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Design of a Cost-Reduced Flexible Plant for
Supercritical Fluid-Assisted Applications

A novel batch plant for supercritical CO, applications is proposed which is not
equipped with expensive components, such as high-pressure pumps, making it
particularly suitable for bench-scale use. For the first time, the use of a hanging
scale is suggested to weigh the amount of CO, required for the experiment and
the use of the thermodynamics to reach the working conditions. The rig is able to
cover different applications, e.g., aerogel drying, impregnation, and extraction,
showing high flexibility. An approximate cost analysis has been performed consid-
ering as a reference a 150-mL vessel. It has been calculated that both the setup
and running costs are considerably lower than the common batch and semicon-
tinuous rigs.

by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the
terms of the Creative Commons
Attribution License, which permits use,
distribution and reproduction in any
medium, provided the original work is
properly cited.

1 Introduction

Supercritical fluid-assisted techniques have gained interest due
to the unique properties of supercritical fluids (SCFs). SCFs
show, at the same time, liquid-like properties and gas-like
properties which can be tuned according to the employed pres-
sure and the temperature [1,2]. Carbon dioxide (CO,) is the
most used fluid since it has a relatively accessible critical point,
i.e, 304.25K and 7.38 MPa, which makes it useful for the pro-
cessing of thermosensitive compounds; moreover, it is non-
flammable, nontoxic, noncorrosive, inexpensive, and can be
easily recycled [3]. Supercritical CO, (scCO,)-assisted process-
es have been successfully applied to several fields, e.g., aerogel
drying, impregnation, and extraction.

Traditional gel drying techniques, i.e., freeze-drying and air-
drying, are characterized by high energy consumption, long
processing times, and/or can cause the collapse of the gel struc-
ture with consequent low porosity [4]. In this field, an innova-
tive method consists in the hydrogel-alcogel transition, fol-
lowed by solvent removal using scCO, [5]. This process is
faster, allows a better retaining of the gel structure and a good
control over the porosity and pore size distribution [4].

Conventional techniques for the impregnation of active
compounds in a porous substrate involve organic solvent evap-
oration; however, high residual solvent and decomposition of
thermolabile molecules may occur [6]. These problems are
avoided in supercritical impregnation since organic solvents
are not used, mild temperatures are applied, and at the end of
the process, CO, is completely removed from the product by
depressurization.

Traditional solid-liquid extraction requires the use of expen-
sive and hazardous organic solvents, harmful both for living
beings and the environment [7]. Supercritical CO, extraction
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overcomes this obstacle providing high-quality extracts while
reducing the toxicity associated with the solvents and shorten-
ing the processing time [8].

However, supercritical fluid-assisted techniques show also
some limitations, such as the need of specialized and expensive
equipment and high energy costs mainly related to the fluid
compression [9-11]. Therefore, their application has been
restricted in the last years mainly to high-added-value products
[12]. In order to extend the utilization of these technologies to
other industrial fields and reduce their environmental impact,
strategies aimed to overcome the above reported limitations
should be suggested. In literature, many studies about the use
of scCO, have been proposed for different applications
[13-20], but papers regarding the design of a high-pressure
plant, able to adapt to different processes, with reduced setup
and running costs have not been published so far.

In this work, a novel flexible batch plant for supercritical
fluid-assisted processes is proposed. The aforementioned
restrictions are minimized by the absence of pumps, which are
expensive for high-pressure applications and require high ener-
gy consumption. The employed vessel is not equipped with
transparent windows that are used by some authors to visually
observe the transition from liquid to supercritical conditions in
the absence of pumps [21,22] or to study the vapor-liquid
equilibria (VLE) of the systems solvent-antisolvent and sol-
vent-antisolvent-solute [23,24]. To work at high pressure val-
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ues, these windows are usually made of quartz which is a high-
priced material [25].

In the present work, the supercritical conditions are attained
by taking advantage of the thermodynamics of the system
formed by CO,, solute, and solvent (e.g., ethanol if present):
the process is designed to achieve a specific pressure at the
working temperature by calculating and weighing the precise
amount of CO,. The rig can be adapted for different applica-
tions; in particular, in the present study it has been tested for
gel drying, impregnation of a porous substrate with a-tocoph-
erol, and extraction of caffeine from green coffee beans and
tea leaves. The operating principle of the designed rig will be
described more in details and its applicability will be assessed.
For each application, the thermodynamics of the involved sys-
tem will be studied and some preliminary experiments will be
performed. Finally, a setup and running cost analysis will be
discussed to verify the convenience of the proposed plant com-
pared to the classic batch and the semicontinuous ones.

2 Materials and Methods
2.1 Materials

The proposed rig was built with piping, valves, and joints pur-
chased from Swagelok® (Manchester, UK). A pure CO, cylin-
der in a dipped-tube configuration was used to withdraw liquid
CO, (BOC, Guildford, UK) for all the experiments in this
work. For the gel drying experiments, gels were made by dis-
solving 2 wt % low acyl gellan gum (Kelcogel F, CPKelco, UK)
in distilled water and stirring at 358 K for 2 h. The solution was
then placed into cylindrical moulds and, after gelation on cool-
ing at 20°C, samples were 1cm high with a 1.3 cm diameter.
Absolute ethanol (EtOH, purity 99.9 %) supplied by AnalaR
NORMAPUR (VWR, UK) served as a pretreatment agent. For
the impregnation process, a freeze-dried gel, made of a 1:1 mix-
ture of low-acyl (LA) and high-acyl (HA) gellan gum at 2 wt %,
was used as a porous substrate. The dimensions of the dried gel
were the same as mentioned for the gel drying process. Vitamin
E (a-tocopherol, purity >95.5 %), provided by Sigma-Aldrich
(UK), was loaded into the dried gel during the scCO, adsorp-
tion. The caffeine extraction process was performed on both
coffee beans (green robusta coffee beans) and black tea leaves.
Pure caffeine (purity 99 %), supplied by Sigma-Aldrich (UK)
was used as a reference standard.

2.2 Rig Description and Procedure

The outline of the proposed rig is shown in Fig. 1. Section 1
consists of the CO, cylinder, a pressure gauge (M1), a non-
return valve (NRV), a metering valve (MV1), and a pressure
relief valve (PRV) set at 15 MPa for this series of experiments.
This rig part is connected by a metal hose to the main section
(Section 2). The pressure vessel (PV), highlighted on the right
of Fig. 1, consists of an upper stainless-steel cylinder and a low-
er short pipe; the external diameter is 4.8 cm for the former
and 2.5cm for the latter. After the vessel is separately cooled
down in a freezer at 253 K, the sample is placed in it and verti-
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cally connected to the rig. The vessel is assembled in a heating
copper coil (HEC), in which a heating liquid circulator (LC)
pumps a mixture of water and glycol. After the liquid CO, is
weighed, the upper and lower parts of the metal coil with the
vessel are insulated. It is important to note that this coil does
not affect the weight measurement since it does not touch the
vessel.

In Fig. 2, the process is illustrated on the CO, phase diagram.
Liquid CO, flows from the cylinder (1a) to the vessel due to
the pressure difference caused by the temperature gradient.
After filling (1b), the pressure vessel is heated following the
vapor-liquid equilibrium, passing the critical point (2), up to
the working conditions in the supercritical region (3).

The total amount of CO, inside the vessel can be controlled
by a high-resolution hanging scale (HS, resolution +1 g), since
all the main part is connected to it (delimited by the dashed
line in Fig. 1) and isolated from the first part by the flexible
metal hose. The system weight, constituted by the weight of the
vessel, valves, gauge, heating coil, and piping, is zeroed to mea-
sure accurately the weight of CO,. The maximum quantity that
can be filled depends on the vessel capacity, which for the pro-
posed rig is 0.15 L. At this stage, the metering valves MV2 and
MV3 are closed. MV1 is kept open until the desired amount of
liquid is weighed. Afterwards, the heat provided by the copper
coil increases the temperature in the vessel and, therefore, the
fluid pressure, monitored by the pressure gauge M2. Using this
method, the maximum pressure that can be reached in the
temperature range of this work was observed to be about
20 MPa. The heating of Section2 is remotely controlled to
match the set temperature with the value measured by the ther-
mocouple (Tc) located inside the vessel.

2.3 Thermodynamics
2.3.1 Equation of State

In this work, the equation of state (EOS) used to calculate the
properties of the involved systems is the Soave-Redlich-Kwong
(SRK) equation (Eq. (1)), widely accepted for supercritical fluid
applications [26,27].

RT  a(T) )

=y vyt

Temperature (DY, pressure (P), and molar volume (V) are
expressed in K, MPa, and L mol™, respectively. R is the gas con-
stant expressed in L MPa K 'mol™". Here, the interaction factor
a(T) depends on the temperature:

a(T) =d (T.)a(T) (2)

ZTCZ

)

1)  List of symbols at the end of the paper.
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SECTION 1

SECTION 2

PRV |

MV1

NRV

M1
| HEC

CO2 Cylinder

MV2 | L

PV

Figure 1. Schematic representation of the designed rig. The PV geometry is highlighted on the right. Solvents or active compounds

are placed below the sample.
2
) T
a(T) = |1+ (0.480 + 15740 — 0.1760°) | 1 — [
C

The co-volume b can be calculated as:

RT,

b = 0.08664 (5)

C

In these formulas, the subscript ¢ means that it is related to
the critical point, and w is the acentric factor. For this EOS, the
acentric factor w is 0.239, T. is 304.13K, and P. is equal to
7.38 MPa [27].

Brunner [27] discussed different EOSs, suggesting that both
the ideal gas and the Van der Waals equations are not accurate
for supercritical fluid applications. In effect, both equations
oversimplify the system, leading to an incorrect estimation of
the PVT (pressure, volume, temperature) behavior. Specifically,
the ideal gas equation is well applicable only at high tempera-
tures and low pressures, while the Van der Waals EOS is not
adequate for practical applications for most substances [27].

Chem. Eng. Technol. 2018, 41, No. 7, 1368-1377
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The SRK EOS can still be used for the calculations even if
the system is not a pure substance. In this case, the EOS is
modified (Eq.(6)), combining the mixture parameters a,,(T)
and b, which can be defined by the quadratic mixing rules for a
generic binary system (Egs. (7) and (8)) [27]. The subscriptm
means modified.

b RT  an(T) ©)
TV by V(V4by)

am(T) = Xiay (T) + 2X, Xpa12(T) + X3ax(T) (7)

by = Xibyy 42X, X1, + X5byy (8)

where X; is the molar fraction in one phase, while both a;; and
b;; are related to the pure components. The binary parameters
a1,(T) and b, are expressed in Egs. (9) and (10):

ap(T) = Vau(T)an(T)(1 - kip) %)

b12 = 0.5(b11 + bzz)(l - 112) (10)
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Figure 2. Process steps reported on the CO, phase diagram: (1a) CO, cylinder in vapor-liquid equilibrium,

(1b) vessel filled with CO,, (2) CO, critical point, (3) working conditions.

Both kj, and [;, are relatively smaller than 1. If both a;,(T)
and by, are not known, they can be neglected [27]. Since etha-
nol is used in this work, the acentric factor @ and the critical
temperature/pressure related to EtOH must be used to calcu-
late both a;; and b;;. Specifically, the acentric factor is 0.644, T.
is 513.9K, and P, is 6.14 MPa. Both a,,(T) and b,, have been
set to zero to simplify the calculation method.

2.3.2 Method for Calculation of CO, Amount

Depending on the solute type and amount to solubilize, the
quantity of CO, can require specific constraints to reach a
homogeneous supercritical phase. Specifically, based on the
solute volume, the process has to be designed calculating the
minimum temperature and pressure. If the amount of solute is
negligible, the simplest way is to directly use the suggested
EOS. However, some solutes form a mixture with CO, with
critical properties considerably different from those of the pure
CO,, especially higher critical pressure and temperature. In this
case, the calculation needs specific thermodynamic restrictions.

For both cases, the initial step is the sample volume calcula-
tion to find the net free volume inside the vessel. The use of a
pycnometer to measure the material density might simplify this
estimation. If the system does not require specific constraints,
the CO, mass can be worked out from Eq.(1). On the other
hand, other substances soluble in CO, may interact with it
forming a mixture with a different critical point. For example,

Chem. Eng. Technol. 2018, 41, No. 7, 1368-1377
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ethanol is used in this study to displace water from the wet gels
since it is poorly soluble in scCO, [28]. As a consequence, the
critical point of the CO,-EtOH system is higher than pure CO,
[29,30]. In this case, the critical temperature and pressure of
the CO,-EtOH system have to be lower than the working con-
ditions to operate in completely developed supercritical condi-
tions. In Fig.3, the generic binary system CO,-solvent [32]
shows that to work in the supercritical state, the operating

I/ A A ..;
»~~ SUPERCRITICAL =

|
F;— _ _qum‘_ o _MCP IW%

Gas

Pressure (bar)

L LV Equilibrium

T T ¥ T ¥ T T 1
0 Xe 1.0
CO2 mole fraction

Figure 3. Generic isotherm phase diagram for a binary CO,-
solute system adapted from Akien and Poliakoff [31].
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point should be located at a pressure value above the mixture
critical point (MCP) of the binary system at a given tempera-
ture (P> P.) and at a CO, molar fraction located on the right
of the MCP (X, > X,).

To calculate the amount of CO, needed to solubilize ethanol,
an iterative procedure was used, as illustrated in Fig.4. First,
the working temperature (T,,) and pressure (P,) were fixed.
Since the moles of ethanol to remove (n,) are known, it is nec-
essary to hypothesize a value for CO, molar fraction (X;).
Therefore, the moles of CO, (n;) can be obtained from
Eq. (11):

X

”zm (11)

ny =

Then, once calculated the total moles (n,+n,), it is possible
to work out the molar volume V,, and the parameters a,, and
by, from Egs. (7) and (8), respectively. Afterwards, from Eq. (6)
it is possible to determine P. If this value corresponds to the
working pressure (P = P,,), X; hypothesized is correct, other-
wise a new value has to be fixed and the calculation process
reiterated until convergence. For safety considerations, the
maximum amount of liquid CO, should be lower than the total
available volume in the vessel, to avoid an uncontrolled
increase in pressure. The safety valve (PRV) prevents the rig
from overpressure.

2.4 Experimental Procedures
2.4.1 Gel Drying

Gel samples were treated stepwise with alcoholic solutions at
25, 50, and 80wt % and left in each concentration for 6h.

—— [ <l

Fix Ty . McP
binary system
l—) X | <| X,

5 Hypothesise: X;

v

Calculate: ay, by, hy, Ny V
(Eq.7, 8, 11)

«+~—— Known n,

L

Calculate P (EOS, Eq. 6)

l

The subscript 1 is referred to CO,, whereas 2 is referred to EtOH.
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2 sp=p,? O

Figure 4. Proposed method for CO, calculation. The constraints are represented by “<".
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Finally, the samples were soaked in absolute ethanol for 24 h.
The volume of the treated gel was measured in parallel by using
the paraffin oil displacement method [33,34] to precisely cal-
culate both the net available volume in the vessel and the etha-
nol percentage. Afterwards, the amount of CO, can be
obtained by the SRK EOS and applying the thermodynamic
constraints previously discussed.

The effect of temperature was investigated at 313 and 323K,
while the working pressure was constantly at 10 MPa. After the
system was heated, a drying time of 8 h was applied to promote
the ethanol solubilization into the scCO,. The venting stage
was carried out opening MV3 at the bottom of the vessel and
ensuring a low flow rate, i.e., less than 0.1 MPa min~', to main-
tain the temperature above the critical temperature and avoid
the collapse of the material. Furthermore, the slow depressur-
ization was carried out to limit the bubbling effect since the
system becomes thermodynamically unstable [35]. At the end
of the experiments, the produced aerogels were stored in a low-
vacuum desiccator till characterization.

2.4.2 Freeze-Dried Gel Impregnation with Vitamin E

The freeze-dried gel consisting of HA/LA gellan gum 1:1 mix-
ture at 2 wt % was placed in the vessel with 0.4 g of a-tocopher-
ol on the bottom of the vessel. During this stage, the dried gel
and the vitamin were not in direct contact. Two experiments
were performed at 12 and 14 MPa, chosen as reference condi-
tions [31]. The working temperature was fixed at 333K for
both experiments. After 24 h, chosen as reference time, the ves-
sel was vented at a rate lower than 0.1 MPamin™'. The sample
was analyzed after complete depressurization.

2.4.3 Caffeine Extraction

In the case of the coffee beans, they needed
to be pretreated with water, as suggested in
[36]. Firstly, a saturated caffeine solution
was prepared by leaving the green Robusta
coffee raw beans in water (1 g coffee for 2 g
water) for 24h in an ultrasonic bath to
favor the mass transfer. The maximum
amount of extracted caffeine was then cal-
culated by UV-vis spectrophotometry, tak-
ing pure caffeine as a reference at a wave-
length equal to 296nm. Afterwards, the
coffee beans to be processed were soaked
for 1h in this saturated solution to allow
water to penetrate into the structure, yet
limiting the caffeine loss by osmosis. The
scCO, extraction was carried out at 313 K
and 11 MPa, i.e., milder conditions [31]
than those generally used in industrial pro-
cesses [37], partially filling the bottom of
X=X, the vessel with 4 mL of distilled water, sepa-
rated from the sample by a metal grid.
Same conditions were applied to black tea
leaves, although no pretreatment was nec-

www.cet-journal.com
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essary. Both the processes were performed for 8 h, followed by
depressurization at the rate lower than 0.1 MPa min™".

2.5 Characterization Methods
2.5.1 Gel Drying

The aerogel microstructure was analyzed by X-ray micro-com-
puted tomography (mCT) [38,39]. High-resolution mCT was
performed on a Skyscan 1172 (Bruker, Belgium). Without any
chemical fixation or sample preparation, this system provides a
complete 3D bulk reconstruction. The acquisition mode can be
set at a maximum current of 96 1A and voltage of 100kV. The
CT-analyzer (1.7.0.0) was employed to obtain both a qualitative
and quantitative analysis. After 2D cross-sectional binarization
into black and white images, the overall porosity and the pore
size distribution can be measured.

2.5.2 Freeze-Dried Gel Impregnation with Vitamin E

The amount of a-tocopherol absorbed in the substrate was cal-
culated by weighing the sample before and after the process. As a
further method of validation, UV-vis spectrophotometry (Orion
AquaMate, Thermoscientific, UK) was applied, after calibration
at 292 nm, placing the sample in an aqueous medium and mea-
suring the concentration of the released vitamin [16]. The load-
ing was calculated according to the following Eq. (12):

mass & — tocopherol adsorbed

Loading % = x 100 (12)

total mass

Fourier transform infrared (FTIR) spectra were obtained via
the Spectrum Two IR Spectrometer (Perkin Elmer, UK) in
reflection mode at a resolution of 4cm™. The scan wavenum-
ber range was 4000-500 cm™', and 16scan signals were aver-
aged to reduce the noise.

3  Results and Discussion
3.1 Gel Drying

The CO, amount was calculated by the proposed method in
Fig. 4. Before drying using scCO,, the ethanol pretreatment
was performed, leading to the sample dehydration before the
actual process. The supercritical fluid technology was applied
to remove the liquid from the sample to obtain a solid matrix,
avoiding its collapse, which usually occurs with traditional dry-
ing because of the capillary-induced tensile stresses [40]. In ef-
fect, the photograph in Fig. 5 shows that downstream the dry-
ing process the cylindrical shape is preserved. Although some
shrinkage occurred, the structure did not collapse.

Figure 5. Photo of LA gellan gum gel (left) and aerogel (right).

Furthermore, from a microstructural point of view, it seems
that no considerable differences rose within the working tem-
perature range since both the shape and the shrinkage were
comparable. The quantitative analysis provided a total porosity
value equal to 28.8 + 9.1 % at 323 K; at 313K the porosity was
within the same range. The considerable standard deviation
was dependent on the large random pores generated during the
drying process, as it was possible to notice from the pore size
distribution (Fig. 6).

pLAMA

10

2.5.3 Caffeine Extraction
The concentration of caffeine in the obtained solu- 8
tion was analyzed by means of the UV-vis spectro-
photometer, selecting the wavelength at 296 nm.
The collected results were compared with data X 6[
from literature [31]. g

2

g .l
2.6 Cost Analysis
A qualitative analysis was carried out to compare
the setup and running costs of the proposed rig 2
with a semicontinuous and a classic batch rig, using
0.15L as a reference for the vessel capacity. The set-
up costs were estimated on the basis of current 0
quotations, while the running costs were calculated 0

considering the average energy requirements for
each configuration and the amount of CO, em-
ployed during the processes.

Chem. Eng. Technol. 2018, 41, No. 7, 1368-1377
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400 600 800
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Figure 6. Pore distribution after scCO, drying (at 323 K and 10.0 MPa).
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3.2 Freeze-Dried Gel Impregnation with Vitamin E

Solubility data allow determining the saturation conditions at
fixed temperature and pressure. In particular, at 333K and
12 MPa the molar solubility of az-tocopherol in scCO, is equal
to 200x10°°, whereas at 333K and 14MPa it is equal to
300107 [41]. To assess the effectiveness of the designed rig al-
so for supercritical impregnation, experiments of a-tocopherol
adsorption in a porous gellan substrate were conducted at
333 K and the effect of the operating pressure was investigated.
When the operating pressure was fixed at 12 MPa, t-tocopher-
ol was impregnated, with a mean loading equal to 16.7 %. As
expected from the solubility data, increasing the pressure at
14 MPa, the amount of absorbed vitamin increased, with a
mean loading equal to 17.7 %.

FTIR analyses were performed to identify possible interac-
tions between a-tocopherol and the hydrocolloid in the loaded
gels. FTIR spectra of the unprocessed vitamin and gellan and
processed «-tocopherol/gellan are reported in Fig. 7. The spec-
trum of unprocessed a-tocopherol shows adsorption bands at:
917 cm™ OH bending, 1087 cm™ in-plane bending of phenyl,
1158 cm™ CH, wag, 1369 cm™ CH; bending, 1465cm™ C-C
stretching, and in the range 2800-3000 cm™ stretching vibra-
tion of the C-H groups [16,42]. The HA/LA gellan gum spec-
trum shows absorption bands at: 1017 cm™! C=0 stretching,
1413 cm™ symmetric COO" stretching, 1613 cm™ asymmetric
COO" stretching, 2917 cm™ C-H stretching, and in the range
3020-3660 cm™ OH stretching [43]. The spectrum of the
loaded gel confirms the occurred impregnation and indicates
the presence of HA/LA gellan gum and a-tocopherol since the
characteristic peaks of both compounds are present.

3.3 Caffeine Extraction

The extraction of caffeine from green coffee beans and black
tea leaves was carried out in the presence of water [44]. In this
case, it was not necessary to reach a homogeneous supercritical
phase and, therefore, the SRK equation was used without
applying any constraints. After the process at 313K and
11 MPa, the collected solution was analyzed to calculate the
amount of solubilized caffeine, as reported in Tab. 1. These val-
ues are in agreement with the literature data on caffeine solubi-
lization in scCO, [45,46], within the same order of magnitude.
Interestingly, the amount of caffeine from green coffee beans is
slightly lower than the quantity collected from black tea leaves.
This was likely to be related to the different material morphol-
ogy and structure. In effect, the rigid matrix of the coffee beans
might represent a resistance for scCO, to penetrate and for the
caffeine molecule to leave the material.

Table 1. Experimental caffeine concentration expressed as a
molar fraction after extraction in supercritical CO,.

Material yX 10°[-]
Green coffee beans 36.2
Black tea leaves 56.9

3.4 Cost Analysis
3.4.1 Setup Costs

As stated in the Introduction, SCF technologies are generally
considered expensive due to the high investment costs. In the
batch rig proposed in this work, these costs are
considerably reduced. In literature, specific data

HA/LA gellan + @-toc

HA/SLA gellan

a-toc

Transmittance %

related to the costs of these components are not
available because they depend on the brand, the
size, and the flow rate. However, on the basis of
current quotations obtained from companies, it is
possible to make a qualitative evaluation. A vessel
with an internal volume equal to 150 mL was used
as a reference for the calculations. If the total cost
related to piping, valves, and manometers is
defined with a cost index C, it is possible to esti-
mate the cost index of the other components in
comparison with it, as reported in Tab. 2.

From these approximate data it is possible to as-
sess that the cost of the batch rig proposed in this
work is about 3C (rowsa, e, and g in Tab. 2), while
the cost of a semicontinuous rig and a classic batch
rig is about 10-14C (rows a and c—e). These estima-

1000 2000 3000

Wavenumber, emL

Figure 7. FTIR spectra of HA/LA gellan, a-tocopherol, and HA/LA gellan + a-to-

copherol.
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tions considered the use of a stainless-steel cylinder
and a short pipe as a pressure vessel (see Sect.2.2).
The cost of a batch rig without pumps but
equipped with quartz windows, which necessarily
need to be fitted in a high-pressure vessel, is about
8-9C (rows a, b, e, and f). Therefore, the cost of the
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Table 2. Cost indexes of the different components that can be
part of a rig equipped with a 150-mL vessel.

Table 4. Average process step times needed for a rig equipped
with a 150-mL vessel.

Equipment Cost indexes
a Piping, cylinder, valves, and manometers C
b High-pressure vessel 5-6C
c High-pressure pump 6-8C
d Pump cooling system 2-4C
e Heating system
f Quartz windows C
g Hanging scale + freezer

proposed rig is about 3-5 times lower than a semicontinuous
and a classic batch rig, and about 3 times lower than a batch rig
with quartz windows.

3.4.2 Running Costs

To have a general overview about the energy saving related to
the proposed rig, a quantitative evaluation of the energetic
costs was carried out in comparison with the classic batch rig
and a semicontinuous rig, both equipped with a pump and a
chiller. For this purpose, scCO, gel drying was considered as a
reference process using a 150-mL vessel for the calculations.
Usually, a semicontinuous process consists of the following
steps: preliminary cooling to reach the chiller setpoint; pressur-
ization of the vessel pumping scCO,; stabilization of the oper-
ating conditions, i.e., pressure, temperature, and CO, flow rate;
drying; depressurization (in the last no electric energy
involved). In the classic batch process, the step related to the
stabilization is missing since once the operating pressure is
reached, the pump is switched off. In the proposed batch pro-
cess, the pressurization step is performed without the use of
pumps and the preliminary cooling of the vessel is carried out
by using a dedicated freezer.

In Tab.3, the average energy requirements of the main rig
devices are reported. To estimate the energy consumption re-
quired by each configuration (proposed, classic batch, and
semicontinuous rigs), the average times of each process step
are presented in Tab. 4; these data were taken from the litera-
ture related to gel drying [47-49].

The energy consumptions of the three configurations are
summarized in Tab.5. The calculations were carried out con-

Table 3. Current energy requirements of the rig devices.

Equipment Energy consumption [W]
High-pressure pump 180-750

Pump cooling system 200-1500

Freezer 25-40

Heating system 85-1100
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© 2018 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA.

Process steps Novel batch Classic batch Semicontinuous
rig rig rig

Preliminary 120 120 120

cooling [min]

Pressurization 20 5-10 5-10

[min]

Stabilization 0 0 15

[min]

Drying [min] 480 480 240-300

Table 5. Energy consumption calculation for each process step
for a rig equipped with a 150-mL vessel.

Novel batch  Classic batch  Semicontinuous

rig rig rig
Cooling [k]] 180 1500 5280
Heating [k]] 2550 2474 1632
Pumping [k]] 0 54 2808
Total energy con- 2730 4078 9720

sumption [KJ]

sidering the lowest energy requirement for each device from
the ranges reported in Tab. 3. Similarly, for the semicontinuous
rig, the lower pressurization and drying times were considered
(Tab.4). The comparison of the total energy consumption of
the three configurations shows that the proposed rig allows a
cost reduction of about 72 % with respect to the semicontinu-
ous rig and about 33 % compared to the classic batch. Conse-
quently, considering an average aerogel weight equal to 50 mg,
it is possible to assess that the energy demand to produce the
same amount of final product is 55kJ mg™ for the proposed
rig, 82kJ mg™ for the classic batch rig, and 194k] mg™" for the
semicontinuous rig.

Another important factor to take into account is the amount
of CO, employed during the process. Using the average process
step times reported in Tab. 4, it is possible to calculate the total
quantity of CO, required producing an aerogel. Specifically, for
both batch rigs the required CO, mass is the same, while for
the semicontinuous one it is considerably higher. As evidence,
the drying working conditions of this study involve 50-80 g of
CO, per process for both the proposed and classic batch rigs,
whereas for the semicontinuous rig, supposing an average flow
rate of 10-20 gmin_1 [4,16], the CO, quantity is about
2500-5000 g.

4  Conclusions

A cost-reduced batch plant for supercritical fluid-assisted pro-
cesses was proposed. It has been demonstrated that the
designed plant is characterized by high flexibility since it is able
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to adapt to different supercritical CO, applications, such as gel
drying, impregnation, and extraction. It has been evaluated that
the present rig allows a considerable reduction in both the set-
up and running costs. On the basis of these results, it is possible
to assess that the designed plant can be especially useful on lab-
oratory scale to produce several products through different

techniques but using the same rig and with reduced costs.

Acknowledgment

This research was funded by the Engineering and Physical
Sciences Research Council (grant number EP/K030957/1) and

the EPSRC Centre for Innovative Manufacturing in Food.

The authors have declared no conflict of interest.

Symbols used

a [L*mol ] interaction factor

b [L mol™] co-volume

C [-] cost index

k [-] binary interaction parameter
[ [-] binary interaction parameter
n [mol] number of moles

P [MPa] pressure

R [LMPaK'mol™'] gas constant

T [K] temperature

\% [L mol™] molar volume

X (-] molar fraction

Greek letters

a [-] constant

w [-] acentric factor
Subscripts

c critical

i component i

m modified

w working

Abbreviations

a-toc  a-tocopherol

EOS  equation of state

EtOH ethanol

FTIR  Fourier transform infrared
HA high acyl

HEC  heating copper coil

HS hanging scale

LA low acyl

LC liquid circulator

MCP  mixture critical point
mCT  micro-computed tomography
NRV  non-return valve

PRV pressure relieve valve

PV pressure vessel
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scCO, supercritical carbon dioxide

SCF supercritical fluid
SRK  Soave-Redlich-Kwong
Tc thermocouple

VLE  vapor-liquid equilibria
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