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a  b  s  t  r  a  c  t

In  this  work  liquid  CO2/propane  mixtures  were  used  to  extract  jojoba  oil  from  oilseeds.  First,  experiments
at  313  K  and  pressures  of  70  bar  and  200  bars  were  carried  out  on  jojoba  oil  deposited  on  glass  spheres,
using  different  solvent  concentrations  (30 wt%,  50  wt%  and  70  wt%  CO2), to  assess  the influence  of  the
solvent  composition  and  phase  behavior  on  the  extraction  rate.  Then,  jojoba  oil  was extracted  from  the
milled  seeds  under  homogeneous  liquid  conditions,  using  solvent  mixtures  containing  30  wt%  and  50  wt%
CO2 at 70  bar  and 313  K.  A  solvent  mixture  with  30 wt%  CO2 exhibited  good  solvent  power.  Oil  extraction
eywords:
hase equilibria
olubility
ojoba oil
xtraction
arbon dioxide

yields  of 98% were  obtained  using  a  minimum  solvent  to  oilseed  mass  ratio  of  5  g  solvent/g  oilseed  and
operating  the  extractor  at 313  K and  70  bar.

©  2014  Elsevier  B.V.  All  rights  reserved.
ropane

. Introduction

Jojoba oil is a liquid wax extracted from the seeds of the
ojoba plant (Simmondsia chinensis). Chemically, it is a mixture of
igh-molecular weight monounsaturated esters. Jojoba oil and oil
erivatives have a wide range of industrial uses, mainly in cosmet-

cs. They are commonly used in skin-care products, such as lotions,
oisturizers, massage oils, and soothing creams. They are also used

n the formulation of specialized lubricants, antifoaming agents,
etergents, driers, emulsifiers, fibers, plasticizers, protective coat-

ng, resins and surfactants, among others [1].
Traditionally, jojoba oil is obtained by mechanical pressing,

ollowed by hexane extraction of the pre-pressed jojoba meal.
ealth and environmental concerns associated with the use of sol-
ents like hexane, have placed new demands on the cosmetic and
harmaceutical industry to invest in clean technologies such as
upercritical fluid extraction.

The use of supercritical fluids for the extraction of oils from
ilseeds has been widely studied in the literature [2–4]. Stahl et al.
5] and Salgın et al. [6,7] applied supercritical CO2 (scCO2) for the
xtraction of jojoba oil. Additionally, Salgın et al. [6,7] performed
he extraction using co-solvents in order to increase the solubility of

ojoba oil in scCO2. CO2 has been extensively studied [4] because it is
n inert, inexpensive, easily available, odorless, tasteless and GRAS
Generally Recognized As Safe) solvent. As an additional advantage,

∗ Corresponding author. Tel.: +54 291 4861700; fax: +54 2914861600.
E-mail address: phegel@plapiqui.edu.ar (P. Hegel).

ttp://dx.doi.org/10.1016/j.supflu.2014.04.005
896-8446/© 2014 Elsevier B.V. All rights reserved.
CO2 can be easily removed from the oil after extraction, by depres-
surization. However, the system jojoba oil + CO2 is heterogeneous
over a wide range of conditions, both under sub- and supercritical
CO2. High pressures are required to obtain good yields because the
oil solubility in CO2 is very low, even at pressures as high as 300 bar
[6,7]. For this reason, the extraction of jojoba oil from its seed
usingscCO2 is still not an attractive alternative from an economical
point of view. On the other hand, although the use of ethanol as
co-solvent can improve the performance of the extraction process,
the drawback is that it remains in the oil after CO2 depressurization
and a complete removal of ethanol from the oil requires a vacuum
step at low temperatures to avoid thermal degradation [8].

An alternative method for the extraction of jojoba oil from the
seeds involves the addition of propane to carbon dioxide as sol-
ubility modifier. In general, vegetable oils are completely miscible
with liquid propane at temperatures lower than ∼343 K (LCEP). The
solvent power of propane is much higher than that of CO2, requir-
ing less solvent/feed ratios and lower operating pressures. Also,
propane can be easily removed from the oil after extraction by sim-
ple solvent depressurization. The main drawback of propane is its
flammability. Any percentage of propane in a propane/air mixture
higher than 2.15 vol.% will be sufficient for propane to burn [9]. This
suggests that propane + CO2 solvent mixtures may  offer convenient
properties regarding solvent power (greater affinity with the sub-
strate than CO2) and selectivity. On the other hand, mixtures with

a 30/70 volume ratio of CO2/propane in the vapor phase can be
used to turn the propane/CO2/air mixture non-flammable at ambi-
ent conditions [7]). Previous studies on vegetable oil extractions
with propane + CO2 mixtures have shown good results [3,10,11].

dx.doi.org/10.1016/j.supflu.2014.04.005
http://www.sciencedirect.com/science/journal/08968446
http://www.elsevier.com/locate/supflu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.supflu.2014.04.005&domain=pdf
mailto:phegel@plapiqui.edu.ar
dx.doi.org/10.1016/j.supflu.2014.04.005
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In a previous work [8], an extraction process was proposed
o extract jojoba oil using propane + CO2 liquid mixtures at high
ressure. The GC-EOS group contribution equation of state [12],
ombined with reliable experimental data (visual observations of
hase transitions at different operating conditions), were used to
tudy the phase equilibrium of CO2 + propane + jojoba oil mixtures
n order to choose the best operating conditions for the extraction
rocess. The phase behavior of binary and ternary mixtures was
tudied at different temperatures, pressures and compositions, to
etermine conditions of good solvent power for non-flammable
olvent mixtures. It was found that it is possible to avoid partial
iquid miscibility when the jojoba oil extractor is operated at 70 bar
nd 313 K, with CO2/propane solvent mixtures containing between
0 wt% and 50 wt% CO2. Likewise, it is possible to increase the CO2
oncentration in the solvent mixture up to 70 wt%, at the expense
f increasing the operating pressure in the extractor up to 200 bar,
n order to keep homogeneous conditions and good solvent power
8].

In this work, experimental extractions of jojoba oil from milled
eeds were carried out using CO2/propane solvent mixtures in order
o corroborate the previous study [8]. The influence of the solvent
omposition and the phase behavior on the extraction rate was
nalyzed. The solubility of jojoba oil in CO2/propane mixtures at
13 K and different pressures was also determined from the exper-

mental data in the present study. Special attention was given to
he effect of heat pre-treatment and grinding size of the oilseeds,
hich have proved to influence the performance of the extraction
rocess [6,7,13–15]. Different amounts of jojoba oilseed were pro-
essed in order to determine the solvent load capacity according to
he CO2 concentration in the solvent mixture. Additionally, a dif-
erential mass transfer model was used to fit the experimental data
nd to analyze the performance of the extractions.

. Modeling

.1. Mass transfer model

In order to model the extraction kinetics, a differential mass
alance for the oil in the solid and fluid phases was implemented,
s proposed by del Valle and de la Fuente [16]. Basically, the model
ssumes spherical particles, no-gradients of temperature and pres-
ure in the solid bed, constant density and viscosity of the solvent
ixture and axial plug flow with uniform interstitial velocity. The
odel also assumes a pseudo-equilibrium oil distribution between

he solid and fluid phases, given by constant K (solute/matrix
nteraction). To solve the model equations, the axial and time vari-
bles were transformed into dimensionless quantities, in terms of
he extractor height (Z = z/H) and residence time (� = t/tr, where
r = H/U). The spatial derivative term was represented by finite dif-
erences, transforming the partial differential equations into a set of
rdinary differential equations. The final model for the extraction
ed is represented by the following equations:

dYi

d�
= A(KXi − Yi) − (Yi+1 − Yi)

�Z
, A = hf avH

Uε
(1)

dXi

d�
= B(KXi − Yi), B = −hf av�f H

U�s(1 − ε)
(2)

In these equations Yi represents the oil concentration in the fluid
hase (kg oil/kg solvent) and Xi the oil concentration in the solid
hase (kg oil/kg inert solid matrix), for each i term of the spatial
erivative. As mentioned before, � and Z are dimensionless vari-

bles of time and space, respectively. K is a partition coefficient, the
atio of the initial oil concentration in the fluid and solid phases; hf is
he overall external mass transfer coefficient (m/s); H is the extrac-
or height (m), �f is the solvent density (kg/m3), �s is the inert solid
l Fluids 91 (2014) 37–45

density (kg/m3), U is the interstitial solvent velocity (m/s) and av is
the specific surface area per unit volume of extractor (m2/m3). This
specific surface area is calculated as av = 6(1 − ε)/dp, where ε is the
bed porosity and dp is the particle diameter (m).

In order to solve the differential equations the following initial
and boundary conditions were applied:

Y
∣
∣
Z=0

= 0, X
∣
∣
�=0

= X0, Y
∣
∣
�=0

= Y0 (3)

where Y0 is the initial oil concentration in the fluid phase and X0
is the initial oil concentration in the solid phase after the dissolution
of the oil in the solvent. These quantities were estimated from the
definition of the partition coefficient and the initial mass balance
of the solute:

X0 = Xu − Vε�f

m
Y0, Y0 = KX0 = KXu

1 + Vε�f K/m
(4)

In Eq. (4), V represents the extractor volume, m is the mass of
inert material (glass spheres + oil-free seeds) and Xu is the initial oil
concentration in the solid phase, estimated from the ratio between
the total amount of oil in the extractor and m.

Twenty terms of the spatial derivative were used to model axial
plug flow pattern. The set of ordinary differential equations were
solved numerically by the Runge–Kutta–Felhberg method [17] and
the cumulative extraction curves were obtained by integrating the
profiles of solute concentration at the extractor outlet using Simp-
son rule [17]. The values of the partition coefficient (K) and the
overall mass transfer coefficient (hf) were left as fitting parameters,
obtained by adjusting the model to the experimental extraction
curves.

2.2. Phase equilibria and physical properties

The group contribution equation of state (GC-EOS) [12] was used
to determine the boundaries of the homogeneous region and to cal-
culate the solubility of jojoba oil in the extract (light-liquid) phase
in those extraction studies performed under conditions of partial
liquid miscibility. The application of the model to mixtures of fatty
oils with near-critical fluids is described in detail elsewhere [18].
The model parameters used in this work to model the phase behav-
ior of the ternary system jojoba oil + propane + CO2 were reported
in a previous work [8].

The physical properties were estimated as follows. The density
of the solvent mixture was  estimated from the correlation of exper-
imental data reported by Galicia Luna et al. [19] and Niesen et al.
[20]. The solvent viscosity was  calculated from the viscosity of the
pure components at a given pressure and temperature, by apply-
ing the equation of Grunberg and Nissan [21]. Finally, the diffusion
coefficient of jojoba oil in the solvent mixture was  obtained from
the equation of Perkins and Geankoplis [21] for multi-component
mixtures. The binary diffusion coefficients of jojoba oil in pure CO2
and in pure propane were in turn calculated by the correlation of
Catchpole and King [22] as a function of the reduce temperature
and density of the pure solvents. The solute molar mass (equal
to 616.5 g/mol) was  estimated from the fatty acid composition of
jojoba oil, and the solute critical volume (equal to 2337.5 cm3/mol)
was calculated with Joback method [23]. Table 1 summarizes the
values of the physical properties calculated by the correlations
mentioned above.

Table 2, on the other hand, shows the overall external mass
transfer coefficients estimated from the correlations applied in the
literature for the supercritical extraction of vegetable oils [27], by
using the properties reported in Table 1, a solvent flow rate of

∼0.5 g/min and a specific surface area of 3600 m2/m3. It can be
observed from Table 2, important differences in the estimation
of the hf parameter in the region of operating conditions studied
in this work. Overall external mass transfer coefficients estimated
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Table  1
Estimated values of the density (�f) and viscosity (�f) of the solvent mixtures, and
pseudo binary diffusion coefficient (D12) of jojoba oil in these solvents at 313 K.

Pressure

70 bar 200 bar

CO2 weight fraction in solvent mixture

0.3 0.5 0.7 0.3 0.5 0.7
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Fig. 1. (1) Gas stainless steel sample cylinder. (2) Pressure generator. (3) Heat
exchanger element. (4) High-pressure extractor. (5) BPR valve. Extraction cell. (6)

T
O

�f (Kg/m ) 550.5 563.4 537 586 598.4 572
�  (Pa s) 105 6.3 4.6 3.3 11.0 10.3 94.1
D12 (m2/s) 108 1.0 1.4 2.1 0.5 0.5 0.6

rom correlations lie within the range 10−6–10−4 m/s. These results
re showing.

. Experimental

.1. Materials

The jojoba seeds (S. chinensis) used in the experiments were cul-
ured and harvested in La Rioja (Argentina). The oil composition
as detailed in a previous work [8]. The moisture content of the

ilseeds was 3.8%, as determined from AOCS Method Ca2c-25 [29].
he clean seeds were ground in a rotary mill to particles of diam-
ters smaller than 2.83 mm.  Where a reference is made to flour,
his corresponds to the milled fraction having particle diameters
maller than 0.84 mm.  In those assays in which the particle diam-
ter is not mentioned, all the ground material was  used. The oil
ontent of the seeds was determined by Soxhlet extraction using
echnical grade hexane during 10 h, followed by solvent removal
nder vacuum in a rotary-evaporator. The oil content in the ground
aterial and in the flour was 47.2 wt%.
CO2 (99.9%) was purchased to Linde AG and propane (99%) was

upplied by the gas company TGS (Bahía Blanca, Argentina).

.2. Experimental apparatus and procedure

Experimental runs were performed in a high-pressure extrac-
ion apparatus (Fig. 1) described in detail elsewhere [30].
ropane/carbon dioxide liquid mixtures were used as solvent.
hese mixtures were prepared gravimetrically in a stainless steel
ylinder (500 mL  capacity) at a given mass ratio. The final solvent
omposition was analyzed by gas chromatography. The solvent
ompositions ranged from 30 wt% to 70 wt% CO2, covering con-
itions of complete and partial liquid miscibility with the oil at
perating temperatures and pressures. The solvent mixtures were
tored in the cylinder under liquid–vapor equilibria at room tem-
erature and the liquid phase was pumped to the extractor. The

torage vessel exhibited small pressure fluctuations during the
peration. The solvent compositions in the studies ranged from
0 wt% to 70 wt% CO2, covering conditions of complete and par-
ial liquid miscibility with the oil at 313 K and operating extraction

able 2
verall external mass transfer coefficients, hf (m/s), estimated according to literature.

Authors 

70 bar 

C

0.3 0.5 

Lee et al. [24] 4.2 × 10−6 4.0 × 10−6

Lee and Holder [25] 4.0 × 10−4 5.6 × 10−4

Wakao and Kaguei [26] 3.7 × 10−5 5.3 × 10−5

Puiggené et al. [27] 1.4 × 10−5 2.0 × 10−5

Sovová et al. [28] 6.6 × 10−6 7.5 × 10−6
Liquid trap. (7) Flow-meter. (8) Extractor temperature sensor. (9) Temperature con-
troller. (10) Extractor temperature indicator. (11) Pressure sensor. (12) Gas cylinder.
(13) Low refrigerated circulator. (14) Heating element.

pressures. Chromatograph analyses of the solvent at the extractor
outlet (HP 5890 – TCD detector – Porapack Q column) showed a
variation of up to 2 wt%  CO2 for a given solvent mixture.

Two  types of experiments were conducted to determine the
oil solubility in the mixed solvent and to study the oil extraction
from the milled seeds. The extraction procedure was  as follows. A
given amount of jojoba oil (1.5 g) or milled seeds (6 g or 11 g) were
mixed with glass spheres (d = 1 mm). The extraction cell (46.5 ml
capacity, 16.6 mm ID) was completely filled with the substrate. The
bed porosity was  assumed constant and equal to ε = 0.4 (it ranged
between 0.398 and 0.406 depending on the relative mass of glass
spheres and grounded seeds treated). After assembling the entire
system, a gentle solvent stream was  flushed through the cell to
remove residual air. The extractor was then pressurized with the
solvent mixture and left around 45 min  to reach equilibrium at con-
stant temperature and pressure (a longer period of static time of
90 min  produced similar extraction results). Afterwards, the sol-
vent was  continuously pumped through the cell to carry out the
oil extraction. After solvent depressurization in an outlet valve, the
jojoba oil was  collected in glass “U” tubes and weighed in a precision
balance. The same solvent flow rate (0.5 ± 0.05 g/min) was adjusted
to assure thermodynamic equilibrium (solubility measurements)
and/or maximum solvent load (extraction experiments). The res-
idence time in the cell filled with the substrate (glass spheres
or glass spheres + grounded seeds) ranged between 20 min  and
25 min, depending on the solvent density. The extraction equip-
ment was  operated as described above, at 313 K and pressures of
70–200 bar. Unequally time spaced samples (5–20 min) were taken

in all cases during the total extraction time (100–140 min). Dupli-
cated experiments showed variations in gravimetric yields of the
cumulative extraction curves that were typically between 1 and
10% on a relative basis, according to the mass of extracted oil.

Pressure

200 bar

O2 weight fraction in solvent mixture

0.7 0.3 0.5 0.7

4.8 × 10−6 4.4 × 10−6 4.0 × 10−6 4.1 × 10−6

4.5 × 10−4 2.3 × 10−4 2.3 × 10−4 2.4 × 10−4

8.8 × 10−5 1.9 × 10−5 1.9 × 10−5 2.1 × 10−5

2.9 × 10−5 7.0 × 10−6 7.3 × 10−6 7.8 × 10−6

1.0 × 10−5 5.9 × 10−6 5.5 × 10−6 5.1 × 10−6
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Fig. 2. Extraction of free jojoba oil with CO2–propane solvent mixtures of differ-
ent composition: (�) 30 wt%  CO2 (�) 50 wt% CO2 and (�) 70 wt% CO2 at 313 K and
70 bar (A) or 200 bar (B), for a total oil content in the extractor of 1.5 g. Solvent
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Table 3
Kinetic model parameters fitted from experimental data reported in Fig. 2 and initial
oil concentration in the solvent mixtures at the extractor outlet.

Model parameters Pressure

70 bar 200 bar

CO2 weight fraction in solvent mixture

0.3 0.5 0.7 0.3 0.5 0.7

Y0 (oil/solvent, g/kg) 68 52 3.9 66 64 60

f

ow = 0.5 g/min, symbols are experimental data. Lines are model fitting of experi-
ental data, with the parameters reported in Table 3.

. Results

.1. Free-jojoba oil dissolution in CO2/propane solvent mixtures

First, extractions of free-oil deposited on the glass spheres were
arried out in order to determine the influence of pressure and
olvent composition on the extraction rate, uncoupling any mass
ransfer effect on the vegetable matrix. Fig. 2 shows the cumula-
ive extraction yield of jojoba oil as a function of the solvent mass,
btained at 70 bar (Fig. 2A) and 200 bar (Fig. 2B), using solvent mix-
ures with 30 wt%, 50 wt% and 70 wt% CO2. The solvent mixtures
aving 30 wt% and 50 wt% CO2 were able to extract nearly the entire
il content in the extractor after 80 min  of extraction time (≈40 g
f solvent mixture), independently of the operating pressure. The
urves of lower CO2 concentration in Fig. 2A show an initial steep
ncrease and a plateau at the maximum oil yield, while the 70 wt%
O2 solvent mixture exhibits a linear kinetic, which shows that only
0% of oil was removed after 112 min  of operation (≈56 g of sol-
ent). As it was found in previous work [8], this last solvent mixture
xhibits partial liquid miscibility with jojoba oil at the conditions
f the experiment, originating a poor solvent power restricted by
he solubility limits.

As shown in Fig. 2B, when the pressure is increased up to 200 bar,
ll solvent mixtures present good solvent power, in correspon-

ence with homogeneous conditions for all oil–solvent mixtures
10]. In this case the 30 wt% and 50 wt% CO2 solvent mixtures
epict a greater load capacity, related to the improvement of
K  (–) 5.7 3.7 0.2 5.7 5.5 5.3
hf × 107 (m/s) 1.2 1.5 ≥7 1.8 1.4 1.2

the transport properties due to the increase of the solvent den-
sity.

To sum up, extractions at homogeneous conditions allowed the
highest extraction yield of jojoba oil. The 30 wt% CO2 solvent mix-
ture showed the best load capacity.

Table 3 reports the best-fitting parameters (K and hf) that were
used to adjust the experimental extraction curves and the Y0 values
obtained in the modeling. The values of K were obtained from the
initial slope of the extraction curves, while hf was determined from
the last experimental points, where mass transfer problems pre-
vail. A specific surface area of 3600 m2/m3 was  considered in these
studies for the estimation of hf parameters. It can be observed, at
the highest pressure, the Y0 value was  approximately constant for
all the solvent mixtures studied (60–66, g oil/kg solvent), whereas
the parameter showed a great variation at the lowest pressure. At
70 bar, an increment of CO2 in the solvent up to 70 wt% produces a
clear reduction of the apparent solubility due to liquid–liquid par-
tial miscibility. Also, at this lower pressure there is a difference
between Y0 for the 30 wt%  and 50 wt% CO2 solvent mixtures. Dif-
ferent static time periods were tested (30 min, 60 and 90 min) with
negligible effects on cumulative extraction curves. Therefore, this
effect could be related to changes in the solvent transport prop-
erties and interfacial tension that could affect, for example, the
wettability of the solvent + oil system and, in consequence, the rate
of oil dissolution in the solvent during the extraction. The reduc-
tion in mass transfer rate with the CO2 concentration observed at
70 bar could be related with the solvent non-ideality (theory of irre-
versible thermodynamics). It has been shown in a previous work
[11] the oil activity at a given oil concentration in the solution
increases with the CO2/propane ratio in the solvent affecting the
mass transfer properties.

The maximum oil concentration or solvent load capacity that
can be attained in the extractor, Ymax

0 , can be estimated theoreti-
cally assuming complete oil dissolution in the solvent during the
static time. According to the initial mass of free-oil (1.5 g) and the
mass of solvent loaded to the extractor at the different operat-
ing conditions (∼10 g to ∼11.1 g), the estimated Ymax

0 values are
between 135 and 150 g oil/kg solvent. There is an important dif-
ference between the estimated Ymax

0 and the oil concentration
observed at the extractor outlet in conditions of complete misci-
bility. This reduction in the solvent load can be related with high
oil concentrations that modify solvent properties such as viscosity
and interfacial tension affecting the normal dissolution. Also, this
phenomenon can be associated with axial dispersion or hydrody-
namic problems because of a high oil concentration that is affecting
the normal axial plug flow. In fact, an intense mixing of the solution
inside the extractor with the fresh solvent being pumped during the
operation could takes place due to the low interstitial velocity or
the long residence time of the solvent.

The values of the overall mass transfer coefficient, h , reported

in Table 3 show variations according to the different operating
conditions. Particularly, in the experiments at 200 bar the hf value
decreased with the CO2 concentration in the solvent mixture and it
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ig. 3. Effect of pressure on the solubility of jojoba oil in a 70 wt% CO2 solvent mix
urves  obtained in this work with parameters reported elsewhere [8].

resents an opposite behavior at the lower pressure. Also, a solvent
ixture with 30 wt% CO2 concentration showed a lower value of

he hf coefficient at 70 bar respect to the one obtained at the higher
ressure. However, the values obtained from the extractions with
0 wt% CO2 solvent mixtures were similar at both pressures. The
f values are in general 1–2 orders of magnitude lower than those
redicted from correlations of external mass transfer coefficients
see Table 2), which could also indicate the presence of hydrody-
amic and axial dispersion effects. On the other hand, a value of
f higher than 7 × 10−7 m/s  was required to fit the experimental
ata obtained from the extractions with a 70 wt% CO2 solvent mix-
ure at 70 bar. This value, which is closer to the overall external

ass transfer coefficients predicted from correlations, corresponds
o fluid mixtures having a low concentration of oil due to the partial
iquid miscibility present in the system.

Peclet numbers (Pe) based on the height of the packed beds esti-
ated for the different operating conditions were lower than two

axial dispersion estimated from [31] for large-diameter particles)
ointing out axial dispersion effects can be important [16]. It is
orth mentioning that the mass transfer model proposed in this
ork can also be used with a single spatial derivative term to sim-
late a high degree of dispersion (ideal mixer) [32]. However, it

s required experimental data obtained at different solvent flow
ates to modeling properly the cumulative extraction curves tak-
ng into account the flow pattern (hydrodynamic problems) besides
he overall mass transfer coefficient [32], which is out of the scope
f this work. As example, an ideal mixer modeling of the extrac-
ion curves was tested showing that K values may  increase being
btained initial oil concentrations Y0 = 100 g oil/kg of solvent or
reater, provided that the values of the hf are lower than 10−7 m/s.
hus, it was decided modeling the extraction curves with a plug
ow pattern because consistent model parameters were obtained
o model the oil extraction from jojoba milled seeds. It should be
nderstood that the model parameters in this case could be com-
ensating the flow pattern due to the fluid dynamics of the system.

In general, the correlations normally used for supercritical CO2
xtractions [27] do not contemplate high oil concentrations in the
uid. Furthermore, interstitial velocities used to determine these
orrelations are higher than the ones used in this work [27]. A
etailed study of the external mass transfer coefficients is beyond
f the scope of this work.

.2. Solubility of jojoba oil in a 70 wt% CO2 solvent mixture
In order to determine in more detail the effect of partial liquid
iscibility on the extraction process, the solubility of jojoba oil in

 70 wt% CO2 solvent mixture was studied at 313 K and different
ressures. The solubility was estimated from the linear part of the
t 313 K. (�) Experimental data measured in this work. Lines are GC-EOS modeling

cumulative oil extraction curves plotted as grams of extracted oil
vs. grams of solvent (as in Fig. 2). In the heterogeneous liquid–liquid
region this value represents the thermodynamic solubility of jojoba
oil in the solvent mixture. On the other hand, in the single fluid
phase region the value of the slope is associated with transport
properties and represents an apparent solubility, given by the sol-
vent load capacity.

Fig. 3 illustrates the results of these experiments. The symbols
in the figure represent the jojoba oil solubility in the light liquid
phase at the extractor outlet, for a 70 wt%  CO2 solvent mixture
at 313 K and for different operating pressures. The experimental
results show an increase of oil solubility with pressure in the range
of 70 bar to 130 bar. Beyond this point, the solubility decreases
gradually with an increase in pressure. Under liquid–liquid equi-
librium conditions, an increment in pressure causes an increase of
solvent density, allowing a higher dissolution of jojoba oil in the
solvent. On the other hand, in homogeneous systems the increase
of solvent density produced by an increment of pressure implies
a higher solvent mass in the extractor cell. For a given amount of
oil charged initially into the extractor, this means a decrease of the
apparent solubility. Thus, at 313 K the 70 wt% CO2 solvent mixture
attains complete miscibility with jojoba oil at 130 bar. At this pres-
sure the maximum experimental solubility was 66.2 g jojoba oil/kg
solvent. Stahl et al. [5] measured a jojoba oil solubility in pure CO2
of 11 g jojoba oil/kg CO2 at 350 bar and 333 K. On the other hand,
Salgın et al. [6,7] determined a solubility of 15 g jojoba oil/kg CO2
at 350 bar and 343 K and a solubility of 25 g jojoba oil/kg CO2 when
8 vol% of ethanol was added as cosolvent. In this work it was found
that the addition of 30 wt% of propane to CO2 gives a solubility
equal to 30 g jojoba oil/kg solvent operating at 110 bar and 313 K,
under conditions of partial liquid miscibility. These results point out
greater extraction efficiency of the mixed CO2/propane solvent in
comparison with pure CO2 or CO2 + ethanol mixtures, because it is
possible to reach higher solubility operating the extractor at lower
pressures. The triangular diagram and the dotted line in Fig. 3 are
liquid–liquid equilibrium predictions by the GC-EOS model.

4.3. Experimental extraction of jojoba oil from milled seeds using
CO2/propane solvent mixtures

This section presents the results obtained in the case of the
extraction of milled jojoba seeds with CO2/propane solvent mix-
tures. The operating conditions were selected taking into account

the results from the free-jojoba oil experiments presented in
Section 4.1. The pressure was set at 70 bar, and two  solvent com-
positions were tested at 30 wt%  CO2 and 50 wt% CO2, carrying out
the extractions under total liquid miscibility conditions. Different
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�)  flour (dp ≈ 0.5 mm,  dp < 0.84 mm)  preheated at 343 K. Experimental extraction
onditions: 313 K, 70 bar, 30 wt% CO2 solvent mixture and 0.05 g/min of solvent
ow-rate. Lines: sketched for better visualization.

eed pretreatments were analyzed, looking for a maximization of
he extraction yields.

It is worth mentioning that it is necessary to study the variabil-
ty of the solvent load capacity with the CO2 concentration in the
olvent, in order to determine the makeup of propane that would
e required in a process at pilot plant or industrial scale. It is consid-
red in this work a minimum CO2 concentration of 30 wt%  to assure

 non-flammable solvent mixture in the extraction, as well as in the
olvent separation and recycling stages of the process. A solvent
eakage would produce a gas with CO2 concentrations greater than
0 V/V% which is non-flammable [7]. On the other hand, the sol-
ent will be enriched in CO2 along the extraction process, because
n the oil/solvent separation step the oil will retain more propane
han CO2, so the concentration of the solvent recycle will change
nd the global solvent concentration in the extractor will be mod-
fied accordingly. The solvent retained in the jojoba oil extract can
e easily stripped in a packed column operated with gaseous CO2
t ambient temperature.

.3.1. Effect of heat pre-treatment and particle size
Fig. 4 shows the cumulative extraction curves obtained from the

xtractions of jojoba seeds subject to different pretreatments. The
xperiments were carried out at 70 bar and 313 K using a 30 wt%

O2 solvent mixture. In the first studies milled seeds with average
iameter of 1.5 mm (dp ≤ 2.8 mm)  were used. Compared to the free

ojoba oil extractions, in this case only 62 wt% of the total oil content
ould be extracted. Fig. 5 shows SEM images of the milled seeds

Fig. 5. Micrographs of jojoba ground seeds (dp = 1.5 mm,  dp < 2.8 mm):  (A) befo
l Fluids 91 (2014) 37–45

surface before and after the extraction process. There is a great
difference in the appearance of the material. Fig. 5B shows that
free oil was nearly completely removed from the surface (although
some brightness could be associated with remaining free oil). How-
ever, the cell structure in the solid matrix seems intact what would
inhibit a clear contact between the solvent and the inner oil.

Different seed pretreatments were tested in order to maximize
the extraction yields. First, a heat treatment was performed on the
milled seeds, prior to extraction. It is expected that the cooking pro-
cess will coagulate the proteins causing a coalescence of oil droplets
and making also the seed more permeable to the flow of oil by
decreasing the affinity of the oil to the solid matrix [13]. An extrac-
tion was  performed on milled seeds having an average diameter of
1.5 mm (dp ≤ 2.8 mm),  preheated at 343 K. The extraction at 70 bar
and 313 K with a 30 wt%  CO2 mixed solvent, showed an increase
in the percentage of oil extracted from 62% to 69.9%. A preheating
at 363 K did not produce any further increment in the extraction
yield. It is concluded that heat treatment facilitates the release of
oil from the material surface but do not promote the extraction of
the oil from within the cell structure.

Further extractions were carried out to study the effect of par-
ticle size. For this purpose the flour portion of the milled seeds
(particles with diameters smaller than 0.84 mm),  preheated at
343 K, was  extracted with a 30 wt%  CO2 solvent mixture at 313 K
and 70 bar. Fig. 4 shows that in this case it was possible to obtain an
oil yield of 99%. Salgın et al. [6] attributes the effect of particle size
to intraparticle diffusion, which seems to gain importance in larger
particles, causing an appreciable decrease in the extraction yield. In
addition, Reverchon et al. [14] point out the effect of the change in
the solvent-seed contact area. Fig. 6 shows that size reduction of the
seeds in this case is also producing clear fractures in the material
that releases the oil initially encapsulated in the cells.

The pretreatment efficiency was remarkable, because it made
possible to obtain an extraction oil yield of 99% using a solvent/seed
ratio of 10 g solvent/g seed. In comparison with previous work
[5–7], the use of mixed CO2/propane solvent showed a higher effi-
ciency; for a given specific solvent/seed mass ratio a higher oil
extraction yield was obtained.

4.3.2. Effect of the CO2 concentration in the solvent mixture
In these experiments, different amounts of flour (dp ≈ 0.5 mm),

preheated at 343 K, were processed in the extractor, mixed with
glass spheres (dp = 1 mm).  Fig. 7A and B shows, respectively, the
cumulative extraction curves obtained when 6 g and 11 g of jojoba
flour were extracted with both solvent mixtures studied. The curves
exhibit substantial differences in the extraction kinetics with the

CO2 concentration in the solvent mixture. For a specific solvent
mass of 5 g CO2/g seeds Fig. 7A shows that a yield barely higher than
60% (0.3 g oil/g seeds) was  obtained with the 50 wt%  CO2 solvent
mixture, while a yield of nearly 85% (0.4 g oil/g seeds) was  reached

re and (B) after high pressure liquid extraction, at 1000× magnification.
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Fig. 6. Micrographs of jojoba flour (dp ≈ 0.5, dp < 0.84 mm):  (A) before and (B) after high pressure liquid extraction, at 1000× magnification.
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ig. 7. Effect of solvent mixture composition on the percentage of jojoba oil extrac
A)  6 g and (B) 11 g of seeds. Symbols are experimental data: solvent mixture with (
.5  g/min of solvent flow-rate. Lines: best-fit lines obtained with the kinetic model 

or the solvent with 30 wt% CO2. For the same specific solvent mass,
he processing of 11 g of seeds gave almost complete oil extraction
0.46 g oil/g seeds) for the solvent with the lower concentration of
O2 and 84% yield (0.4 g oil/g seeds) for the solvent with 50% CO2
see Fig. 7B).

For each solvent composition, Fig. 7 also illustrates an increase
f the oil apparent solubility in the first part of the extraction, when
reater amounts of milled seeds were processed. At the homoge-
eous working conditions of the experiments, this increment of the
pparent solubility is related to the greater amount of oil loaded
o the extractor for the same solvent mass quantity per unit of
xtractor volume.

Best-fit lines are also included in Fig. 7, and the correspond-

ng values of the kinetic model parameters (K and hf)  are reported
n Table 4. The specific surface area, av, was modified to val-
es of 4114 m2/m3 and 4800 m2/m3, according to the volumetric

able 4
inetic model parameters fitted to the experimental data reported in Fig. 7 and

nitial oil concentration in the solvent mixtures at the extractor outlet.

Model parameters Amount of jojoba oil seeds

6 g 11 g

CO2 weight fraction in solvent mixture

0.3 0.5 0.3 0.5

Y0 (oil/solvent, g/kg) 137.4 69.9 280 150
K  (–) 5.2 1.8 5.2 1.8
hf × 107 (m/s) 0.9 2.6 0.7 1.1
m milled seeds with particle diameter d ≈ 0.5 mm and heat pretreatment at 343 K.
t% CO2 and (�) 50 wt %CO2. Experimental extraction conditions: 313 K, 70 bar and

eters reported in Table 4.

fraction of the grounded seeds mixed with the glass spheres (27 and
50 v/v%) and the mean seed particles diameter (dp ≈ 0.5 mm). For
each amount of seeds processed in the extractor (6 g and 11 g), the
apparent solubility (and in consequence the value of K) decreased
with the increment of CO2 concentration in the solvent. On the
other hand, for each solvent composition, the value of parameter
K remained constant and independent of the amount of seeds pro-
cessed, because the increase in the amount of substrate is followed
by an increase of the apparent solubility. As an example, when 6 g of
jojoba seeds were processed the initial oil concentration in the solid
phase before the solvent was loaded to the extractor was Xu = 52.5 g
oil/kg solid (50.8 g of glass spheres and 3.17 g of oil-free seeds), and
it was  observed from extractions carried out with a 30 wt% solvent
mixture an initial apparent solubility of Y0 = 137 g oil/kg solvent
which reduced the oil concentration in the solid phase to X0 = 26.4 g
oil/kg solid in the first period of the extraction. The increment of
the initial oil concentration in the solid phase to Xu = 119.5 g oil/kg
solid (11 g of jojoba seeds – 37.8 g of glass spheres and 5.83 g of oil
free seeds) rise the apparent solubility to Y0 = 280 g oil/kg solvent
and, according to a mass balance, the oil concentration in the solid
phase at the extraction start was X0 = 53.8 g oil/kg solid.

For the 30 wt%  CO2 mixed solvent, the value of K is closed to
the one reported in Table 3 for free-oil extractions; this indicates
a washing type behavior that takes place due to a great affinity
between the solvent mixture and jojoba oil. The smaller K value

obtained for the 50 wt%  CO2 solvent mixture indicates a lower
solvent power to break the interaction between the oil and the veg-
etable matrix. At the same operating conditions, the overall mass
transfer coefficient, hf, obtained for mixed solvents with 30 wt% CO2
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howed a lower valued than the one obtained in the free-oil extrac-
ions. On the other hand, solvent mixtures with 50 wt% CO2 showed
f values closer to the ones reported on Table 3. These results are
ointing out in general the presence of an internal mass transfer
esistance in the extraction.

As it was mentioned previously, the low values of the hf
arameters could also compensate for dispersion or hydrodynamic
roblems that are not considered in the mass transfer model. This
ind of phenomenon is likely to occur at higher amounts of oil pro-
essed in the extraction because high oil concentration gradients
roduce important changes in physical properties of the solution
long the extractor. This effect can be seen in Table 4 from the
arameters obtained for extractions carried out with a 50 wt% CO2
olvent mixture where it takes place a great reduction of hf with
he mass of seeds treated.

The reduction of the solvent power at higher CO2 concentrations
an be explained by an increase of the solvent + oil non-ideality.
ccording to a previous work [11], there is a dependence of the
ass diffusivity with the oil concentration in the solvent which

s related to the oil activity coefficient. This effect reduces the
olvent power and is more significant at higher CO2 concentra-
ions.

The variation of the oil/solvent physical properties with the
olvent composition could influence in general the solvent load
apacity and transport properties [3]. According to Table 2, den-
ity and diffusivity practically remain constant with the solvent
omposition at a given pressure, while there is a significant change
f viscosity with CO2 concentration. Also, it is worth to mention-
ng that correlations used to estimate mass diffusivity [21,22] do
ot consider the dependence of the diffusion coefficient with oil
oncentration. The interfacial tension could be another important
roperty. Hiller et al. [33] measured the interfacial tension in the
ystems linoleic acid/CO2 and linoleic acid/ethane at 313 K and dif-
erent pressures. Particularly, at 70 bar these authors determined
n interfacial tension of 9.4 mN/m and 1.4 mN/m for the CO2 and
thane binaries, respectively. Therefore, the variation of the CO2
oncentration in the solvent mixture could produce changes in
he interfacial tension affecting the wettability of the solvent + oil

ixture.

. Conclusions

In this work high pressure liquid extractions of free-jojoba oil
ere carried out in order to analyze the effect of solvent compo-

ition (30–70 wt% CO2), pressure (70 bar and 200 bar) and phase
ehavior on the solvent power. Extractions under liquid–liquid
quilibrium conditions give low yields and should be avoided to
revent the restriction imposed on the solvent load capacity by the
olubility limits. From the experimental results it can be concluded
hat it is possible to operate the extractor at 313 K and moder-
te pressures (∼70 bar), using liquid CO2/propane solvent mixtures
aving a minimum of 30 wt% CO2 (to assure non-flammability) and
p to 50 wt% CO2 (to avoid partial liquid miscibility). The use of
olvent mixtures with higher concentrations of CO2 requires an
ncrease of the operating pressure to reach homogeneous liquid
onditions. For example a minimum of 130 bars is required for
olvent mixtures with 70 wt% CO2.

A heat pretreatment of the milled seeds at 343 K and a reduction
f the particle size improved the extraction performance. Results
btained in the extraction of the flour portion (dp < 0.84 mm)  of pre-
eated milled seeds, carried out at 313 K and 70 bar with a 30 wt%

O2 solvent mixture showed a similar cumulative extraction curve
han that obtained from the free-oil experiments. In these experi-

ents it was possible to extract up to 98% of the total oil content of
eeds using 5 g solvent/g seeds. Lower extraction yields (up to 84%)

[

l Fluids 91 (2014) 37–45

were obtained with a 50 wt%  CO2 solvent mixture, for the same
solvent/seed mass ratio.

The experimental cumulative extraction curves were fitted with
a differential mass transfer model. The model showed a reduction
of the partition coefficient for increasing CO2 concentration in the
solvent, revealing a lower affinity between solvent and jojoba oil
even in conditions of complete miscibility.

Taking into account that the solvent will be enriched in CO2 at
the oil/solvent separation step, solvent recycling will increase the
global concentration of CO2 in the extractor. Extractions could be
carried out with a 40 wt% CO2 solvent mixture and a solvent make
up having 30% CO2 to reestablish the solvent load capacity.
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