120 to 240 ◦C at the same extraction time
and S/L ratio (runs 1 and 11, 3 and 9, 6 and 13, and 7 and 15). Considering the extraction
time, the results reveal an insignificant effect on the TPC (p = 0.412) when using the same
temperature and S/L ratio (runs 1 and 6, 4 and 14, 10 and 12, and 11 and 13). Regardless of
the extraction temperature and time, TPC is enhanced when the S/L ratio is increased from
1:10 to 1:40 (runs 3 and 15, 4 and 10, 7 and 9, and 12 and 14). This reveals that the S/L ratio
significantly affects the TPC in the CS extracts (p = 0.001). The magnitude of the influence
of each factor was also studied. Figure 2 shows significant terms and their interactions
that significantly affect the responses (i.e., TPC, AA, and T-CQA). The vertical line defines
the t-value at a 95% confidence interval. The terms that pass through the line indicate that
they significantly affect the response in the CS extracts, while the terms below the line
are considered insignificant factors. The results confirm that the extraction temperature
(A) has the highest standardized effect on the TPC. In contrast, the individual effect of
extraction time is insignificant on the TPC. The descending order for the influencing factors
on the TPC is given as follows: extraction temperature (A) > square term of the S/L ratio
(CC) > S/L ratio (C) > interaction between extraction time and S/L ratio (BC) > interaction
between extraction temperature and time (AB) > square term of the extraction time (BB).

Table 3. p-Values for the significant terms in the polynomial regression equations and the coefficients
in the final model.

Parameters p-Values for Each Parameter in the Polynomial Regression Equations

TPC AA T-CQA

Model 0.000 0.000 0.000
Linear 0.000 0.000 0.001

Temperature (X1) 0.000 0.000 0.001
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Table 3. Cont.

Parameters p-Values for Each Parameter in the Polynomial Regression Equations

TPC AA T-CQA

Time (X2) 0.457 - 0.003
S/L Ratio (X3) 0.000 0.000 0.160

Square 0.000 0.000 0.000
Temperature × Temperature (X1

2) - - 0.000
Time × Time (X2

2) 0.044 - -
S/L Ratio × S/L Ratio (X3

2) 0.000 0.000 -
2-Way Interaction 0.010 0.009 0.001

Temperature × Time (X1X2) 0.036 - -
Temperature × S/L Ratio (X1X3) - 0.009 0.001

Time × S/L Ratio (X2X3) 0.010 - -
Lack of Fit 0.169 0.097 0.213

Model Summary
R2 (adjusted) 87.91% 94.97% 90.21%
R2 (predicted) 84.94% 90.07% 78.07%

R2 89.64% 96.41% 93.70%
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3.2. Effect of Extraction Conditions on the AA

From Table 2, the highest AA (26.12 ± 3.27 mg TE/g CS) is obtained at the maxi-
mum extraction temperature of 240 ◦C, the minimum time of 10 min, and the S/L ratio
of 1:25. This value is relatively higher than the values reported earlier The lowest AA
(4.15 ± 0.43 mg TE/g CS) is obtained at the minimum temperature of 120 ◦C, time of
35 min, and S/L of 1:40. Based on the same extraction technique and extraction conditions
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(180 ◦C, 10 min), the AA in the extract of our study is relatively higher than the value
reported earlier [18].

The antioxidant content (AA) is significantly enhanced when the extraction tempera-
ture is increased from 120 to 240 ◦C (runs 1 and 11, 3 and 9, 6 and 13, and 7 and 15). Apart
from the extraction temperatures, AA is also increased when the S/L ratio is increased
from 1:10 to 1:40. From Table 3, the significant factors affecting AA in the CS extract are
extraction temperature, S/L ratio, the square term of the S/L ratio (X3

2), and the interaction
of temperature and S/L ratio (X1X3). The magnitude of the influence of each factor is shown
in Figure 2. The factors that significantly influence the amount of antioxidant content (AA)
follow the order of extraction temperature (A) > S/L ratio (C) > square term of the S/L ratio
(CC) > the interaction between extraction temperatures and S/L ratios (AC). In addition,
it was noted that the extraction time (10 to 60 min) does not affect the AA content in the
CS extract.

3.3. Effect of Extraction Conditions on the T-CQA

In this study, the total chlorogenic content was quantified based on three isomers
of caffeoylquinic acid: 3, 4, and 5 caffeoylquinic acids. The total chlorogenic content
(T-CQA) in the extract of the subcritical water extraction (SWE) process ranges from
0.48 ± 0.15 (240 ◦C, 35 min, and S/L ratio 1:10) to 2.33 ± 0.32 mg T-CQA/g CS (180 ◦C,
10 min, and S/L ratio of 1:40). Similar to the obtained TPC and AA, based on the same
extraction technique and extraction conditions (180 ◦C, 10 min), the T-CQA in the extract of
our study is relatively higher than the value reported earlier [18]. The T-CQA is increased
when the extraction temperature is increased from 120 to 180 ◦C. However, a relatively
low T-CQA is observed when extracting at a temperature of 240 ◦C, as shown in Table 2.
From Table 3, the significant factors affecting T-CQA in the CS extract are extraction
temperature (X1), time (X2), the square term of the temperature (X1

2), and the interaction
of temperature and S/L ratio (X1X3). When operating under the same temperature and
extraction time (runs 3 and 15, 4 and 10, 7 and 9, and 12 and 14), T-CQA does not vary greatly
when using the S/L ratio of 1:10 to 1:40. This confirms that the S/L ratio alone insignificantly
affects (p = 0.6724) the T-CQA in the CS extract. The results also reveal that the use of a
prolonged extraction time at each temperature (120, 180, and 240 ◦C) results in a decrease
in the T-CQA content. The T-CQA is significantly different (runs 1 and 6, 4 and 14, 10 and
12, and 11 and 13) with distinct values for the extraction times at the same temperature
and S/L ratio. Apart from temperature, T-CQA is not significantly different when the
S/L ratio is increased from 1:10 to 1:40 when using the same extraction temperature and
time (runs 3 and 15, 4 and 10, 7 and 9, and 12 and 14). This confirms that the S/L ratio
alone insignificantly affects the T-CQA (p = 0.67). However, the interactions between the
extraction temperature and the S/L ratio (X1X3) significantly affect the T-CQA content
(p = 0.001). These variables can positively affect the modifying solubility and equilibrium
constants, which subsequently enhance caffeoylquinic acid content [33]. A sufficiently high
temperature and S/L ratio can enhance the desorption of solutes (i.e., T-CQA) from the CS
matrix, diffusion of subcritical water into the CS matrix, dissolution of the T-CQA into the
subcritical water, and elution of the extract from the CS matrix. In addition, a prolonged
extraction time at each temperature (120, 180, and 240 ◦C) leads to a decrease in the T-CQA
content. This is probably due to the oxidation and degradation of T-CQA. The T-CQA
content is significantly different (runs 1 and 6, 4 and 14, 10 and 12, and 11 and 13) for
different extraction times when operating at the same extraction temperature and S/L ratio.
As shown in Figure 2, the Pareto chart reveals that the factors influencing the amount of
T-CQA follow the order of AA (Temperature*Temperature) > AC (Temperature*S/L ratio)
> A (Temperature) > B (Time).

3.4. Regression Modeling of the SWE Conditions on TPC, AA, and T-CQA

The goodness of fit was evaluated by determining the coefficients (R2), adjusted R2

(R2(adj)), and predicted R2 (R2(pred)). As presented in Table 3, the values of R2(pred) for
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the TPC, AA, and T-CQA are in agreement with R2(adj). For a value higher than 75%, the
regression model can predict the designated response very well [36,38–40,42]. A multiple
regression analysis was implemented to determine the coefficients and equations, which
can be used to estimate the responses (i.e., TPC, AA, and T-CQA). As shown in Table 4, the
R2 for TPC, AA, and T-CQA was 89.64%, 96.41%, and 93.70%, respectively. Both the R2 and
adjusted R2 values were greater than 80%. This confirms that the model exhibits precise
prediction for the designated responses [40–42].

Table 4. Polynomial regression equations for TPC, TA, and T-CQA of the CS extract.

Responses Polynomial Regression Equations R2 R2 (Adjusted) Lack of Fit

TPC Y1 = −126.7 + 0.5457 X1 + 1.989 X2 + 6.063 X3 − 0.01056
X2

2 − 0.0884 X3
2 − 0.00448 X1X2 − 0.02419 X2X3

89.64% 87.91% 0.169

AA Y2 = −10.28 + 0.0441 X1 + 0.805 X3 − 0.02022 X3
2 +

0.002586 X1X3
96.41% 94.97% 0.097

T-CQA Y3 = −1.019 + 0.05592 X1 − 0.01043 X2 − 0.1023 X3−
0.000207 X1

2 + 0.000532 X1X3
93.70% 90.21% 0.213

The lack of fit is the parameter used for confirming the validity of the models. If the
lack of fit has a p-value > 0.05, the model can precisely fit the experimental data [36,38–42].
As shown in Table 4, all the developed quadratic polynomial models are consistent and
precise for predicting the designated responses (i.e., TPC, AA, and T-CQA).

3.5. Optimal Extraction Conditions and Model Validation

The three-dimensional surface response graphs shown in Figure 3 show the optimum
values and interactions between variables. Considering the TPC, the surface plot shows
quadratic effects and exhibits curvature changes with the extraction time and solid-to-
liquid ratio (S/L). Within the range of this study (120–240 ◦C), the TPC increases with
increasing extraction temperature. However, prolonging the extraction time above 30 min
at 240 ◦C and using the S/L ratio of 1:35 leads to a decrease in the TPC. The optimal extrac-
tion temperature, extraction time, and S/L ratio are determined to be 240 ◦C, 10–30 min,
and 1:25 to 1:35, respectively. This implies that the majority of phenolic compounds are
likely to be nonpolar compounds because the dielectric constant of water decreases with
increasing temperature. These conditions favor the solubility of nonionic and nonpolar
compounds [33]. For AA, the surface plot in Figure 3 shows quadratic effects and exhibits
curvature changes in the S/L ratio and temperature.

Similar to the TPC, the AA is increased with increasing extraction temperature (from
120 to 240 ◦C) and extraction time (from 10 to 60 min). This finding corresponds to a previ-
ous report [16,18,33], which revealed that the highest antioxidant activities of CS extract
from SWE are obtained at a relatively high temperature of 270 ◦C [16,18,33]. Increasing
the S/L ratio enhances the AA of the extract; however, the use of the S/L ratio of up to
1:40 leads to a decrease in the AA. The optimum extraction temperature, time, and S/L ratio
are in the range of 240 ◦C, 25–60 min, and 1:30 to 1:35, respectively. This also implies that
the majority of antioxidants are likely to be nonpolar compounds. In addition, the major
factors influencing the obtained TPC and AA in this study are the extraction temperature
and the S/L ratio.

For T-CQA, the surface plot shows quadratic effects and exhibits curvature changes in
temperature. Increasing extraction temperatures lead to an increase in T-CQA. However,
a decrease in T-CQA is observed when operating at a temperature higher than 180 ◦C.
Increasing the S/L ratio enhances the T-CQA; however, using the S/L ratio above 1:20 at
170 ◦C leads to a decrease in the T-CQA. Interestingly, it was noted that an extraction time
above 15 min at 170 ◦C results in a lower T-CQA.
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To maximize the T-CQA response, the ideal combination of input independent vari-
ables was determined by the response optimizer of Minitab. As presented in Figure 4, the
optimal extraction conditions are defined as 147.9 ◦C, 10 min, and S/L ratio of 1:10. The
predicted T-CQA is 2.38 mg T-CQA/g CS with a composite desirability of 1.00, where
composite desirability is the weighted geometric mean of the individual desirability for
the responses. Validation of the model prediction was conducted under the optimized
conditions in triplicate. The average value obtained from the experimental results was
2.70 ± 0.23 mg T-CQA/g CS. Chromatograms of 3-, 4-, and 5-CQA in the CS extract ob-
tained from the optimum condition are provided in supplementary data Figure S4. The
3-CQA, 4-CQA, and 5-CQA were found to almost equally have the same concentration. As
shown in Table 5, the experimental values of the T-CQA correspond well with the predicted
values. No significant differences between the experimental and predicted values were
observed (p = 0.78). Therefore, the model can be used to accurately predict the responses.

Table 5. Predicted and actual response values for T-CQA, and the experimental values of the TPC,
AA, and extraction yield obtained from the optimized extraction parameters.

T-CQA (mg CQA/g CS) TPC (mg GAE/g CS) AA (mg TE/g CS) Yield (%)

Predicted value Experimental value Experimental value Experimental value Experimental value

2.38 2.70 ± 0.23 51.86 ± 5.98 13.72 ± 2.04 27.25 ± 1.57

A comparison of our results with the relevant literature is shown in Table 6. The
T-CQA obtained under the optimum conditions is higher than in the previous report using
the same extraction method [18]. It was reported that subcritical water can extract and
leach out 5-CQA from the CS at a temperature running from 25 to 180 ◦C. In addition, the
disappearance of 5-CQA in the CS extract can be used as an indication of the decomposition
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caused by heat treatment (210–270 ◦C) [16]. This study reveals a fine-tuning extraction
temperature of 148 ◦C to achieve a maximum T-CQA (3-CQA, 4-CQA, and 5-CQA) from
the CS. Under the optimum condition, the T-CQA value of our study is lower than the
value reported by Bresciani et al. (4.32 mg/g CS), using 1% aqueous formic acid at 70 ◦C
for 1 h [14]. The reason for this might relate to the temperature used during the roasting
process. For our study, the coffee silverskin samples were of dark roasted lots. However,
when testing the optimum condition with a sample of medium roasted lots the T-CQA of
8.07 ± 1.14 mg/g CS was obtained.
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Table 6. Comparison of the results of this study with the relevant literature.

Raw Material Extraction Method/Conditions TPC
Antioxidant Activity T-CQA (Based on 3-,

4-, and 5-CQA) References(Based on DPPH Assay)

Coffee
silverskin

Subcritical water 51.86 mg
GAE/g CS 13.72 2.70 mg/g CS This studyRatio 1: 10 (w/v)

Time 10 min

Coffee
silverskin

Solid–liquid extraction

22 mg
GAE/g CS 11.5 mg TE/g CS 1.5 mg 5-CQA/g CS [18]

Subcritical water
Ratio 1:50 (w/v)

Temperature 80 ◦C
Time 60 min

Coffee
silverskin

Solid–liquid extraction (Soxhlet)

13.2 5.3 3 mg/g CS [46]
60% Isopropanol
Ratio 1:10 (w/v)

Temperature 27 ◦C
Time 20 min

Coffee
silverskin

Solid–liquid extraction

16.1 n.a. 4.3 mg/g CS [14]
(Maceration)

1% formic acid
Ratio 1:10 (w/v)

Time 90 min

Coffee
silverskin

Solid–liquid extraction

12.81 4.49 n.a. [17]

(Waterbath)
60% Ethanol

Ratio 1:35 (w/v)
Temperature 60–65 ◦C

Time 30 min
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Table 6. Cont.

Raw Material Extraction Method/Conditions TPC
Antioxidant Activity T-CQA (Based on 3-,

4-, and 5-CQA) References(Based on DPPH Assay)

Coffee
silverskin

Solid–liquid extraction

22.2 13.9 n.a. [35]
Mild hydrothermal pretreatment

Ratio 1:30 (w/v)
Temperature 120 ◦C

Time 20 min

From Table 5, the mean TPC value of the extract at the optimum condition was
determined to be 51.86 mg GAE/g CS (or 5.19 g GAE/100 g CS), which is higher than the
value reported earlier [13,46,47]. The mean value for the antioxidant content (AA) using
the DPPH assay and the extraction yield was determined to be 13.72 mg TE/g CS and
27.25%, respectively. Interestingly, both the TPC and AA of our study are higher than the
values reported previously using the organic solvent extraction method, as presented in
Table 6. This suggests that subcritical water extraction provides an efficient penetration
of water into the CS matrix and a leaching out of the phenolic compounds, resulting in
high TPC and AA content. The TPC and AA values obtained at 147.9 ◦C (in Table 5) are
lower than the highest values obtained under 240 ◦C (in Table 2). This confirms that for
the subcritical water extraction (SWE) technique a high extraction temperature contributes
to high TPC and AA content in the CS extract [16,18,33]. It was reported that the TPC of
the CS extracts increases with increasing extraction temperature from 25 to 240 ◦C. This
supports our finding regarding the highest TPC obtained at the temperature of 240 ◦C
(Table 2). In addition, it has been reported that at the temperature range of 180–270 ◦C a
high antioxidant activity (AA) of the CS extract can be found resulting from the phenolic
contents in the extract and the peptides produced by hydrolysis of the protein inherent in
the CS [16,18].

4. Discussion

Response surface methodology is commonly used for experimental procedures. This
method can be used to effectively investigate a suitable estimation for the relationship
between independent input and dependent output variables. The effects of each vari-
able and their interactions are evaluated based on the area where the most appropriate
response occurs. In general, experimental design techniques are used for the optimization
of bioprocess development to enhance product yields, conformity of the process output
or the target compounds, increase process consistency, and reduce processing time and
cost [36,37]. Compared to a normal factorial technique, BBD is efficient in producing higher-
order response surfaces with a minimum number of required runs [38]. SWE efficiently
extracts bioactive compounds from CS. The key mechanisms involved in the subcritical
water extraction (SWE) process involve (1) the penetration of water (as a solvent) into
the sample matrix at high temperatures and pressures and (2) leaching out of the target
compound [16,33]. The extraction temperature is likely to be one of the crucial factors
affecting extraction efficiency. High TPC, AA, and T-CQA in the extracts are obtained
at a relatively high temperature. In our study, the optimum extraction temperature for
attaining the maximum TPC and AA was 240 ◦C, while a relatively lower temperature of
147.9 ◦C was required for obtaining the maximum T-CQA. This might be related to the fact
that a high extraction temperature can enhance hydrolysis or degradation of lignin and
lignan into smaller and more soluble phenolic compounds, which can be detected by the
Folin–Ciocalteu reagent [16,18,48]. In addition, the extraction efficiency is enhanced when
using high temperatures. This can be explained by the fact that high temperatures can
facilitate the disruption of the inclusive interactions between the target compound and the
sample matrix interactions, such as van der Waals forces, H-bonding, and dipole–dipole
interactions [33]. As a consequence, the change in H-bonding strength is reflected by the
dielectric constant. At lower temperatures, H-bonds are stronger, resulting in a higher
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dielectric constant value, whereas increasing temperature results in an increase in thermal
agitation. This results in a decrease in the H-bond strength and dielectric constant. The
decrease in the polarity of water normally leads to an increase in the solubility of organic
molecules in the extract. This supports our assumption that the maximum TPC and AA
obtained at 240 ◦C are likely comprised of nonpolar organic molecules. In addition, the
surface tension of the water, solutes, and CS matrix decreased with increasing temperature.
This can subsequently enhance solvent wetting and expansion of the CS sample. Higher
temperatures allow for better penetration of water in the CS matrix as the viscosity of
the water decreases, thus enhancing extraction [33,47,49]. Our study reveals that using
an extraction temperature of 240 ◦C favors the extraction of relatively nonpolar organic
molecules, while using extraction temperatures ranging from 120 to lower than 180 ◦C
favors the extraction of mid-polar compounds (i.e., T-CQA).

However, using very high temperatures can result in the degradation of certain phe-
nolic compounds [47,48,50]. The use of a high extraction temperature can result in the
formation of new bioactive compounds via Maillard caramelization reactions [33]. This
supports our findings at temperatures of 180 and 240 ◦C. The browning products were gen-
erated, and the caramelized extracts were observed. Increasing the extraction temperature
above 200 ◦C can lead to the degradation of many thermolabile compounds [33,47,50,51].
Based on the report published in 2014, phenolic compounds degrade faster at temperatures
of 200 and 250 ◦C [16,48]. As a result, the use of subcritical water treatment at such tem-
peratures leads to a relatively high TPC. This result can be explained by the fact that the
degraded products contain a phenol structure, which is very stable in subcritical water.
Examples of phenolic compounds in the extract obtained at such temperatures are caffeic
acid, chlorogenic acid, vanillic acid, and catechin [48]. For caffeoylquinic acids (CQAs),
decomposition of 3-o-caffeoylquinic acid (3-CQA) has been observed under hydrothermal
conditions ranging from 160 to 240 ◦C and for reaction times ranging from 5 to 45 min [51].
At temperatures above 210 ◦C, decomposition of 5-caffeoylquinic acid (5-CQA) due to
progressive destruction and transformation of chlorogenic acid has been reported [16,18].
This can explain our findings that the maximum T-CQA is obtained at the optimized
conditions of 147.9 ◦C, 10 min, and S/L ratio of 1:10. When operating at 240 ◦C, a low
T-CQA is observed. The extraction conditions affect the total antioxidant activity (AA)
in the extract. It is noted that the amount of antioxidants in the CS extract is related to
the total phenolic content, and the free radical scavenging ability can be associated with
phenolic compounds [52,53]. Using high extraction temperatures can lead to the oxidation
and degradation of chlorogenic acids, resulting in relatively low T-CQA content in the CS
extracts. Operating under high temperatures during extraction can lead to a substantial
decrease in the polarity, which can be determined from the measurement of the value of the
dielectric constant. Above 100 ◦C, the dielectric constant of water decreases, which leads
to water behaving more like an organic solvent. For example, at 214 and 295 ◦C, water
is comparable to methanol and acetone, respectively. This condition does not favor the
solubility of nonionic and nonpolar compounds. Due to the instability of chlorogenic acid
itself, it is suggested that the extraction should not be performed at a high temperature for
an extended period of time [33]. This can explain the optimal condition for the maximum
T-CQA, which is obtained at 147.9 ◦C with a relatively short time of 10 min. In addition,
the extraction time is one of the key factors influencing the extraction kinetics. Here, a
sufficient reaction time should be provided to enable (1) desorption of target compounds
from the CS matrix, (2) diffusion of subcritical water into the CS matrix, (3) dissolution of
the target compounds into the subcritical water, and (4) elution of the extract from the CS
matrix [33,54,55]. Generally, SWE is a very fast extraction technique. For example, efficient
extraction of nonpolar organic substances, such as essential oils, requires a relatively long
reaction time (i.e., within 30 min). For flavonoids, maximum yields for flavones (i.e., hes-
peridin and narirutin) from citrus peels were achieved at 160 ◦C for an extraction time as
short as 10 min [33,56]. This supports our findings that the extraction time significantly
affects the TPC and T-CQA but does not specifically affect the AA in the CS extract. The
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S/L ratio positively affects the breakdown of phenolic compounds. The higher the ratio
of liquid (e.g., water) used as a solvent, the more capable it is for enhancing the solubility.
Referring to the mass transfer principles, the driving force during mass transfer relates
to the concentration gradient between the solid and bulk of the liquid [57]. Sufficient
liquid should be provided to enable desorption, diffusion, and dissolution mechanisms, as
mentioned above. However, the use of a very high S/L ratio can result in a loss of bioactive
compounds during the water elimination or drying step.

5. Conclusions

The coffee roasting industry produces large volumes of byproducts that require proper
waste management before disposal in landfills. Coffee silverskin (CS), the only byproduct
of the coffee roasting process, is rich in phenolic compounds with various bioactivities. This
study proposed a valorization option for bioactive compounds (T-CQA) based on a subcrit-
ical water extraction technique. It was demonstrated that a batch-high-pressure autoclave
reactor can be tailored to valorize coffee silverskin to high-value bioactive compounds,
making the use of CS on an industrial scale feasible. Using water as a sole solvent requires
a minimum number of cleaning steps that render the extract safe in broad applications,
such as in either the cosmetic or food industry.

Box–Behnken design can be used to effectively optimize and explain the single and
interactive effects of process variables (i.e., extraction temperature, extraction time, and
S/L ratio) on the T-CQA obtained from coffee silverskin by the SWE technique. The
developed model is satisfactory and exhibits accurate prediction of the experimental data
obtained for the maximum T-CQA. To our knowledge, this is the first study that has fine-
tuned the extraction condition based on T-CQA (3-CQA, 4-CQA, and 5-CQA) content.
The optimum conditions are highlighted, and the T-CQA and TPC content obtained in
this study are higher than those obtained in a previous report. Further investigations on
bioactive compounds obtained from the optimal conditions, based on TPC, AA, and T-CQA,
may provide useful comparative information in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su14148435/s1, Figure S1: Model adequacy diagnostic plots
for total phenolic contents (TPC); Figure S2: Model adequacy diagnostic plots for total antioxidant
(AA); Figure S3: Model adequacy diagnostic plots for total chlorogenic acids (T-CQA); Figure S4:
An example of chroma-tograms of 3, 4, and 5-CQA in the CS extract obtained from the optimum
condition [147.9 ◦C, 10 min, and 1:10 (s/L ratio)].
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