
Detection of Microscale Mass-Transport
Regimes in Supercritical Fluid Extraction

The problem of detecting supercritical fluid extraction regimes on the particle-
scale level is discussed by using a generalized multiparameter model, which in-
cludes the shrinking-core (SC) and broken-and-intact-cells (BIC) approaches as
its limiting cases. The model accounts for two internal mass-transfer resistances
attributed to cell membranes and transport channels. A wide spectrum of particle-
scale extraction regimes, described by the model, agree with available up-to-date
relatively short laboratory experiments. Simplified concepts (like SC or BIC) could
only be used for available experimental data correlation, and do not allow a
reliable extension to long process times. The experimental methodology was
suggested to detect limiting internal mass-transfer mechanisms.
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1 Introduction

It is generally agreed that industrial development should pro-
ceed within the concept of so-called green chemistry [1]. In
extraction technologies, this prompts the use of solvents under
supercritical conditions, characterized by temperature and
pressure higher than the solvent critical parameters. Supercriti-
cal solvents generally possess relatively high diffusivity and per-
meability, low viscosity, high (liquid-like) density, and tunable
dissolution capacity, which are essentially affected by tempera-
ture and pressure [2]. Carbon dioxide (CO2) is one of the most
well-known and widely used green solvents.

Supercritical fluid extraction (SFE) technology [3–5] is a
widely studied application of CO2. It is traditionally used for
the extraction of natural compounds from raw plant material
(crushed seeds, ground petals, leaves, etc.). Before extraction,
the polydisperse particles of ground material are loaded into a
cylindrical vessel. The packed bed is filled by the solvent (CO2)
at the desired supercritical pressure ( » 30 MPa) and tempera-
ture ( » 308 K). The solvent saturates the raw material and dis-
solves target compounds. The extraction starts when the ther-
modynamic equilibrium is reached, and the solvent is pumped
through the porous packed bed of plant material at a known
flow rate. The dissolved extractable substances diffuse from the
inside of the particles into the pore phase of the packed bed.
The solvent transports the solute to the vessel outlet, and,
finally, the solute is separated from the solvent by depressuriza-
tion.

Practical implementation of the described technology
requires essential economical investments [4, 6]. That is why
SFE is studied intensively on the laboratory scale to understand
the principal mechanisms of SFE phenomena, formulate math-
ematical models that allow simulation and optimization [5, 7–9]

of the whole extraction process, and, eventually, minimize the
costs. Conventionally, a sophisticated SFE description must dis-
tinguish between different mechanisms of the solvent mass
transfer on the macroscale level of the porous packed bed in
the vessel and on the microscale level of single particles. When
the limiting mass-transfer mechanism on the microscale is
detected, the methods of extraction-rate intensification can be
developed.

Macroscale modeling is traditionally based on a spatially
averaged hydrodynamic model of two-component solution
flow through the porous packed bed of ground plant-material
particles, generally accounting for axial dispersion effects [4–9].
One of the key challenges in SFE theory is to develop an
adequate internal (microscale) submodel for the solute mass
transfer in particles, which could be validated and constrained
experimentally.

Different approaches to mass-transfer modeling in particles
have been suggested recently [10–18]. This is a direct conse-
quence of the plant-cell structure complexity, and insufficient
knowledge of diffusive transport mechanisms in various cell
compartments containing extractable target compounds. As a
result, series of investigations [19–21] have been conducted to
validate the developed microscale models by fitting the simula-
tions to laboratory data.

Despite a remarkable diversity of internal submodels, only
two limiting approaches are conventionally discussed and
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employed in SFE data interpretation; they are the original
shrinking core (SC) model [11], extended later to the bidisperse
packed-bed model [12], and the broken-and-intact-cells (BIC)
model [13, 14]. The latter assumes high longitudinal permeabil-
ity of the internal microscopic channels (cell walls), which
results in a lumped parameter system approximation with the
average solute concentration in the ground material. In con-
trast, the SC concept considers the case of high transversal per-
meability of the cell membranes and assigns all the mass-trans-
fer resistance to diffusion along the transport channels.
Consequently, the narrow diffusive front moves inside each
particle and separates the shrinking oil-filled core from the out-
er depleted transport zone. Clearly, there is a wide intermediate
range of the ground-plant-material properties when typical
rates of solute diffusion across the cell membranes are on the
same order as those through the particle, along its transport
channels, and the two above limits (SC and BIC) fail to
describe the whole spectra of SFE regimes on the microscale
level.

Generally, the so-called overall extraction curve (OEC) is
used for model constraining and identification. The curve is an
integral macroscale characteristic and shows the total fraction
of oil extracted from the substrate for any fixed moment of
time. Starting from the beginning of the process, it changes
gradually from zero to unity. Two main SFE stages are tradi-
tionally discerned in multiscale OEC: the initial, constant
extraction rate (CER), linear stage, when the outlet pore-phase
solute concentration is equal to the limiting saturation concen-
tration, and the final stage of slow, nonlinear growth of the
accumulated mass of solute, when the outlet concentration is
extremely small. The very rapid transition between the two
stages is characterized by a drastic decrease in the outlet solute
concentration from its maximum to almost zero value. The
duration of the first stage is determined mostly by the initial
volume fraction of the so-called free oil. Within the framework
of the BIC model, the free-oil receptacles are broken cells,
whereas for the SC model they are the dust particles [12]. The
residual oil stored in intact cells (for BIC approach) or the
main fraction of ordinary particles (for the SC model) is mostly
extracted during the nonlinear stage and is called tied oil.
Importantly, the equivalent volume fraction of broken cells in
the BIC approach to supply the same duration of the linear
stage is slightly higher than the volume fraction of dust par-
ticles in the bidisperse SC model since superficial cells of ordi-
nary particles also contribute to the initial stage duration [12].
The uncertainty in the determination of the free-oil volume
fraction also contributes to the problem of particle-scale extrac-
tion regime detection.

As a rule, the duration of the linear extraction period as well
as the OEC slope of the final nonlinear stage are used for mod-
el identification. Other SFE characteristics, such as outlet solute
concentration in the pore phase and residual oil distribution in
the ground plant material along the vessel, are very rare in
observations [22, 23].

Despite essential conceptual differences, both simplified (SC-
and BIC-) microscale submodels, described above, generally
provide a similar degree of agreement with the available OEC
data. Therefore, detection of the solute transport regime on the
particle-scale level becomes a nontrivial theoretical and experi-

mental problem using macroscale data only. The main goal of
this study is to analyze feasible microscale transport mecha-
nisms involved in the SFE process and understand how they
manifest themselves on the macroscale level to explore the
ways to discern different SFE regimes and appropriately specify
the internal submodel.

With this in mind, a generalized microscale SFE model for
mass transfer in particles that reproduces principal structural
features of the raw material was formulated. It includes solute
dissolution inside cells, as well as solute diffusion across cell
membranes and along transport channels. The proposed
approach covers all mass-transport mechanisms separately
considered by the BIC and SC models, which are shown, with
the use of scale analysis and numerical simulations, to be its
particular limiting cases. It is demonstrated that a diversity of
distinct extraction regimes can be observed on the particle scale
in addition to the limiting ones. Further analysis shows that
distinct features of various regimes are screened on the macro-
scale, and the normalized flux from the particle is the same
during the tied-oil extraction at the relatively short times typi-
cal for laboratory experiments. When a larger amount of tied
oil is extracted the normalized extraction rate decreases, and
internal extraction regimes manifest themselves at high process
time in different ways. The experimental methodology is sug-
gested to detect adaptive parameters of general particle-scale
submodels.

2 Mathematical Model

2.1 Submodel of Particle-Scale Transport

An adequate, sophisticated description of solute transport
through the ground plant material and its exchange with the
solvent in the pore phase is crucial for diagnostic simulations
and underlies macroscale submodel formulation. Microscale
modeling should also consider particle shape (flat or spherical)
and size polydispersity, as well as solute solubility in the sol-
vent. The mass-transfer mechanisms are strongly affected by
the buildup of ground plant material, and diffusional resistance
characteristics of various cell compartments.

In the suggested approach, each particle is assumed to be
sphere of radius a1) and is considered to be an agglomerate of
cells (Fig. 1) that form two continuous and interacting systems.
They are the symplast, which is represented by internal parts of
biological cells, in which the solute is initially stored as an un-
dissolved oil (4) [24–27], and the apoplast composed of cell
walls (2) and intercellular space (3). The apoplast plays the role
of the solute-transport channels. The two systems are separated
from each other by a permeable cell membrane (5) that sur-
rounds every cell. The cells are considered as lumped systems
containing solvent (1) with dissolved solute and inclusions (4) of
undissolved extractable substances. Clearly, if the undissolved oil
fraction exists in the cell then the concentration of the dissolved
solute is close to the limiting solute saturation concentration q*.
The cells also contain insoluble substances (6).
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The described cell structure of the raw material is related to
the intact cells of ordinary particles; the proposed particle-scale
model is essentially focused on the tied-solute extraction. The
free-oil receptacles formed after milling procedures should be
considered individually.

The solute diffusion through the apoplast is traditionally
assumed to be governed by Fick’s law with apparent diffusion
coefficient Da, and the gradient of solute concentration qa is the
driving force along channels. The average density xs of the tar-
get compounds currently contained in cells is defined as the
total mass of oil (including the one dissolved in the solvent and
the undissolved oil) in a unit intracellular volume. The dis-
solved solute concentration in cells is designated as qs.

The basis of the proposed particle-scale submodel is the
solute-dissolution process inside cells. As explained above, in
general, oil is distributed within cells simultaneously among
two phases during extraction. This situation takes place when
the initial oil content exceeds the solvent dissolution capacity
characterized by saturation concentration q*. During extrac-
tion, undissolved oil stored in oil inclusions is continuously
consumed by the solvent, penetrating cells, and being instanta-
neously saturated up to the limiting concentration qs = q*, until
the phase of the oil inclusions completely disappears, and qs

becomes proportional to xs, as shown in Eq. (1):

qs ¼ min q*; xs=ð1� eisÞf g (1)

in which eis is the intracellular volume fraction, occupied by in-
soluble substances.

Only two diffusional resistances were distinguished in this
study; one was assigned to the transport channels, and the oth-
er to the cell membrane, characterized by the reduced mass-
transfer coefficient bc, normalized by the mean cell radius.
Thus, the proposed model incorporates the principal assump-
tions of both simplified BIC and SC approaches, and considers
only one diffusional resistance (attributed to either the cell
membrane or transport channels). The solute sorption/desorp-
tion effects [28] are not considered here.

The solute mass balance for a single cell is formulated as
shown in Eq. (2):

ð1� eaÞ
¶xs

¶t
¼ �3ð1� eaÞbc qs � qað Þ (2)

whereas for the apoplast the following equation is valid:

ea
¶qa

¶t
¼ 3ð1� eaÞbc qs � qað Þ þ DaDqa (3)

In these equations, t is time and ea is the apoplast volume
fraction inside the particle. D is the Laplace differential opera-
tor in the radial direction due to the assumed spherical symme-
try of the mass-transfer process.

According to Eq. (2), the concentration difference qs – qa in
two systems (symplast and apoplast) is the driving force of dif-
fusion across the cell membrane. Eq. (3) states that the solute
concentration in the apoplast varies due to its diffusive mass
transfer out of the cell and further along transport channels
according to Fick’s law.

The initial and boundary conditions should be formulated for
the searched characteristics xs and qa in the reference particle

xsjt¼0 ¼ x0
s (4)

¶qa

¶r

����
r¼0
¼ 0; qajr¼a ¼ c (5)

in which 0 £ r £ a is the radial coordinate with the origin in
the particle center, x0

s is the initial oil content in the plant mate-
rial, and c is the pore-phase solute concentration at the particle
surface. It is determined by the macroscale submodel, which
describes solute filtration through the porous packed bed, and
is discussed in detail in the literature [9, 11–14]. The initial
condition in Eq. (4) is valid when either the preliminary stage
of thermodynamic equilibrium establishment is disregarded
and c = 0 at the beginning of the process, t = 0, or when
x0

s >> q*, and the amount of solute diffused from cells into the
packed-bed pore phase as well as apoplast is negligible if com-
pared with the total amount of oil [29].

2.2 Scale Analysis of the Internal Submodel

Generally, two typical times characterize the oil depletion from
the spherical particle of radius a. They are the time of solute
transfer across the cell membrane

TBIC ¼
x0

s

q*

1
3bc

(6)

and the time of dissolved-solute diffusion along transport
channels

TSC ¼
x0

s

q*

a2

6Da
(7)

Each of the respective timescales, defined by Eqs. (6) and (7),
is a direct consequence of the BIC [13] and SC [12, 30] models,
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Figure 1. Schematic of the internal structure of ground particles:
(1) solute, dissolved in the solvent; (2) cell wall; (3) intercellular
space (voids); (4) undissolved oil; (5) cell membrane (solid line);
(6) insoluble substances (proteins, etc.).
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and the corresponding BIC or SC regime occurs on the particle
scale when TBIC >> TSC or TBIC << TSC.

When both values are on the same order, TSC » TBIC, at
comparable diffusional resistances, the intermediate extraction
regime occurs on the particle scale. As a result, in the general
case, the typical time of solute diffusion from the cell of the raw
material to the particle surface can be envisaged as the sum of
the two counterparts given by Eqs. (6) and (7):

T ¼ TBIC þ TSC ¼
x0

s

q*

1
3bc
þ a2

6Da

� �
(8)

The spatial scale is the particle radius a, whereas the concen-
trations xs and qs, qa are accordingly normalized by x0

s and q*,
respectively.

Eventually, mass-balance master Eqs. (1)–(3) governing so-
lute diffusion inside a particle can be presented in terms of
dimensionless time t = t/T, oil content inside cells Xs = xs/x0

s ,
and concentrations Ws = qs/q*, Wa = qa/q* in the symplast and
apoplast, respectively.

da
M

1þM
¶Wa

¶t
¼ ð1� eaÞMðWs � WaÞ þ

1
6

DWa (9)

M
1þM

ð1� eaÞ
¶Xs

¶t
þ da

¶Wa

¶t

� �
¼ 1

6
DWa (10)

Ws ¼ min 1;
Xs

Q

� �
(11)

Eqs. (9)–(11) contain four similarity criteria, i.e., the volume
fraction ea of apoplast transport channels and

da ¼ ea
q*

x0
s
; M ¼ TSC

TBIC
¼ a2bc

2Da
; Q ¼ ð1� eisÞ

q*

x0
s

(12)

The ea factor is a small parameter on the order of 0.01.
Hence, ea and the apoplast oil accumulation terms, proportion-
al to da, can be neglected. So, diffusive mass transfer in the apo-
plast is considered in the quasi-stationary approximation.

By using this information, together with Eq. (11), the follow-
ing reduced mass-balance equations

6M
1 þ M

¶Xs

¶t
¼ DWa; 6M Ws � Wað Þ þ DWa ¼ 0 (13)

completed by the dimensionless analogs of the initial and
boundary conditions from Eqs. (4) and (5)

Xsjt¼0 ¼ 1;
¶Wa

¶x

����
x¼0
¼ 0; Wajx¼1 ¼ c=q* (14)

form the generalized nonlinear model for oil extraction from
ground plant particles. Here, 0 £ x = r/a £ 1 is the normalized
radial coordinate in the reference particle. Only two similarity
numbers, Q and M, specify the SFE regime on the particle-
scale level since the normalized boundary solute concentration,
c/q*, is typically small for tied-oil extraction. The sensitivity of

microscale as well as macroscale extraction regimes to these
dimensionless criteria is studied in Sects. 3.1 and 3.2 in which
the key results of numerical simulations [31] are presented.
Their physical meaning can be summarized as follows.

The Q number quantitatively characterizes the initial
amount of target compound in the raw material. The case of
small Q << 1 generally corresponds to vegetable and fatty-oil
extraction from oilseed (rapeseed, sunflower seed, pumpkin,
apricot kernels, etc.), whereas Q » 1 assumes essential-oil
extraction. The latter case is not considered here since mostly
vegetable and fatty oil extraction possess the multiscale OECs,
and the initial condition in Eq. (4) is not appropriate for the
raw material at high Q.

The M criterion, which is the ratio between the membrane
and the intercellular diffusion rates, is the principal parameter
that controls the internal extraction regime. Two limiting sce-
narios of small (I) and high (II) M values should be distin-
guished. Asymptotic expansion of Eq. (13) in case I, at M fi 0,
leads to the BIC model as the principal-order approximation
(to be published elsewhere). In case II, at M fi ¥ (and Q << 1),
the SC model is derived. This theoretical statement is demon-
strated below in computational experiments.

3 Results and Discussion

3.1 Internal Extraction Regimes: Sensitivity Tests

The M number is the principal parameter that controls the
internal extraction regime. This is evidently revealed by oil-
content profiles with respect to the dimensionless radial coor-
dinate x inside a reference particle. The variability of Xs in dif-
ferent internal extraction regimes, for 10-2 < M < 103, and their
sensitivity to Q are illustrated by Fig. 2 at c = 0. It is clear that
the microscale extraction pattern closely follows the BIC
approximation at M < 10–1 with practically uniform Xs distribu-
tion and oil concentration in the apoplast, which is close to the
pore-phase solute concentration, i.e., zero in this case. With an
increase in M, a jump develops in the Xs profile, and an SC-
type extraction regime sets on at M > 102. A moving transition
zone, where the oil content in symplast drops from unity to Q,
becomes thinner as M tends to infinity, and its width, predicted
by the scale analysis, is on the order of O(M–0.5).

Different extraction regimes can occur on the particle-scale
level, depending on diffusional characteristics (M criterion) of
the cell membrane and transport channels. Some unique
advanced technologies, such as magnetic resonance imaging
(MRI) [29], may be potentially capable of distinguishing
between various patterns of oil distribution on the particle
scale. Conventional experimental techniques normally follow
OEC during a certain period of time. Hence, only integral so-
lute consumption from the particle is measured, and could be
used for detecting the extraction regime.

3.2 Total Oil Extracted from the Particle

The total volume fraction 0 £ S(t) £ 1 of oil extracted from the
reference particle by the current moment t was suggested in
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the literature [12, 30] as a cumulative characteristic of the parti-
cle state.

SðtÞ ¼ 1� 3
Z1

0

x2Xsðt; xÞdx (15)

The S function, or cumulative function, is closely related to
OEC, which is traditionally used for model identification.

To clarify this point, a packed bed composed of ordinary
(containing tied oil) spherical particles of volume fraction 1 - a
with mean radius a is considered. If the volume fraction of free
oil in the substrate is a and the corresponding cumulative
function is 0 £ s £ 1 then

YðtÞ ¼ a
Z1

0

sðt; zÞdzþ ð1� aÞ
Z1

0

Sðt; zÞdz (16)

in which 0 £ z £ 1 is the normalized axial coordinate in the
vessel. After the free oil is depleted (s = 1) and the linear CER
stage is finished at t > tCER, the pore-phase concentration of
the solute in the vessel tends to a minimum, c/q* » 0, and, as
predicted by simulations, S becomes practically uniform in the
vessel with respect to z

YðtÞ » aþ ð1 � aÞSðtÞ; t > tCER (17)

So, the correspondence between the measured OEC Y and
cumulative curve S of a reference particle is established for var-
ious internal regimes. The extraction regime of a substrate is
determined by the M parameter in the macroscopic model
under consideration: monodisperse approximation of the
ensemble of ordinary particles of volume fraction 1 – a and
explicitly accounted free oil by means of cumulative function s.
The variability of OEC, i.e., Y, with M is the same as the
dependence of S on M examined below.

Note that the extraction rate in the ensemble of ordinary
particles, i.e., S(t) in Eq. (17), at t > tCER is only determined by
the fraction SCER = S(tCER) of oil extracted during the initial
stage. It is implied that the integral particle extraction rates at
t > tCER do not noticeably depend on the detailed prehistory of
the process, t < tCER << 1, when the pore-phase concentration c
virtually varies with time and along the vessel. The prehistory
influence diminishes with time.

The value of SCER depends on M and varies from 0.05 to 0.1
at M fi ¥ to < 0.01 for the BIC approach at M fi 0. The esti-
mates were obtained after analysis of a representative set of
data available in the literature [32–35] in terms of the SC sub-
model and respective asymptotic expansions [12]; the BIC val-
ue was predicted by simulations. Therefore, there is an uncer-
tainty in the a(M) determination, depending on the assumed
particle-scale regime, since the value Y(tCER) is fixed in a par-
ticular experiment

aðMÞ ¼ YðtCERÞ � SCERðMÞ
1� SCERðMÞ

(18)

The assumption of high cell-membrane permeability leads to
increased extractability of superficial cells of ordinary particles.
This oil fraction contributes to the duration of the initial stage.
Hence, the volume fraction a of free-oil receptacles required
for supplying the same value Y(tCER) should be reduced in the
limit of large M if compared with the deduced value for small M.

Asymptotically, the OEC behavior is fully represented by the
S function, the analysis of which is crucial for understanding
how internal diffusional regimes manifest themselves on the
macroscale. Numerical solutions of Eqs. (11), (13), and (14) at
c = 0 are plotted in terms of cumulative function S versus nor-
malized time t in Fig. 3 a at different M. Importantly, a linear
initial part can be discerned in S curves, and its time duration
gradually decreases from unity to zero with an increase in M;
its initial slope k(M) grows accordingly from unity to infinity,
and could be approximated as shown in Eq. (19)

kðMÞ ¼
1; ln M £ � 10

1þ 0:5 0:1 ln M þ 1ð Þ
25

3 ; �10 £ ln M £ 2ffiffiffiffiffi
M
p

e0:163; ln M > 2

8<
: (19)

The dependence of S on kt is shown in Fig. 3 b by solid lines.
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Figure 2. Distribution of the oil content in the particle at the
same moments of normalized particle-extraction time, t = 0.5,
different M values, and (a) Q = 0.02, (b) Q = 0.2. Arrows indicate
lgM increases in steps of 1 from –2 to 3.
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An initial common linearity and identity of the majority of
the integral S curves completely screens any specific features of

oil distribution Xs inside particles because timescale T is
unknown. As a result, it is impossible to distinguish between
different internal regimes within the linear stage, when only a
small fraction of tied solute is removed from particles. Overall,
not more than 25 % of tied oil is extracted in laboratory experi-
ments [32–35], and S curves remain indistinguishable for
M < 33 at unknown timescale T.

Yet, in view of the above considerations, it might be thought
that different regimes with relatively short linear stages, in
which M > 33, could be recognized. However, as mentioned
above, there is an uncertainty in a, i.e., SCER, determination. In
various extraction regimes, different values a(M) should be
added to (1 – a)S to obtain the Y function. Equivalently, at
large M the S curve can be downshifted by 0.05–0.1, and the
initial slope k should be modified to ensure the constant (with
respect to M) value of SCER. Such an example is given in Fig. 3 b
by a dashed line. The dependence plotted with the dashed
curve is S(t) – 0.0723 at k = 9, M fi ¥ (SC limit), and closely
follows the other curve in the figure. So, regimes at M > e5

( » 150) could be confused with the SC limit.

3.3 Particle-Scale Submodel Detection

One-parameter particle-scale submodels are sufficient only for
short-time extraction in labs, and they provide the same accu-
racy in data interpretation. Both limiting approaches analyzed
here suggest a first-order approximation of OEC. The same is
expected for other simple models. At least two parameters (Da

and bc) should be identified for extrapolation of experimental
data over a large period of time, when predictions of simplified
models noticeably deviate from each other.

For illustration, the proposed expansion in Eq. (17) has been
used to correlate data available in the literature [32] at different
values of Da and bc. Three regimes have been simulated at SC
and BIC limits as well as in a transitional regime of M » 1.
Deduced values of adaptive parameters together with apparent
particle sizes are summarized in Tab. 1, and the corresponding
curves are given in Fig. 4 a. All internal regimes closely fit the
data on a macroscale level, while the deduced values of Da and
bc differ noticeably.
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Figure 3. The dependence of cumulative function S on (a) nor-
malized time, and (b) product kt at different M values. Arrows
indicate lnM increases in steps of 0.5 from –3 to 5.

Table 1. Particle-scale submodel adaptive parameters for packed beds composed of pumpkin seeds [32] at different assumed extraction
regimesa).

SC Intermediate regime BIC

Curve number 1 2 3 1 2 3 1 2 3

a [mm] 0.42 0.67 0.96 0.42 0.67 0.96 0.42 0.67 0.96

Da ·1011 [m2s–1] 0.12 0.12 0.12 1.2 1.2 1.2 1000 1000 1000

bc ·105 [s–1] 1000 1000 1000 10 10 10 6.7 6.7 6.7

M [–] 735 1870 3840 0.735 1.87 3.84 4 ·10–4 1 ·10–3 2 ·10–3

ab) [–] 0.84 0.44 0.29 0.86 0.47 0.31 0.87 0.49 0.32

a) Conditions: x0
s = 220 kg m–3, q* = 7.7 kg m–3, P = 30 MPa, T = 313 K, v = 1.85 ·10–4 m s–1, H = 5.56 cm. b) The variation of a with M is dis-

cussed in Sect. 3.2; see Eq. (18).
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The obtained values of adjustable parameters have been used
to extend the oil-extraction curves to high times of the process
(Fig. 4 b). At a certain moment, OECs corresponding to differ-
ent microscale regimes, but in identical experimental condi-
tions, start to deviate from each other and a crucial dependence
of the total extraction time on the particle-scale submodel is
revealed. Importantly, the predicted extraction rates are greater
in the case of M » 1 than in the BIC limit.

The strong sensitivity of OEC to the deduced values of mod-
el parameters, i.e., a, Da, and bc, and the particle-scale extrac-
tion regime suggests a way for detecting a reasonable multi-
parameter SFE model. A series (2–4 curves) of relatively long
(10–20 h) OEC data is needed to specify the extraction regime
in the case of a mean particle size in the range 600–1500 mm.
Ideally, the corresponding M values should also be in the range
of 30–150 to diminish the free-oil receptacle model impact on
the data interpretation. The reduction of the free-oil fraction

and the packed-bed height should also decrease the uncertainty
in the determination of the mass-transport parameters Da and
bc, as well as in estimation of the full depletion timescale, T.

Another question that could be resolved in the proposed
experiment is the relative comparison of the extraction resis-
tances caused by cell membranes (BIC regime) and transport
channels (SC regime) for any plant raw material. It can be con-
cluded from the performed computational experiments that
higher conductivity or transport channels manifests itself in a
continuous decrease of macroscale extraction rates, whereas a
constant slope of OEC during a relatively long time interval is
indicative of the low cell-membrane permeability.

4 Conclusion

The generalized particle-scale submodel, which explicitly
accounts for two types of diffusional resistance in plant raw
material has been suggested and studied. The model incorpo-
rates the principal assumptions of two well-known literature
approaches, SC and BIC, and includes them as limits of high
and small M at Q fi 0, respectively.

The principal limitation of up-to-date experiments is that
they only allow identification of the initial extraction rates of tied
solute. However, at various internal extraction regimes, these
rates either remain constant (M fi 0) or decrease (M fi ¥)
leading to an increase in particle-depletion time. Therefore, the
relationship between the typical rates of solute diffusion across
the cell membranes and those through the particle, along its
transport channels, is an additional model assumption. It is
insignificant for experimental data correlation, but it should be
validated for confident extrapolation of obtained results to the
process over long periods of time.

A set of OECs, corresponding to substrates with different
average particle sizes, provides more information for the iden-
tification of internal model adaptive parameters at fixed values
of pressure and temperature. The lab-scale experiment dura-
tion should be increased from 5 to 10–20 hours to detect the
limiting mass-transfer mechanism – cell membrane or trans-
port-channels conductivity. Importantly, particle polydispersity,
packing inhomogeneity, and the initial linear extraction stage,
etc., add to the complexity of model detection with respect to
OECs at long process times.
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Figure 4. Experimental (dots) [32] and theoretical (lines) OECs.
(a) Correlation of experimental data, (b) extrapolation of experi-
mental data using deduced values of diffusional raw-material
properties. Solid lines: SC limit; dashed lines: BIC limit; dash-
dotted lines: intermediate regime.
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Symbols used

a [m] radius of a spherical particle
c [kg m–3] solute concentration in the pore phase
Da [m2s–1] apparent diffusion coefficient in the

apoplast
k [–] slope of the S(t) function at t fi 0
M [–] dimensionless complex, which

characterizes ground plant material
fraction of size a and defines the internal
extraction regime in it, a2bc/2Da

r [m] radial coordinate in the particle with the
origin in the particle center

s [–] cumulative function for the free oil,
volume fraction of oil extracted from free
oil receptacle to the current extraction
moment, 0 £ s £ 1

S [–] cumulative function for the tied oil,
volume fraction of oil extracted from the
particle to the current extraction
moment, 0 £ S £ 1

SCER [–] value of S at t = tCER

t [s] time
T [s] characteristic time of particle depletion
xs [kg m–3] average density of oil currently contained

in the cell, including the one dissolved in
the solvent and undissolved oil

x0
s [kg m–3] initial average density of oil contained in

the cell
Xs [–] normalized average density of oil

currently contained in the cell, xs/x0
s

Y [–] overall extraction curve, 0 £ Y £ 1

Greek letters

a [–] volume fraction of raw material that
contains free solute

bc [s–1] reduced cell membrane permeability
coefficient

da [–] dimensionless number that characterizes
the solute accumulation capacity of the
apoplast, eaq*/x0

s
D [m–2] Laplace operator
ea [–] particle volume fraction, occupied by the

apoplast
eis [–] cell volume fraction, occupied by

insoluble substances
z [–] normalized axial coordinate in the vessel

varying along the flow, 0 £ z £ 1
qa [kg m–3] solute concentration in the apoplast
qs [kg m–3] solute concentration in the symplast
q* [kg m–3] solute saturation concentration in both

phases (solid and liquid)
Wa [–] normalized solute concentration in the

apoplast, qa/q*

Ws [–] normalized solute concentration in the
symplast, qs/q*

Q [–] dimensionless complex that characterizes
solvent dissolution capacity, (1 – eis)q*/x0

s

x [–] normalized radial coordinate in the
particle, r = x a

t [–] normalized time, t/T
tCER [–] end of linear extraction stage of SFE

process

Subscripts

a apoplast
BIC limit of the BIC approach
s symplast
SC limit of the SC approach

Abbreviations

BIC broken and intact cells
CER constant extraction rate
MRI magnetic resonance imaging
OEC overall extraction curve
SC shrinking core
SFE supercritical fluid extraction
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