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Abstract: Spent coffee grounds (SCGs) generated in coffee processing for beverages and other
products are a very significant organic residue that needs to be properly treated. Waste valorization
via oil extraction has the potential to obtain compounds that can be used for producing biodiesel or
other high-value products, such as polymers. This work focuses on the ultrasound-assisted extraction
of SCG oil using n-hexane as a solvent. Three key process parameters are analyzed: temperature,
extraction time, and liquid/solid (L/S) rate of solvent, using a central composite rotatable design
(CCRD), an analysis that, to the author’s knowledge, is not yet available in the literature. The data
were analyzed using the software StatSoft STATISTICA 13.1 (TIBCO Software Inc., Palo Alto, CA,
USA). Results show that all parameters have a statistical influence on the process performance
(p < 0.05), being the L/S ratio the most significant, followed by extraction time and temperature. An
analysis of variance (ANOVA) showed that the empirical model is a good fit to the experimental data
at a 95% confidence level. For the range of conditions considered in this work, the optimal operating
conditions for obtaining an oil extraction yield in the range of 12 to 13%wt are a solvent L/S ratio of
around 16 mL g1, for a temperature in the range of 50 to 60 °C, and the longest contact time, limited
by the process economics and health and safety issues and also, by the n-hexane boiling temperature.

Keywords: analysis of variance (ANOVA); central composite rotatable design (CCRD); factorial
design; n-hexane; spent coffee grounds (SCG); ultrasound-assisted extraction (UAE) method; waste
valorization

1. Introduction

Coffee is currently one of the most important agricultural commodities and the most
popular beverage worldwide [1,2], with a daily consumption of over 2 billion cups [3]. In
the past decade, global consumption has risen steadily at an average rate of more than
1% annually, reaching an expected production of more than 10.53 megatonnes in 2020/21,
being the European Union the largest importer and consumer [2,4].

In all life cycle stages of coffee production, significant amounts of solid waste are
generated, which must be treated and/or disposed of properly. These can be categorized
into two streams: (i) pre-roasting waste, defined as coffee husks from dry processing and
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coffee pulp produced from wet processing, and (ii) post-roasting residues, such as coffee
silver skin and spent coffee grounds (SCGs) that result from coffee brewing [5]. Among
these waste streams, the brewing coffee residues are the most significant, since 1 ton of
green coffee beans results in about 650 kg of SCGs [6]. On the other hand, to produce 1 kg
of soluble coffee, about 2 kg of wet SCGs are generated [7]. This work will focus on the
SCG solid residue that remains after the preparation of the coffee beverage.

About 50% of SCGs are generated by the industry for producing soluble coffee, and
by the coffee shops chains, like Starbucks, with the remainder corresponding to domestic
consumption. The annual amount of SCGs generated by the industry is about six million
tons [6]. The current policies for solid residues are based on the waste management
hierarchy [8] and a Life Cycle Thinking (LCT) perspective [9]. Although prevention and
minimization are at the top of the waste management hierarchy, the generation of waste
is inevitable in most situations. Thus, it follows the waste recovery, namely, for energy
generation, when recycling is not feasible, or due to the low value of the materials, or
because their contamination is high, and it is intended to reduce the amount of waste
deposited in landfills. Thus, in a first approach, an attempt should be made to recover
as much as possible the components with commercial value and that can be used as
raw material for obtaining other products [6,10], such on a SCG biorefinery approach as
proposed by Caetano et al. [11].

Different potential applications have been suggested for the SCG residues [7]. For
example, the SCG lipids can be used for high-value applications in cosmetics [12], or for
polymers and thermosetting resins [13], or for biodiesel production [14]. The remaining
biomass, after the oil extraction, can be used for bioethanol by hydrolysis of cellulose and
hemicelluloses, followed by sugars fermentation [15,16]. SCGs are also a source of phenolic
antioxidants [17] and galactomannan polysaccharides [18]. The whole SCG biomass can be
used as a substrate for high commercial value mushrooms cultivation [19] or as a bioreme-
diation material for absorbing water pollutants [20], or for the production of pellets, as fuel
for industrial boilers, due to its high heating value of 19.0-26.9 MJ/kg [10]. Additionally,
SCGs can be used for the production of biochar or bio-o0il through the pyrolysis process [21],
among other applications.

Of the various SCG constituents, this work focuses on lipids, which content can
reach 15 wt% [6], depending on the coffee type (Arabica or Robusta), brewing methods
(e.g., percolating or boiling), moisture content, particle size, L/S ratio, extraction time
and extraction technique used (e.g., Soxhlet, ultrasound, microwave or supercritical fluid).
In particular, it intends to study the ultrasound-assisted extraction (UAE) method of
SCG oil using n-hexane as a solvent and the influence of three key operating parameters:
temperature, extraction time, and the solvent liquid/solid rate.

To find a sustainable, economical, and efficient extraction method, it is crucial to
scale up the process, ensuring a more environmentally friendly production and economic
viability. In this regard, cavitation-based extraction techniques are being widely used as
promising tools for natural products extraction, owing to their potential implementation
in large-scale and lower capital investment [22]. In this field, UAE has captured much
attention, being applied in different chemical processes. This technique has numerous
advantages: it is simple to apply, has faster kinetics, greater energy efficiency, higher yield
and quality of the extract [23]. Also, the UAE methods are advantageous by comparison
with the supercritical fluid extraction (SFE) method, which, although fast and efficient,
requires high pressure and temperature with the consequent high operating costs and
environmental impacts [24,25]. In contrast, the UAE method requires lower pressure and
temperature, and it is simple and easy to implement the technique, decreasing the operating
costs. Also, UAE can improve the efficiency and rate of extraction by comparison with the
Soxhlet method [26]. The theory behind UAE deals with the acoustic cavitation phenomena,
which refers to the formation, growth, and implosion collapse of microbubbles in the liquid
media [27]. The collapse of these bubbles generates physical effects, including micro-
turbulence, high-velocity inter-particle collisions, and perturbation in the micro-porous
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particles of the solid matrix, resulting in diffusion acceleration. Ultrasound irradiations
enhance the extraction rate through an effective increase in mass transfer between the
solvent and substrate, and physical cell wall disruption caused by the formation of micro-
cavities [28].

Many studies [23,29-31] unveiled the efficient performance of ultrasonic baths in
extracting oils from different oleaginous plant seeds or waste materials [31] under mild
conditions and in a shorter time when compared to standard methods, together with higher
extraction yields and greater purity of the extracts. For example, according to Abdullah
and Koc [32], the UAE method allows extracting 98% of the available oil from SCGs in
30 min, reducing the amount of hexane needed to successfully perform the extraction.
These authors explain that the main effect of ultrasound waves on oil extraction is the
ultrasonic cavitation that helps the penetration of the solvent into the biomass cells. The
collapse of bubbles near the surface of the particles creates micro-explosions that increase
the penetration of the solvent, thus facilitating the release of the intracellular oil. Also, the
ultrasound waves work on disrupting the biological cell walls to enhance the penetration of
solvent into the cells and promoting the release of the desired components [33]. Moreover,
Rocha et al. [34] reported the positive effect of increasing the solvent-to-solid ratio, on oil
yield from Arabica SCGs, using an indirect sonication approach. Likewise, Le et al. [35] re-
marked a noticeable increase in oil yield after increasing the n-hexane amount, when using
a supersonic bath operating at ambient temperature. Ahangari and Sargolzaei [36] studied
different methods for extracting oil from SCGs, such as microwave-assisted extraction
(MAE), UAE and SFE, and focused on the optimization of SFE.

The optimization of the main process parameters or variables (sonication time, temper-
ature, type and L/S ratio of solvent) is decisive for the economics and efficiency of the UAE
process. Previous studies have highlighted the crucial role of process optimization aided by
response surface methodology (RSM) tools for defining the ideal process conditions with
minimum experimental runs [37]. The RSM allows one to monitor the process variables
and analyze their combined effect on the final output. However, as far as the authors’
knowledge goes, there is no exhaustive study in the literature that analyzes those key
operational issues in an integrated and simultaneous way, in order to identify which ones
most influence the SCG oil extraction and how the process can be optimized.

Hence, this work aims to fulfill that gap by studying and optimizing the UAE method
for SCG oil extraction, using n-hexane, a non-polar solvent with a boiling point of 68 °C.
A statistical factorial design was carried out, followed by a Central Composite Rotatable
Design (CCRD) to determine the optimum operating conditions to perform the extraction
in terms of the L/S ratio of solvent, extraction temperature and solvent contact time. No
other studies were found in the literature in which these three key operational factors were
studied simultaneously, confirming the novelty of the present work.

2. Materials and Methods
2.1. Spent Coffee Grounds (SCG) Samples

The SCGs used in this work are a commercial mix of Arabica and Robusta cof-
fee collected from a vending coffee machine drawer (of the coffee brand “JURADO”,
Orihuela-Alicante, Spain). Immediately after the SCG sample collection, they were dried
at 105 £ 5 °C in an air forced oven (WTC Binder; Tuttlingen, Germany) until a constant
weight was reached, aiming to remove the water content in the sample. The dehydration
process is crucial to eliminate the moisture, avoiding spoilage and microbial growth [32].
The residual moisture content was 12%. The moisture content was determined according
to the AOAC method 930.04 [38].

The dried SCG samples were ground in an electric stainless steel grinder (150 W
Aromatic Taurus grinder; Barcelona, Spain), and then sieved to get 50-mesh fine particles,
to increase the surface area and thus enhance the contact between the solvent and the solid.
Finally, SCG samples were stored at —20 °C in non-sterile polyethylene bottles (Kartell
S.p.A.—Labware Division, Noviglio, MI, Italy) before they are used.
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2.2. Statistical Design

Oil extraction from SCG is a multi-parameter process that depends on several experi-
mental factors, such as moisture content, particle size, L/S ratio, solvent type, extraction
method, and contact time. Thus, it is essential to determine the optimal operational condi-
tions, even more, if considering the industrial implementation of the oil extraction process.
Process simulation is a good option, but the complexity of interactions between solvent and
SCGs and the lack of information for some process key aspects, e.g., phase equilibria, thwart
the application of this approach. A univariate sequential experimental procedure can be
used, fixing all variables and optimizing only one, which results in the understanding of
the effect of only one variable and, thus, the impact of the others and their interactions are
neglected. Furthermore, this procedure can make the process optimization cumbersome,
as it may require a large number of experiments, which increase rapidly with the number
of variables considered.

An adequate and efficient optimization procedure should take into account the influ-
ence of all parameters, or at least those considered more relevant, and their interactions,
in order to achieve the optimum extraction conditions. In this context, statistical factorial
planning, such as a Central Composite Rotatable Design (CCRD), is considered an efficient
tool to study and optimize processes with various factors interacting with each other,
allowing the identification of the main variables that influence the process response [39,40].

Of the various factors that influence oil extraction from SCGs, the following key
process paramenters were selected for the analysis:

e temperature (X1),
e  extraction time (X2), and
e liquid/solid (L/S) rate of solvent (X3).

Temperature is a significant factor, as it influences the mass transfer between phases
and the phase equilibria. The extraction time is also very important, as an adequate time
should be defined to ensure that most of the oil is extracted from SCGs, yet not so large as
to lead to a final extraction period, in which no significant amount of oil is produced. A
suitable value of L/S rate of solvent should be found, which ensures that the extraction is
not limited by the quantity of solvent available.

Therefore, the CCRD will be a 2 experimental design. The range of values considered
by the CCRD depends on the system under studied, and may be determined from prelimi-
nary experiments or from the literature. In this study both options were used, allowing the
definition of the base conditions of temperature, extraction time, and L/S ratio: 42.5 °C,
52.5 min, and 12.91 mg/L respectively [34,41], that corresponds to the central point of
the CCRD, for which three experiments were done, in order to evaluate the experimental
error. The conditions for the remaining experiments were defined considering the system
expected behavior, and the specific details of the methodology [40].

Table 1 presents the experimental conditions chosen, where 0) represents the center
point, (+1, —1) represents the maximum and minimum points, and (+1.68, —1.68) represents
the axial points. The various combinations of experimental conditions used are presented
in Table 2, in which the central point experiments correspond to the assays 1, 7, and 15. A
total of 17 experiments were carried out, in which the extraction oil yield Y was obatined.

Table 1. Independent variables values for CCRD.

Independent Coded Levels
l? Code
Variables —1.68 -1 0 +1 +1.68
Temperature (°C) X1 26.00 32.70 42.50 52.30 59.00
Time (min) X2 10.30 15.00 52.50 90.00 115.70

L/S ratio (mL g~ 1) X3 1.000 5.82 12.91 20.00 24.82
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Table 2. Central composite rotatable design (CCRD) matrix.

Run X1 Xo X3
1 0 0 0
2 0 0 +1.68
3 -1 +1 +1
4 —1.68 0 0
5 +1 -1 +1
6 +1 +1 -1
7 0 0 0
8 -1 -1 -1
9 +1 -1 -1
10 +1 +1 +1
11 0 +1.68 0
12 -1 -1 +1
13 -1 +1 -1
14 +1.68 0 0
15 0 0 0
16 0 0 —1.68
17 0 —1.68 0

The experimental data obtained was analyzed using STATISTICA 13.1 StatSoft soft-
ware (TIBCO Software Inc., Palo Alto, CA, USA). A second order model was considered to
model the experimental data, as shown in Equation (1):

k k k=1 k-1
Y=o+ ) Bixi + Yy Bk + ), 2i<j:2 Bijxixj +e @

where Y is the corresponding response; x;, x;> and x;x; are the linear, quadratic and
interaction effects; B;, B;; and p;; are the regression coefficients of linear, quadratic and
interaction effects, and ¢ is the error. The statistical significance analysis of the various
factors, either linear or non-linear, was done using analysis of variance (ANOVA), for
which a significance level of 95% was considered (equivalent to a p-value < 0.05), and the
response surface method (3D and 2D). A comparison between the experimental results and
published data will be made whenever possible.

2.3. Ultrasonic Extraction Process

The oil extraction process was performed using an ultrasonic water bath witha 2.7 L
maximum capacity (Ultrasonic cleaner, Toctech), as shown in Figure 1, which provides
140 W for the bathtub. SCG samples of 5 g were packed in individually sealed filter paper
sachets and immersed in a flask with the n-hexane solvent (99% purity, Sigma-Aldrich,
Saint Louis, MO, USA). It was chosen due to its ability to extract oils and being also the
most widely used organic solvent in the industry [36,42,43]. To separate the solvent from
the oil, a rotary evaporator (Heidolph WB 2001, Schwabach, Germany) was used with
maintaining the temperature above the boiling point of the reagent at 69 °C and a speed of
200 rpm during a period (10-15 min). Then, the oil samples were placed in an oven (WTC
Binder; Tuttlingen, Germany) at 104 °C, for 6 h, ensuring complete separation of n-hexane.

The experimental conditions were defined according to the statistical factorial plan-
ning, described in the previous section. The separation performance is evaluated by the
extraction oil yield, calculated according to Equation (2):

Wo
Y =— x100 (% 2
W x 100 (%) 2
where Y is the SCG oil yield, in dry matter percentage (DM %), Wy is the weight of extracted
oil in grams, Wy is the dry weight of SCG in grams, and 100 is the factor to express the oil
yield in percentage.
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Figure 1. Experimental setup for the ultrasound-assisted extraction of SCG oil (own authorship).

Following its weighting, the collected SCG oils were flushed with nitrogen and kept at
—20 °C until further use. Further analysis of the extracted oil, such as the characterization
of its fatty acid profile, is beyond the scope of this work, as it aims to study the extraction
process and not the oil applications depending on its quality.

3. Results and Discussion
3.1. Factorial Design for SCG Oil Extraction

Results of the experimental design are presented in Table 3. It can be seen that for the
set of experimental conditions considered the extracted oil yield is in the range between
0.69 to 12.34% of oil per SCG dry weight. For the central level conditions (42.5 °C, 52.2 min,
and 12.91 mL g~!), corresponding to the assays 1, 7 and 15; the oil yields obtained were
quite similar (£9%), attesting a good experimental reproducibility and small experimental
error. Also, results show that n-hexane is a suitable solvent to extract oil from SCGs. As the
extraction process is mainly dependent on Van der Waals type interactions, the non-polar
nature of n-hexane results in an easier penetration of the low polar matrix of the SCGs and
oil solubilization, also non-polar compounds themselves [42].

Table 3. Experimental assays conditions and oil yield for the n-hexane extraction of SCG oil.

X1 X3

N° Assay Temperature Ti X2 . L/S Ratio (mL oil Yoleld Y
A ime (min) _ (%)
(@) g 1)
1 42.50 52.50 12.91 9.59
2 42.50 52.50 24.82 5.68
3 32.67 90.00 20.00 12.19
4 26.00 52.50 12.91 5.34
5 52.32 15.00 20.00 10.38
6 52.32 90.0 5.82 8.79
7 42.50 52.50 12.91 8.37
8 32.67 15.00 5.82 432
9 52.32 15.00 5.82 6.33
10 52.32 90.00 20.00 12.34
11 42.50 115.70 12.91 10.87
12 32.67 15.00 20.00 7.21
13 32.67 90.00 5.82 7.70
14 59.00 52.50 1291 11.75
15 42.50 52.50 12.91 9.11
16 42.50 52.50 1.00 0.69
17 42.50 10.30 1291 3.76

X1 = Temperature (°C), X2 = sonication time (min), X3 = liquid/solid ratio (mL g’1 ), Y = QOil Yield (%).

Table S1, presented in the Supplementary Information, compares the results of dif-
ferent studies for SCG oil extraction using common extraction technologies. Generally,
the results obtained in this study are in agreement with the values reported in the litera-
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ture [32,34,44]. The maximum experimental oil yield value obtained in this study (12.34%)
is higher than the ones reported by El Hajjaji et al. [45] (10.9 wt%) and by Rocha et al. [34]
(12%), using an ultrasonic bath, but lower than the values reported by Abdullah and
Koc [32] (13%) and by Goh et al. [44] (14.52%), using ultrasound assisted-two phase oil
extraction and an ultrasonic probe as a direct extraction tool.

In Table S1 the variations in oil yield among different authors may be explained by
the different brewing methods of fresh ground coffee beans that can be used (boiling,
dip-filtering, percolating, etc.) and affect the lipids content, and also the composition of the
coffee blends used, as Coffea arabica (Arabica) and Coffea canephora (Robusta) have different
lipid contents and profiles [46]. Moreover, the higher yields achieved when ultrasonic
probes instead of ultrasonic bath are used can be explained due to the greater ultrasonic
power of the probe, which is up to about 100 times greater than that of the bath [47].

3.2. Statistical Analysis

One important feature of experimental statistical designs is the possibility of identi-
fying the factors, either independently or combined. To do that, normally, an empirical
polynomial model is assumed, in which its adjustable parameters are fitted to the experi-
mental data. In this work a quadratic model, as shown in Equation (1), was considered. A
maximum of 10 parameters may be calculated from it, meaning that the design of experi-
ments done in this work will have six degrees of liberty. In order to reduce the number
of parameters, an analysis of literature was done. From other studies of oil extraction
from SCG [41,43], it is possible to conclude that the combined effects of different factors,
corresponding to the factors f;; in Equation (1) (as for example the combined influence of
the temperature and the solvent L/S ratio), can be considered non-significant. Hence, in
this work, only linear and quadratics effects of single factors are considered, after fitting
the experimental data to the model Equation (3) was obtained:

Y = 8.28 + 2.64x; + 3.05x, + 3.79x1 4 1.02x3 + 0.67x3 — 2.78x3 (3)

Table 4 and Figure 2 present the results of statistical significance analysis for the
simplifeid a model, where 1, B2, and B3 are the linear coefficients; $11; B2 and B33 are the
quadratic coefficients; and the SE are the standardized effects. Please note that in Figure 2,
the Pareto diagram, the horizontal bars represent the magnitude of each effect, and the
vertical red line represents p = 0.05, allowing the direct identification of which factors are
significant as any factor that crosses the red line.

Table 4. Estimated effects for SCG oil extraction using n-hexane as solvent.

Independent Variable Coefficient Effect SE t-Value p-Value Significance
Temperature (°C), L B1 2.64 0.99 2.66 0.0237 Significant
Temperature (°C), Q B11 1.02 1.04 0.98 0.3486 Not significant
Sonication time (min), L B2 3.05 1.06 2.86 0.0169 Significant
Sonication time (min), Q B2 0.67 1.24 0.54 0.6029 Not significant
L/S ratio (mL gfl), L B3 3.79 0.99 3.83 0.0033 Significant
L/S ratio (mL gfl), Q B33 —2.78 1.04 —2.67 0.0236 Significant

SE = standard error; L = linear form; Q = quadratic form.

The results of Table 4 show that, except for the quadratic term for the temperature and
sonication time effects, all terms are significant for a p-value < 0.05. For the temperature
and the sonication time, a positive effect was observed for both linear and quadratic terms,
including the non-significant meaning that an increase in those factors leads to a higher oil
yield. For the temperature, higher values will lead to faster diffusion of the solvent inside
the SCGs, and also a higher solubility of the lipids in the solvent. Also, larger sonication
times allow a more complete contact between the SCG and the solvent, facilitating the lipids
extraction and consequently resulting in higher oil yields. For the liquid-solid ratio, the
linear dependence shows a positive effect, as expected as more solvent available will allow
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more oil to be solubilized without saturating it. Yet, an inverse dependence is observed for
the quadratic term, showing that the influence of the L/S ratio in the extraction process is
nonlinear.

A similar conclusion can be drawn from the Pareto plot, Figure 2.

(3) L/Sratio (mL g-1) (L) }

(2) Sonication time (min) (L) 2.86
L/S ratio (mL g-1) (Q) | -2.67
(1) Temperature (°C) (L) 2.66
Temperature (*C) (Q) } 0.98
Sonication time (min) (Q) [ 0.54

3.83

p=0.05
Standardized Effect Estimate (Absolute Value)

Figure 2. Pareto diagram of the experimental variables studied for the optimization of oil yield in the SCG extraction, using

n-hexane as solvent.

Comparing the relative importance of the various effects, it can be concluded that the
L/S ratio is the most influential variable in the SCG oil extraction, followed by sonification
time and temperature. Rocha et al. [34] also observed a similar effect, supporting the
conclusion that the L/S solvent ratio is the dominant effect in the extraction of oil from
SCGs using an ultrasonic bath. To assess if the mathematical model is can adequately
represent the experimental data, an analysis of variance (ANOVA) was performed. The
results are presented in Table 5, showing that the model is adequate at a 95% confidence
level.

Table 5. Analysis of variance (ANOVA) for SCG oil extraction.

. . F
Variation Ss df MS p-Value
Source Calculated Tabulated *
Regression 137.76 6 22.96 7.197 3.22 <0.05
Sediments 31.89 10 3.19 - - -
Total 169.65 16 - - - _

SS = sum of squares, df = degrees of freedom, MS = mean square, F = factor F, p = probability, * Tabulated values
for a 95% confidence level (Box et al., 2005).

Additionally, the coefficient of determination (R?) and the adjusted coefficient (adj-Rz)
was estimated to verify the model adequacy. R? is a measure of the relationship between
response and independent variables, varying between 0 and 1, the closest to 1 its value, the
better the model fit to the experimental data. An R? value of 0.81 was obtained, suggesting
that 81% of the dependent variable variations are explained by the model. An adj-R?
value of 0.69 was obtained, which corresponds to a difference R?2-Adj-R? equals 0.12, lower
than 0.2. Thus, it can be concluded that the model is an adequate representation of the
experimental data [48].
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3.3. Response Surface Analysis

To complement the statistical analysis done in the previous section the experimental
data was examined using response-surface plots, which allow an easy evaluation and
identification of trends, and how the independent variables influence the oil yield. As
3 factors are considered in this work, the representation of all experimental points and
corresponding response surface is not possible, as a four-dimensional representation is
needed. Thus, it is necessary to keep one variable constant and vary the others, in order
to obtain three dimensional, 3D, plots. Hence, three response surfaces can be obtained,
and they are presented in Figure 3, together with the corresponding two dimensional, 2D,
contour plots. Figure 3 displays the contour plots for SCG oil extraction for each pair of
variables as the other factor was kept constant at its middle level.

Figure 3a,b present the combined effect of solvent contact time and L/S ratio on the
SCG oil yield. It can be seen that the higher contact times always lead to higher extraction
yields, as expected since it will allow more time for the oil to diffuse from the solid matrix to
the solvent. The variation is almost linear for the range of values presented in Figure 3a,b,
although the variation is slight in the range of the L/S ratio values considered in this work.
This behavior agrees with the relative importance of the various effects, as shown in Table 3,
where the linear effect is the only relevant factor regarding the influence of the temperature.

The influence of the L/S ratio is stronger, and a different behavior is observed. For the
lowest values, an increase will lead to higher oil yields, as expected as more oil will be able
to solubilize in n-hexane without becoming saturated. However, after reaching a maximum
value, the extraction yield diminishes as the ratio L/S increases, showing that the solvent
quantity ceases to be the limiting factor, and diffusional effects are significant. Thus, the
L/S ratio influence in extraction yield is nonlinear, as expected from the results presented
in Table 3, which show that both the linear and quadratic effects are relevant. Also, as
the two effects have opposite signals, a maximum extraction is expected and observed
experimentally. Thus, for the range of values analyzed in this work large values of contact
times, higher than 110 min, and L /S ratio ranging between 13 and 22 mL g~ is desired to
optimize the extraction yield. Similar results were obtained by Moradi et al. [49] for the
extraction of sunflower oil, which observed that optimal L/S ratio values were lower than
13 or greater than 23 mL g~ !, regardless of the extraction time.

In Figure 3c,d, the influence of the L/S ratio and temperature is shown. Increasing
the temperature always leads to higher extraction yields, and the effect is stronger for
high-temperature values. This is expected as higher temperatures facilitate oil diffusion in
the solid matrix, as the solute (oil) and solvent diffusivities increase, and its solubilization,
resulting in high oil yield. Thus, from an operational perspective, higher temperatures are
desirable.

For the L/S ratio, a behavior similar to the one shown in Figure 3a,b can be seen.
Thus, higher temperatures and L/S ratio ranging between 13 and 22 mL g~! are desired
to have the largest extraction yields possible. Comparing the relative influence of both
variables, it can be seen that the L/S ratio has a stronger impact than the temperature, as
expected as the absolute values of effects, given in Table 3, are larger for the L/S ratio. This
conclusion is in line with that obtained by Rocha et al. [34], in which these authors also
verified the greater influence of the solvent/solid ratio compared to the temperature in
the extraction of Arabica SCG oil in an ultrasonic bath. This is because as temperature
increases, viscosity and surface tension decrease, resulting in increased vapor pressure,
which enters cavitation bubbles and reduces its collapse and sonication effects. However,
the solvent’s vapor pressure is low at lower temperatures, allowing the violent collapse of
cavitation bubbles. Therefore, the sonochemical effect is low temperature-dependent [47].
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Figure 3. 2D and 3D response surface plots of the SCG oil yield (%), obtained as a function of the combined effect of

time (min), temperature (°C) and L/S ratio (mgog_l) as follows: (a,b) extraction time and L/S ratio; (¢,d) L/S ratio and
temperature; (e,f) extraction time and temperature.

The 2D and 3D plots for the fixed value of the L/S ratio are given in Figure 3e,f, where
the combined effects and interactions between the solvent contact time and temperature on
the SCG oil yield can be seen. The results show that increasing the value of both variables,
either independently or combined, leads to an increase in the oil yield extraction. This
result was expected, as more contact time will result in more oil solubilization and diffusion
to the solvent, phenomena that is also enhanced at higher temperatures. The graphs also
show that the influence of both variables is somewhat similar, increasing for higher values
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of the solvent contact time and temperature, as evidenced by the closer contour lines in the
graphic. This is in agreement with the effect’s values listed in Table 2 and Figure 2, that
although show a smaller influence of the quadratic terms, for larger values of the variables
is expected to be seen a nonlinear dependence.

3.4. Optimal Extraction Conditions

Based on the experimental results and the statistical and response surface analysis,
it is possible to identify the operational conditions that maximize the oil extraction yield.
In particular, regarding the temperature and solvent contact time, the higher the better,
as the response surface analysis shows no maximum value for the extraction yield. Yet,
there are physical and practical limitations to the range of values possible for both factors.
Regarding temperature, in industrial practice is not used pure n-hexane, but a mixture of
isomers in which n-hexane is dominant with a boiling point in the range of 67 to 69 °C [50].
Furthermore, the solvent is volatile and inflammable, and processes using it must follow
specific health and safety regulations [51]. Hence, the desirable operation should not exceed
60 °C, to avoid excess vaporization of solvent, which may threaten the equipment integrity
and increase the fire risk, in agreement with the temperatures used in oil extraction from
seeds, which have a range between 50 and 60 °C [51].

For the solvent contact time, a long extraction time is usually necessary for the full
recovery of the oil, but economic factors may limit it. The larger the extraction, the more
energy is necessary to maintain the mixture at the desired temperature. Moreover, the
extraction efficiency is expected to decrease in time, and large extraction times may cause
undesirable degradation of the target component, affecting the process economics. Thus,
it becomes necessary to optimize the extraction time in order to guarantee both a high
quantity and quality of the extract while at the same time reducing the energy consumption
of the process. However, more information is needed to determine the most suitable
sonication time, as it depends on several factors, such as the type of material, the structure
of the cell wall, the resistance to mass transfer for the diffusion of the solvent into the
material, and the rate of penetration of the solvent [28]. Also, the experimental results
and the surface response analysis do not show any maximum or decrease in the extraction
efficiency. Hence, it is not clear what the optimal extraction time is. More studies are
needed to determine, in particular an economic analysis.

The L/S ratio and optimal value around 16-18 mL g~! can be defined based on
the surface responses presented in Figure 3b,d. In fact, experimentally it is observed
that increasing the L/S ratio while maintaining the other factors fixed may lead to lower
extraction yield, as the comparison between experiments 1 and 2 shows (Table 1). No
clear maximum is observed, implying that an L/S ratio value within the defined range is
adequate. The range of values is lower than 20 (V/W) obtained by Le et al. [35] for the
ultrasound-assisted extraction method, and also is lower than 22.5 (g/g) found by Somnuk
et al. [43] for the Soxhlet extraction method, but it is higher than 4 (mL g~!) the optimized
value determined by Rocha et al. [34].

For optimized operational conditions, an extraction yield between 13 to 14% is achiev-
able. This is in agreement with the experimental results of Abdullah and Koc [32] (13%)
and Goh et al. [44] (14.52%), showing that the system analyzed in this work has a similar
performance as the best extraction methods presented in the literature.

Although the fatty acid profile of the extracted oil has not been characterized, from
the literature, it can be predicted that the oil obtained by UAE will be rich in linoleic and
palmitic acids [34,41]. Hence, it can be used as a chemical feedstock to obtain various
products, such as biodiesel [11] or alkyd resins [13].

4. Conclusions

Indirect sonication was performed to extract oil from SCG using n-hexane as solvent.
The analysis of the effects of principal experimental process parameters was done using the
design of experiments. A CCRD was employed with three factors: temperature, time, and
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L/S ratio, to assess what are the main effects and the interactions/synergies between them.
A good agreement was observed between the results and the statistical model considered
to represent them. The results show that all three factors have a significant statistical effect
on the oil extraction yield, being the L/S ratio the most influential factor.

Moreover, it is concluded that the linear effects are dominant, except for the L/S ratio,
in which the quadratic factor is also relevant. Taking into account the surface response
analysis, it is possible to conclude that the optimal operating conditions are an L/S ratio
of around 16 mL g~ ! and the highest possible temperature, in the range of 50 to 60 °C,
taking into account the health and safety of using n-hexane as solvent. No clear optimal
conditions were obtained for the contact time, although it should be the largest possible,
taking into account the process and economic constraints. An oil extraction yield of 12
to 13% is achievable based on the experimental data and statistical analysis performed in
this work. Thereby, the current work suggests a simple, cost-effective, eco-friendlier, and
efficient indirect ultrasound-assisted extraction of SCG oil.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/pr9112085/s1, Table S1: Comparison among studies results using common extraction technolo-
gies for SCG oil.
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