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Abstract The main objective of this study was to determine the mass transfer for extraction of
peanut (Arachis hypogea) skin by using drying models as alternatives extraction models. The
mass transfer was measured at the pressure ranging from 10 MPa to 30 MPa, temperature of 40
°C to 70 °C, and rate of modifier 0.075 mL/min to 0.225 mL/min. The Lewis, Page, Peleg,
Henderson and Pabis, and Avhad and Macetti as drying models were modified to illustrate the
extraction process and to transform as alternative empirical models. An average absolute relative
deviation percentage (AARD%) of Lewis, Page, Peleg, Henderson - Pabis, and Avhad-Macetti
was 9.52%, 4.67%, 19.41%, 0.26%, and 0.04%. Avhad and Macetti model offered the best fitting
between experimental data and modelling data. The results showed that drying model was
applicable to correlate the experimental data of extraction process due to low percentage of error
and high coefficient determination.
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Introduction

Peanut skin as a waste of peanut butter industries contain catechin, anthocyanidins, oleic acid,
procyanidins, and epicatechin [1-6]. Most of the bioactive compounds have been associated with
reduced risk of cardiovascular diseases and cancers [1]. Furthermore, the exploitation of peanut skins
as a renewable raw material is needed for antioxidant compounds because it provides protection against
human health and enhancement of the sustainable environment [7].

Superecritical carbon dioxide (SC-CO) extraction is a green and suitable alternative extraction technology
[8]. The SC-CO; offers several advantages such as inexpensive and non-toxic solvent. However, SC-
COz has a limitation on the target compounds, where it is only suitable for the extraction of nonpolar
compounds [9]. Hence, the modification of SC-CO; is needed to extract polar compounds. This drawback
can be overcome by the addition of ethanol to enhance the polarity of SC-CO- [10]. Ethanol as a modifier
is safer in terms of toxicity compared with other solvents such as methanol and ethylene glycol [11].
Other applications using SC-CO. approach include the extraction of oils from avocado [12],
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Pithecellobium jiringan seeds [13], tomato skins [14], rosehips [15], and mango ginger [16].

Mass transfer models are important at several stages in the SC-CO- extraction in terms of feasibility
evaluations, process design, equipment sizing, and establishment of optimum operating conditions [17].
There are two types of modelling on the SC-CO- extraction such as kinetic and empirical models. The
kinetic model is more focused on the specific mass-transfer process, but the empirical model focus on
the general mass transfer model. The drying model has parabolic or exponential curves that are similar
to the SC-CO;, extraction curve [18]. Therefore, the modification of drying models is suitable as empirical
SC-CO; extraction models. The models can correlate and predict the mass transfer between solvents
and solutes [17].

There are various modelling in the drying process, but Lewis [19], Page [20], Peleg [21], Henderson and
Pabis [22], and Avhad Macetti [23] models were modified and developed to be applied due to less
adjustable. Hence, the development of drying model can easily fit the experimental data. Furthermore,
the drying model can be applied as an alternative empirical model to describe the extraction process
behaviours.

The objectives of this study were to determine the mass transfer for extraction of Arachis hypogaea skin
oil using modified supercritical carbon dioxide by modifying the drying models. Another objective was to
determine the best correlation between models and experimental data.

Materials and methods

Sample preparations

Peanut (Arachis hypogea) skins was purchased from G-Tachfood Industries Sdn Bhd, Johor Bahru,
Malaysia. The skins were dried in an oven at 60 °C for 4 hours and blended into powder, sieved to 425
pm to obtain the mean of particle size, and placed in a freezer under —20 °C prior to use.

Chemical preparations

Liquid carbon dioxide (99% purity) was used in the supercritical extraction apparatus purchased from
Kras Instrument, Johor Bahru, Malaysia Food grade of ethanol (99.86%) was purchased from Fisher
Scientific Chemical (Loughborough, UK) and Merck (Darmstadt, Germany).

Supercritical carbon dioxide extraction assisted by ethanol

Liquid CO; and ethanol as modifier were continuously pumped into the system with at a flow rate of 3
mL/min. The extraction was conducted at pressure of 10 to 30 MPa; temperature of 40 to 70 °C; the rate
of the modifier of 0.075 to 0.225 mL/minute and extraction time for 180 min. Chiller temperature was set
at 6 °C while the heater in the back-pressure regulator (Jasco BP 2080 Plus Automated BPR) was set
at 50 °C. An amount of 5 + 0.005 g of peanut skins were placed into an extraction vessel. Then, the
extracted oil was collected and it was recorded every 30 minutes for 180 minutes. The extract collected
was dried in an oven to evaporate the ethanol, before being stored at 4 °C to prevent any possible
degradation.

Calculation of peanut skins oil yield

The oil yield (Gextract /gsampie) Was determined by using the following equation:

Oil yield = :— * (100%) (1)

Where m,, is the total mass of the extracted oil in the collection vial (g) and mg is the weight of the sample
used (g).
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Figure 1. The schematic diagram of SFE unit
Calculation of peanut skins oil ratio (PSOR)

The calculation of peanut skins oil ratio (PSOR) was needed in every fraction of extraction process due
to the calculation and determination of the mass transfer process. The calculation of peanut skin oil ratio
was determined by using the following equation:

— e
PSOR = — 2

t

Where m, is the total mass of the extracted oil and m, is the total weight of extracted oil yield (g).

Development of drying model to determine extraction behaviours

Lewis, Page, Peleg, Henderson, and Pabis and Avhad, and Macetti model were generally used as
adsorption and drying process model to determine kinetically mass transfer of water to air. Adsorption
and drying process have a similar curve with modified SC-CO. in terms of a parabolic curve.
Consequently, these models are suitable to be used for the determination of kinetic constant [18].

Lewis model

The Lewis model was easily solved by a solver due to one adjustable parameter [19]. The assumption
of this model is a negligible internal resistance, indicative of no resistance to moisture movement from
within the interior of the material out to the surface of the material [19]. Lewis model is an exponential
and parabolic curve that is similar to the modified SC-CO, curve. Therefore, the Lewis model is suitable

to determine the kinetic model of modified SC-CO; extraction [18]. However, a new modification of the
Lewis model is needed to correlate the experimental data. The Lewis model is represented as:

MR = exp(—kjt) (3)
The modification of the Lewis model is mentioned as follows:
PSOR =1 — exp(—k;t) (4)

Where MR is the moisture ratio, PSRO is the peanut skins oil ratio and k; is the constant of the model
following an Arrhenius expression and t is time of extraction (sec).

Henderson-Pabis model

The Henderson-Pabis (H-P) model is also known as a bi-parametric exponential model. This model is
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the first term of a general series of Fick’s second law solution. The slope of this model, coefficient k;,, is
linked to the effective moisture diffusivity when the drying process takes place only in the falling rate
period and liquid diffusion control process. The effective moisture diffusivity is similar to the diffusivity of
SC-CO; to peanut skin oil. Therefore, the moisture ratio is substituted with peanut skin oil ratio.
Henderson-Pabis Model is written as:

MR = aexp(—kyt) (5)
The modification of Henderson and Pabis model is written as follows:
PSOR = 1 — aexp(—kyt) (6)

Where MR is the moisture ratio, PSRO is the peanut skins oil ratio. a and k; are the constants of the
model following an Arrehinius expression, and t is the extraction time (sec) [22].

Page model

Lewis model was developed with the addition of two coefficient constants proposed by Page (1949). This
model has produced good fits to characterize the drying of several agricultural products [23]. This model
assumed that time is the big influence in the dying process. Therefore, time is one of the significant
effects in the extraction process. Due to the similarity of parabolic curves between drying and extraction
process, the assumption for development in the Page model is N as the extraction time and k,, as the

diffusivity of solvents to solute. The Page model is written in the following form:

MR = exp(—kpt)N (7)
The modification of the Page model is written as follows:

PSOR = 1 — exp(—k,t)" (8)

Where MR is the moisture ratio, PSRO is the peanut skins oil ratio. k, and N are the constants of the
model, k,, follows an Arrhenius expression and t is the extraction time (sec).

Peleg model

Moisture sorption process is described by Peleg model with the hyperbolic curve [21]. It is confirmed that
the curve of the Peleg model was similar to SC-CO; extraction. Previous research shows that Peleg
model has successfully described the kinetic extraction process [24-27]. Peleg model was fitted to
experimental data from peanut skin oil. The equation of the Peleg model is described as follows:

at
PSOR = P 9)
Where MR is the moisture ratio, PSOR is the peanut skins oil ratio. a and k, are the constant parameters
of the Peleg model and t is the time of extraction (sec). Furthermore, k, represents the solvation power

of modified supercritical carbon dioxide as the solvent. Increasing the coefficient k enhance the mass
transfer process between the solvent and the solute.

Avhad and Macetti model

Avhad and Macetti model is combination of the Page model and the Henderson and Pabis model. This
model assumed that resistance to mass transfer at the surface of a sample is negligible compared to the
internal resistance of the sample, and the initial moisture content in the avocado seeds is high and
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uniformly distributed throughout the mass of the seed [23]. The curve of Avhad-Macetti model is a
parabolic curve, which is similar to the extraction curve. The assumptions for development of this model
are resistance to mass transfer at the surface is negligible compared to the internal resistance of the
sample, and peanut skin oil in the peanut skins is high and uniformly distributed in the surface of the
solute. The Avhad-Macetti model is written as:

MR = aexp(—k,t)¥ (10)
The development of this model can be written as:
PSOR = 1 —aexp(—k,t)Y (11)

Where MR is the moisture ratio, PSRO is the peanut skins oil ratio, t is the extraction time (sec). kg, a,
and N are constants of the model. k, follows an Arrhenius expression.

Statistical analysis

The statistical analysis is needed to determine a suitable fitted model based on the experimental data of
peanut skin oil. The statistical analyses are the coefficient of determination (R?) and average absolute
relative deviation (AARD (%)).High coefficient of determination and low mean of absolute error indicated
that the model is successfully fitted the experimental data [28]. The expressions for the coefficient of
determination and average absolute relative deviation (AARD) are written as:

N _— _—
R2 _ Zi=1(P50Rexp,i_ PSORmodel,i)*(PSORexp,i_ PSORmodel,i)

\/Zlivzl(PSORexp,i_ PSORmodel,i)*(PSORexp i~ I:'SORmadel,i)2

(12)

N _—
Zi=1(PSROexp,i_ PSROmodel,i)
N

AARD (%) = (13)

Where, PSOR.,,; is the i th experimental dimensionless peanut skin oil ratio; PSOR 4.1, is the i th
predicted dimensionless peanut skin oil ratio, and N is the number of observations.

Results and discussion

The results of mathematical modelling are typically used in the design, planning and scaling up of
chemical processes from laboratory to industrial scale [17]. The drying models can be characterized as
an empirical model due to the evaluation of mass transfer extraction process [29]. The drying models
can be used as an alternative mass transfer model due to the easily correlated the experimental data
and have one or two adjustable parameters. Hence, the drying models can be called the first order
models [30].

In order to minimize the error of the experiment, the moisture content and particle size were adjusted to
8.87% and 425 um, respectively. High moisture content will inhibit SC-CO- to penetrate the peanut skin
to carry out the extract [5]. In addition, the highest yield extract was 16.22% at 300 bar, 328 K, with the
rate of modifier was 0.15 mL/min. The lowest yield extract obtained was 2.01% at 10 MPa, 70 °C, with
rate of modifier 0.075 mL/min as shown in Table 1.

Table 1 reveals that the effect of pressure is very significant to enhance and encourage the peanut skin
oil yield. This is due to increasing pressure will increase the density of carbon dioxide that the solubility
carbon dioxide can be increased to extract peanut skin oil. The other reason is the increase of pressure
increased the diffusivity of SC-CO, to penetrate the peanut skin surface [31]. Furthermore, the ratio of
modifier is also significant parameters to enhance the oil yield of peanut skin. This is due to ethanol as
modifier opens the pore of the solute.
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The opened peanut skin cores are easily penetrated by supercritical carbon dioxide to carry out the
extract. In addition, the increasing the rate of modifier would increase the diffusivity and solubility of the
target compound in SC-CO; [32]. Moreover, the temperature is not a significant effect in the extraction
of peanut skin oil due to the thermo-labile effect, where temperature effect gives the unstable
concentration of bioactive compounds. One of the significant reason is the degradation process of
bioactive compounds [8].

In this study, there are five development models which are Lewis model, Page model, Peleg model,
Henderson and Pabis Model, and Avhad and Macetti model. Figure 2 to 4 show the five models
correlated the experimental data. The average of coefficients of determination (R?) and the lowest
average of coefficients of determination (%AARD) are the most suitable statistical method to determine
the fitting between of mathematical model and experimental data, where the fitted parameters are shown
in Table 1.

Five correlations were succeeded to correlate peanut skin oil data under pressure ranging from 10 MPa
to 30 MPa, the temperature of 40 °C to 70 °C, and rate of modifier 0.075 mL/min to 0.225 mL/min.
Correlation kinetic of peanut skin oil with modified models of Lewis, Page, Peleg, Henderson-Pabis, and
Avhad and Macetti with average AARD (%) of 9.52%, 4.67%, 6.87%, 0.26%, and 0.24%. Development
of Avhad and Macetti equation has been successfully correlating the kinetic peanut skin oil data with the
lowest AARD (%). Moreover, the modified Lewis model gives the highest AARD (%), indicating that the
modified Lewis model has failed to correlate the kinetic of peanut skin oil compared with another kinetic
model.

Lewis model fitted the PSOR data

Table 1 shows that the coefficient k; as the Lewis adjustable parameters ranged from 0.003 to 0.044.
Lewis model has the highest average error (9.52%) and the highest error compared with other models.
The one adjustable parameter is not enough to correlate the mass transfer of peanut skin oil.
Furthermore, the coefficient k; of Lewis model represents the mass transfer process between the peanut
skin oil and modified SC-CO,. Based on the fitting model, increasing pressure and rate of modifier
increases the coefficient k; represents the increasing of pressure and ratio of modifier will increase the
mass-transfer process. The increasing of pressure will increase density; therefore, it increased the oil
yield recovery. the contradictive condition was occurred in the increasing temperature where it did not
increase the coefficient k;. Thus, the temperature did not affect to enhance the mass transfer process.
Increasing of temperature decrease the density of supercritical carbon dioxide [33]. Therefore, the
solvation power, k; was decreased.

Henderson-Pabis (H-P) model fitted the PSOR data

Henderson-Pabis (H-P) model is a development model from the Lewis model with addition of one
adjustable parameter. Hence, addition of one adjustable parameter will reduce the error of the model. It
significantly shows that the error of H-P model is lower than the Lewis model (0.26% < 9.52%). Therefore,
the H-P model gave a better correlation between the model and experimental data to describe the
behaviour of peanut skin oil extraction. However, Figure 3(a2) shows the H-P model failed to fitted the
experimental data compared with the Lewis model. The condition of 20 MPa, 50 °C and 5% ratio of
modifier showed the addition of one adjustable parameter was not suitable as shown in Table 1. As
similar to the Lewis model, the coefficient k;, represents the mass transfer process. The coefficient ky,
was the adjustable parameter ranged from 0.52 to 13.27 in the recovery of peanut skin oil. The increasing
coefficient of k;, was caused by increasing of pressure and ratio of modifier condition. This result and
trend are similar with the Lewis model where pressure and rate of modifier were the significant effect to
enhance the recovery of extract. The effect of increasing of density will increase the solvation power
(ky), thus the oil yield recovery is enhanced [34].
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Figure 4 Comparison of development between models and experimental data from peanut skin oil at constant pressure 20 MPa and
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Page model fitted the PSOR data

Page model is an improvement model from the Lewis model with addition one adjustable parameter.
The addition one adjustable parameter reduced the error of the model to fit the experimental data. The
error of the Page model is lower than the Lewis model as the established model (4.67% < 9.52%). The
coefficient k, represents the solvation power of mixture solvents (supercritical carbon dioxide and
ethanol). The coefficient k, ranges was 0.0001 to 0.2578 in the extraction of peanut skin as shown in
Table 1. The result of the model shows that increasing the rate of modifier will increase the solvation
power (k) of the solvent. Increasing of modifier rate enhance the polarity of mixture solvents. Most of
bioactive compounds in the peanut skin is polar compounds [6], thus increasing of modifier is significant
to enhance the peanut skin oil recovery.

Avhad and Macetti (A-M) model fitted the PSOR data

Avhad and Macetti (A-M) model is a development model from the Lewis model, Page model and
Henderson and Pabis Model. The development is the addition of two adjustable parameters which are
the coefficient a and N. The three adjustable parameters gave the best result in the fitting of peanut skin
oil extraction. The average of A-M error is lower than H-P model and Lewis model (0.04% < 0.26% <
9.52%) as shown in Table 2. Hence, the addition of two adjustable parameters is effective and efficient
to fit the mass transfer, but the model was difficult to fit the data due to many adjustable parameters.
Similar to Lewis and H-P model, the coefficient k, represents the mass transfer process or solvation
power of modified SC-CO,. The coefficient k, ranged from 0.01 to 6.48. The results of this model gave
similar trends with Lewis and Henderson-Pabis model where increasing of pressure increased the
solvation power of solvent (k,). Based on the fitting model, the low pressure is not a suitable condition
to obtain high mass transfer (k,). This is because low pressure gave penetration power of the solvent to
penetrate the raw material [35, 36].

Peleg model fitted the PSOR data

Peleg model is usually used to determine the moisture sorption process in the raw material [21]. The
moisture sorption curve is similar to supercritical fluid extraction. Hence, the Peleg model can be used
to determine the mass transfer of SC-CO; extraction. Although, the equation of Peleg model is different
with Lewis, Page, Henderson-Pabis and Avhad Macetti models that used the exponential equation to
describe the extraction behaviours, the Peleg model has successfully fitted the experimental data with
error 6.87%. Furthermore, the coefficient k, represents the solvation power of mixture solvents
(supercritical carbon dioxide and ethanol). Increasing the coefficient k, enhance the mass transfer
process between the solvent and the solute. The coefficient k, ranges were 15.05 to 547.68 as shown
in Table 1. The Peleg model has successfully describe the mass transfer of gallic acid and caffeine from
representative white teas [24] and polysaccharides from mushroom [26]. However, the coefficient kg in
this study could not describe the mass transfer of peanut skin oil due to the inconsistent number of the
coefficient k.

Comparison Lewis, Page, Henderson-Pabis and Avhad Macetti models
results to correlate the peanut skin oil recovery

The Lewis, Page, Henderson-Pabis and Avhad Macetti models could be used as alternative model to
describe the mass transfer model of peanut skin oil due to the low percentage of the model. Furthermore,
the advantage of using a drying model as alternative models was easy for the model to fit the
experimental data. This is due to less adjustable parameters. Other kinetic models have many adjustable
parameters to describe the mass transfer model. However, the Peleg model could not be applied in this
study to describe the solvation power of mixture solvents due to the inconsistency of the coefficient k.
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Table 2 Comparison between Lewis model, Page model, Peleg model, Henderson and Pabis Model and
Avhad and Macetti model

No. Model %AARD R2
1 Lewis 9.52 0.982
2 Page 4.67 0.985
3 Peleg 6.87 0.983
4 Henderson and Pabis 0.26 0.994
5 Avhad and Macetti 0.04 0.996
Conclusions

Application of drying model in modified supercritical carbon dioxide extraction to determine the mass
transfer process were measured at a pressure of 10 MPa to 30 MPa, temperature of 40 °C to 70 °C, and
rate of modifier 0.075 mL/min to 0.225 mL/min. The drying models (Lewis, Page, Peleg, Henderson -
Pabis and Avhad - Macetti models) were found to correlate with peanut skin experimental data. The
resulting values average of AARD (%) and coefficient of determination (R?) were Lewis model (9.52%
and 0.982), Page model (4.67% and 0.985), Peleg model (6.87% and 0.983), Henderson and Pabis
model (0.26% and 0.994), and Avhad-Macetti model (0.04% and 0.996). Therefore, modification of
Avhad-Macetti model gives the lowest AARD (%) and the coefficient of determination compared with
other models. This is because Avhad-Macetti has more adjustable parameters such as three adjustable
parameters compared with other modification models. Furthermore, the drying model can be applied as
mass transfer model. The Peleg model has the lowest error and highest coefficient of determination, R?,
the models are difficult to determine the mass transfer process on the extraction of peanut skin oil. The
result of five models shows that the effect of pressure and ratio of modifier enhance the mass transfer of
the extraction but the effect of temperature was not significant to encourage the yield and mass transfer
of peanut skin oil.
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