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3Fundamental Property of SCF

ØSupercritical water (high temperature and pressure water)
Ø Ultraheavy oil�
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4Fundamental Property of SCF

ØSupercritical water (high temperature and pressure water)
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ØSupercritical water (high temperature and pressure water)
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ØSupercritical water (high temperature and pressure water)
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ØSupercritical water (high temperature and pressure water)
Mole ratio heavy oil / light oil = 0.75

25.0MPa 24.5MPa 24.4MPa

20.5MPa 19.9MPa20.1MPa

Mole ratio heavy oil / light oil = 0.80
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ØSupercritical water (high temperature and pressure water)
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Q. 1-4� Why is this phase transition on liquid-liquid two phase
region formed?

High pressure Low pressure
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A. 1-4�



11Particle formation using SCF

Ø Material process in physical method

SCF as solvent

SCF as antisolvent

Supercritical solvent impregnation

Rapid expansion of supercritical solution

Supercritical drying

Supercritical antisolvent

Solution-enhanced dispersion of solids

Supercritical fluid extraction of emulsion



12Material process using supercritical CO2 as solvent

Supercritical drying
Homogeneous phase

Depressurization

Ultra-low interface tension during removing solvent

SCCO2SCCO2

Porous material

SCCO2
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Supercritical solvent impregnation

SCCO2 SCCO2

Dissolution Impregnation of polymer Composite

ü To control loading amount of solute into polymer by solubility 

in supercritical CO2

ü This can be applied for fabrication of composite of catalyst / 

supporting material and drug delivery system

Depressurization
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Rapid Expansion of Supercritical Solution

Micronized particleSCCO2

Dissolution
Spraying

ü To control particle size by solubility in supercritical CO2

ü This can be applied for micronization of pharmaceutical or 

bioactive compound particles.
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Dissolution of solute into SCCO2

Spraying to 
atmosphere

Rapid Expansion of Supercritical Solution : RESS
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How to control particle size in RESS process

Design of nucleation

Solubility in SCCO2

Controlling supersaturation

Design of crystal growth

How to set up spraying unit and 
set the condition

Temperature and velocity 
distribution inside jet flow

Rapid Expansion of Supercritical Solution : RESS
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How to control particle size in RESS process

Design of nucleation

Solubility in SCCO2

Controlling supersaturation

Rapid Expansion of Supercritical Solution : RESS

Critical radius of nuclei

r* = 2σ v2
kT lnS

s ; surface free energy
v2 ;  molar volume of solute
k ; Boltzmann constant
T ; temperature 

Supersaturation

S =
φ T, p, y2( ) y2 T, p( )
φ T, p, y*( ) y* T, p( )

SCCO2

1 atm
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How to control particle size in RESS process

Design of crystal growth

How to set up spraying unit and 
set the condition

Temperature and velocity 
distribution inside jet flow

Rapid Expansion of Supercritical Solution : RESS

substrate

SCCO2 + solute

nozzle
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Tc < Tpc
pressure

so
lu

bi
lit

y

Supercritical CO2

Solubility in supercritical CO2

Rapid Expansion of Supercritical Solution : RESS



20Particle formation using SCF

Rapid Expansion of Supercritical Solution : RESS

Ø Micronization of salicylic acid

Yildiz, N. et al., J. Supercrit. Fluids, 41 (2007) 440 – 451.

Salicylic acid

Anti-inflammatory 

agents

Before

34 – 171 µm

�RESS condition�

Supercritical fluid: CO2

Dissolution into SCCO2 �

Temperature 45 – 60 ℃
Pressure 15 – 25 MPa

Spraying nozzle

Inside diameter � 50 µm 

Length � 3 – 4 mm
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Rapid Expansion of Supercritical Solution : RESS

Yildiz, N. et al., J. Supercrit. Fluids, 41 (2007) 440 – 451.

Feeding pump

CO2

salicylic acid

Dissolution into SCCO2
Particle formation

Jet flow

High-pressure

vessel

Ø Setup for RESS process using SCCO2
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Ø Micronization of salicylic acid

Before
34 – 171 µm
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444 N. Yildiz et al. / J. of Supercritical Fluids 41 (2007) 440–451

Fig. 6. The effect of extraction pressure on salicylic acid particles: (a) SEM images; (b) cumulative particle size distribution (Text = 323K, Tpre-exp = 353 K, Texp = 283 K,
hspray = 6 cm and q = 2.5 ml/min).

Increasing the extraction temperature leads to decrease in the
density of CO2 and concurrent increase in the solute’s vapour
pressure. The decrease of the solvent density causes a decrease
of the solvent strength. On the other hand, a concurrent increase
in the solute’s vapour pressure leads to an increase in the salicylic
acid solubility. The total effect of the two competing phenom-
ena increases the solubility of salicylic acid in the supercritical
fluid since the extraction pressure is above ≈14 MPa. There-
fore, high extraction temperature induces high salicylic acid
solubility at a constant extraction pressure. An increase of extrac-
tion temperature from 318 to 323 K leads to the increase of the
supersaturation and nucleation rate as a result of increased sal-
icylic acid concentration. The increase of nucleation rate leads
to decrease in the particle growth time, and consequently the
smaller particle was obtained. However, continuously increasing
temperature (at 333 K) caused to increase of the average particle
size. Because increasing the temperature leads to increase the
salicylic acid concentration. During the expansion, high salicylic
acid concentration brings about the increase of the particle size,
as a consequence of coagulation among particles.

In the literature, similar results have also been reported for
aspirin by Huang et al. [14]. They have obtained the effect of
extraction temperature on the aspirin particles and found that the
increase of extraction temperature induced decrease of the parti-

cle size, and then increasing temperature resulted in increase of
the particle size. Domingo et al. [12], investigated the microniza-
tion of benzoic acid, salicylic acid, phenanthrene and aspirin
crystals and reported the effect of extraction temperature only
for benzoic acid. Increasing the temperature only increases the
entrance mole fraction of benzoic acid by a factor of ≈2. This
increase in solubility didn’t any noticeable effect on the size of
the precipitated crystals of benzoic acid. They did not examine
the effect of extraction temperature on salicylic acid.

3.1.2. Effect of extraction pressure
The extraction pressure was studied from 15 to 25 MPa. SEM

images of the effect of extraction pressure on salicylic acid are
given in Fig. 6a.

At 15 MPa extraction pressure, 63% of the particles were
smaller than L/D: 2.5/1.33 !m/!m and at 25 MPa, 74% of par-
ticles were smaller than L/D: 2.5/1.33 !m/!m. An increase in
extraction pressure from 15 to 20 MPa and 25 MPa caused little
decrease in the average particle size (L/D: 2.48/1.23, 2.24/1.07,
1.9/0.98 !m/!m, respectively).

Because a decrease in particle size for different extraction
pressure reveals also little effect on cumulative particle size dis-
tribution (Fig. 6b), extraction pressure was set at 15 MPa due to
advantage of low pressure.

444 N. Yildiz et al. / J. of Supercritical Fluids 41 (2007) 440–451

Fig. 6. The effect of extraction pressure on salicylic acid particles: (a) SEM images; (b) cumulative particle size distribution (Text = 323K, Tpre-exp = 353 K, Texp = 283 K,
hspray = 6 cm and q = 2.5 ml/min).

Increasing the extraction temperature leads to decrease in the
density of CO2 and concurrent increase in the solute’s vapour
pressure. The decrease of the solvent density causes a decrease
of the solvent strength. On the other hand, a concurrent increase
in the solute’s vapour pressure leads to an increase in the salicylic
acid solubility. The total effect of the two competing phenom-
ena increases the solubility of salicylic acid in the supercritical
fluid since the extraction pressure is above ≈14 MPa. There-
fore, high extraction temperature induces high salicylic acid
solubility at a constant extraction pressure. An increase of extrac-
tion temperature from 318 to 323 K leads to the increase of the
supersaturation and nucleation rate as a result of increased sal-
icylic acid concentration. The increase of nucleation rate leads
to decrease in the particle growth time, and consequently the
smaller particle was obtained. However, continuously increasing
temperature (at 333 K) caused to increase of the average particle
size. Because increasing the temperature leads to increase the
salicylic acid concentration. During the expansion, high salicylic
acid concentration brings about the increase of the particle size,
as a consequence of coagulation among particles.

In the literature, similar results have also been reported for
aspirin by Huang et al. [14]. They have obtained the effect of
extraction temperature on the aspirin particles and found that the
increase of extraction temperature induced decrease of the parti-

cle size, and then increasing temperature resulted in increase of
the particle size. Domingo et al. [12], investigated the microniza-
tion of benzoic acid, salicylic acid, phenanthrene and aspirin
crystals and reported the effect of extraction temperature only
for benzoic acid. Increasing the temperature only increases the
entrance mole fraction of benzoic acid by a factor of ≈2. This
increase in solubility didn’t any noticeable effect on the size of
the precipitated crystals of benzoic acid. They did not examine
the effect of extraction temperature on salicylic acid.

3.1.2. Effect of extraction pressure
The extraction pressure was studied from 15 to 25 MPa. SEM

images of the effect of extraction pressure on salicylic acid are
given in Fig. 6a.

At 15 MPa extraction pressure, 63% of the particles were
smaller than L/D: 2.5/1.33 !m/!m and at 25 MPa, 74% of par-
ticles were smaller than L/D: 2.5/1.33 !m/!m. An increase in
extraction pressure from 15 to 20 MPa and 25 MPa caused little
decrease in the average particle size (L/D: 2.48/1.23, 2.24/1.07,
1.9/0.98 !m/!m, respectively).

Because a decrease in particle size for different extraction
pressure reveals also little effect on cumulative particle size dis-
tribution (Fig. 6b), extraction pressure was set at 15 MPa due to
advantage of low pressure.

After RESS 2.2 µm

Yildiz, N. et al., J. Supercrit. Fluids, 41 (2007) 440 – 451. After RESS 1.9 µm
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Q. 2-1
Give the reason why high pressure dissolution into SCCO2 leads 
to the smaller particle formation.
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A. 2-1

Yildiz, N. et al., J. Supercrit. Fluids, 41 (2007) 440 – 451.
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A. 2-1

Yildiz, N. et al., J. Supercrit. Fluids, 41 (2007) 440 – 451.
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Ø Micronization of salicylic acid
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Q. 2-2
Give the reason why temperatures over 65℃ results in the 
particle size increasing with temperature
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A. 2-2

Yildiz, N. et al., J. Supercrit. Fluids, 41 (2007) 440 – 451.
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Rapid Expansion of Supercritical Solution : RESS

Yildiz, N. et al., J. Supercrit. Fluids, 41 (2007) 440 – 451.

Feeding pump

CO2

salicylic acid

Dissolution into SCCO2
Particle formation

Jet flow

High-pressure

vessel

Ø Setup for RESS process using SCCO2
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Yildiz, N. et al., J. Supercrit. Fluids, 41 (2007) 440 – 451.
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Ø Effect of spray distance on particle size

Collecting plate

SCCO2 + solute

nozzle
Longer spray distance
leads to larger size
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Yildiz, N. et al., J. Supercrit. Fluids, 41 (2007) 440 – 451.

Ø Effect of spray distance on particle size
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Q. 2-3
Give the mechanism why the longer spray distance results in the 
larger particle size and wide size distribution�

��

nozzle
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A. 2-3

Collecting plate

SCCO2 + solute

nozzle

Temperature distribution
�from CFD simulation�

Long spray distance allow the wide temperature 
distribution on the collecting plate�
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A. 2-3



35Particle formation using SCF
Rapid Expansion of Supercritical Solution : RESS

Ø Poly(vinylidene fluoride) (PVDF) micronization
>> semicrystalline polymer
>>  a and b phases (other three phases) are known.
>> b phases has piezo-, pyroelectric property.

S. Wolff et al. / J. of Supercritical Fluids 117 (2016) 18–25 19

Fig. 1. Schematic diagram of the RESS apparatus: (A) CO2 supply, (B) chiller, (C)
diaphragm pump, (D) extraction column, (E) pre-expansion unit, (F) capillary nozzle,
(G)  expansion chamber.

especially focused on the formation and modification of poly-
mer  particles with SCFs have been published by Yeo and
Kiran in 2005, by Reverchon et al. in 2009 and recently by
Kiran in 2016 [24–26]. Previous works reported that RESS pro-
duced polymer (e.g. polycaprolactone, poly(methyl methacrylate),
poly(heptadecafluorodecyl acrylate), poly(l-lactide), fluorinated
tetraphenylporphyrin and PVDF) particles are in the range from
a few ten nanometers up to some microns [27–37]. While the vast
majority of the above mentioned activities is focused on basic ques-
tions such as process feasibility and optimization, formation of
polymer—drug delivery systems as well as size and shape of the
submicron particles, only a few investigations are focused on RESS-
induced modification of the crystal phase properties. Thus, there is
an increasing need for examination the possibility of using the RESS
process to produce submicron polymer particles and to control the
formation of the desired crystal phase of these polymer particles.
Results of a former investigation show that the particle size can
be decreased either by increasing molar mass, in case of identical
polymer end groups, or by increasing the degree of crystallinity, in
case of similar molar mass and different end groups [34]. Recently
we reported that RESS [37]:

a) Leads to PVDF particles with a mean particle size 47 nm and
b) Induces a phase transformation from ! to the desired " phase.

Hence the main objectives of this study were to examine the
influence of the expansion processing conditions, i.e. inner noz-
zle diameter, pre-expansion temperature and pressure on polymer
crystallinity and crystal phase properties. Thus, the present work
intends to contribute to an improved understanding of the basic
principles of crystal phase transformation caused by RESS.

2. Experimental

2.1. Materials

In all RESS experiments, CO2 (99.9%, Linde AG) was  used as
solvent. PVDF samples with a number average molar mass (Mn)
of 1500 g mol−1 featuring C6F13 and I end groups were obtained
from solution polymerization of 37 mol  dm−3 vinylidene fluo-
ride (VDF, 99%, provided by Dyneon GmbH) in scCO2 [38,39] at
408 K and 150 MPa  using 0.32 mol  dm−3 di-tert-butyl peroxide (99%
AkzoNobel) as initiator. In order to control polymer molar mass,
23.21 mol  dm−3 perfluoro-N-hexyl iodide (98 %, Fluorochem) was
used as chain transfer agent. The comparatively low molar mass
was intentionally chosen to allow sufficient solubility of the poly-
mer in scCO2 to ensure feasibility of the RESS process.

2.2. RESS

In order to micronize PVDF, a laboratory scale RESS appara-
tus was used. The basic concept of the process is depicted in
Fig. 1. Gaseous CO2 is initially passed through a chiller and subse-
quently compressed to required pressure conditions with the aid of

a diaphragm pump. After temperature setting, scCO2 flows through
an extractor column (TE, pE) containing polymer powder. The poly-
mer  is dissolved in scCO2, and then the homogeneous supercritical
mixture passes through a high pressure vessel (T0, p0) and is finally
rapidly expanded through a capillary nozzle (TN) into the expansion
chamber to atmospheric conditions. Therefore, high supersatura-
tion is induced, which leads to precipitation and the formation of
small and uniform polymer particles. More details on the general
experimental procedure are given in former publications [34,37].

Due to the laboratory scale apparatus design, maximal pres-
sure and temperature conditions in the system where limited to
25 MPa  and 343 K. Within the framework of this work, the follow-
ing process conditions were adjusted: extractor column TE = 313 K
or 323 K, pE = 10–20 MPa, high- pressure vessel (i.e. pre-expansion
unit) T0 = TE + 10 K, p0 = pE, nozzle: TN = T0 + 5 K. In addition to the
variation of temperature and pressure, the influence of the inner
nozzle diameter (dN = 35, 50 and 75 #m)  on the properties of
micronized PVDF was investigated. As a rule 450 mg polymer were
used for each RESS experiment and the duration of the experiments
was fixed to 45 min.

Furthermore, the apparatus was  used to perform additional
experiments without the expansion step, in which the impact
of sole scCO2 treatment on the properties of PVDF powders was
investigated. For this purpose polymer samples were stored in
the extraction column under scCO2 atmosphere at TE = 323 K and
pE = 20 MPa  for different periods of time.

2.3. Characterization

For visual characterization of the unprocessed and processed
PVDF, scanning electron micrographs (SEMs) were prepared with
a LEO 1530 scanning electron microscope (Carl Zeiss AG). For
this purpose, polycarbonate membranes (Whatman® NucleporeTM,
pore size 0.2 #m)  were loaded during the RESS experiments and
subsequently sputtered with platinum.

Size-exclusion chromatography (SEC) was  applied to determine
molar mass distributions of the polymer samples. The SEC appa-
ratus was calibrated using low dispersity polystyrene standards.
N,N-dimethyl acetamide (99%, Acros) containing 0.1% LiBr (99%,
Riedel-de-Haën) served as eluent. Further details on the SEC set-up
are available elsewhere [38].

The melting behavior of PVDF was  characterized by differential
scanning calorimetry (DSC, DSC 1–Mettler Toledo). Using a heat-
ing rate of 10 K min−1, the temperature was  varied from 193 K to
473 K under a nitrogen flow of 50 ml  min−1. In order to estimate
the degree of polymer crystallinity, X, the heat of fusion obtained
by integration of the first heating run was  related to the heat of
fusion of 100 % crystalline PVDF, 104.7 J g−1. This approach is com-
monly applied in literature [34,39–43]. Nevertheless, the authors
would like to note that the previously given 100% value is based
on measurements on pure ! PVDF [44]. As a consequence, all given
crystallinity values are determined under the assumption that the
heat of fusion is independent from the actual crystal phase or phase
composition of the PVDF sample.

The different crystal phases were identified by X-ray pow-
der diffraction (XRD), because ! and " phase have been shown
to be indistinguishable in DSC measurements [45]. Both crys-
tal forms melt in similar temperature ranges between 440 K and
445 K. A detailed comparison of literature data is scarcely real-
izable, because given values originate from the investigation of
high molecular weight polymers. As opposed to that, our cur-
rent investigation addresses low molar masses leading to melting
peaks at lower temperature ranges. XRD analyses were per-
formed by a STADI-MP diffractometer (Stoe & Cie. GmbH) with

J. Supercrit. Fluids 117 (2017) 18-25.

PVDF Micronized 
PVDF
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J. Supercrit. Fluids 117 (2017) 18-25.

Ø Poly(vinylidene fluoride) (PVDF) micronization
20 S. Wolff et al. / J. of Supercritical Fluids 117 (2016) 18–25

Fig. 2. Exemplary SEM images of raw material and RESS product (TE = 323 K,
pE = 20 MPa, T0 = 333 K, TN = 338 K, dN = 50 !m).

Ge-monochromatized Cu-K"1 radiation (! = 1.54060 Å) in a 2 "
range of 2–91.985◦, using a step size of 0.015◦ (200 s/step).

3. Results

Discussing the influence of RESS processing conditions on the
substance used, it is advisable to distinguish three samples for each
experiment: first, the raw material prior to any treatment, second,
the not micronized PVDF fraction which remained in the extrac-
tor column and finally the RESS product. Therefore, the terms “raw
material”, “residue” and “RESS” will be used in subsequent para-
graphs, tables and figures.

The primary objective of this work was to investigate the influ-
ence of the process conditions pressure, temperature and nozzle
diameter on crystal phase properties of PVDF particles produced
by RESS. First of all, our experimental results show, that the RESS
processing of PVDF leads to submicron particles. Fig. 2 shows, that
originating from rather large agglomerates/aggregates, particle size
reductions down to diameters in the ten-nanometer range were
achieved.

3.1. Impact of extractor pressure pE

In order to investigate the influence of process pressure
on the processed PVDF samples, the following pressure condi-
tions were considered: pE = 10 MPa, 12.5 MPa, 15 MPa, 17.5 MPa
and 20 MPa. While varying the pressure, temperature conditions
(TE = 323 K, T0 = 333 K, TN = 338 K) were unaltered. Furthermore,
every single experiment discussed in this paragraph was performed

Table 1
Selected data obtained from SEC and DSC* analyses. The experiments were per-
formed at TE = 323 K, T0 = 333 K, TN = 338 K, nozzle diameter dN = 50 !m and varying
extractor pressure pE.

Sample pE Mn Ð Tonset
a Tendset

a Xa

[MPa] [g mol−1] [K] [K] [%]

raw material 1500 1.40 304 436 54

residue 20 2400 1.15 373 438 75
RESS  20 1100 1.25 302 403 43

residue 17.5 2400 1.14 369 438 75
RESS  17.5 1100 1.22 302 382 43

residue 15 2300 1.15 362 438 72
RESS  15 1200 1.21 297 386 42

residue 12.5 2400 1.15 365 437 72
RESS  12.5 1200 1.19 295 372 43

residue 10 2100 1.18 361 437 62
RESS  10 1000 1.14 259 352 44

a First heating run.

using a 50 !m nozzle. Table 1 summarizes important SEC and DSC
data, SEC analyses being represented by the number average molar
mass Mn and the dispersity Ð of the polymer mass distribution.
Tonset and Tendset are characteristic temperatures distinguishing
begin and ending of the melting peak in the first DSC heating run.
The crystallinity X was calculated by means of the heat of fusion
according to the procedure described in the experimental section.

By consideration of the SEC data, it becomes clear, that RESS
induces a reduction of Mn and dispersity, which can be explained
by the increase of polymer solubility in scCO2 with decreasing
molar mass [34,37]. Since low molar mass fractions are therefore
preferentially dissolved (RESS), higher molar mass species remain
thus in the extractor column (residue). Comparing the influence of
pressure on the Mn and dispersity, no observable trend could be
noticed. Among others, the presented results might be related to
non-uniform dispersity samples in each single experiment or dif-
ferent scCO2 flow conditions within the extractor column, e.g. due
to agglomerated powders and/or the occurrence of bypass channels
in the existing polymer.

The comparison between residue and RESS samples led to fol-
lowing results: residue samples consist of high molar mass fraction
with low dispersity while the RESS products consist of low molar
mass fraction with high dispersity. Furthermore, it is worthy to
notice that in both samples the dispersity is significantly reduced
compared to the raw material.

The preferred extraction of the low molar mass fraction could
also be observed regarding the melting behavior of the samples. In
comparison to the raw material, the values for Tonset and Tendset of
every RESS sample are shifted to lower temperatures. Opposed to
that and as illustrated in Fig. 3, the high molar mass fractions of the
residue samples start melting at temperatures similar to the raw
material and higher than the RESS samples.

However, DSC was  primarily performed to obtain information
about the degree of crystallinity. The DSC analysis of the semi-
crystalline raw material leads to a crystallinity of 54% while the
residue samples exhibits higher crystallinity values ranging from
62 to 75%. Independent from process pressure, RESS samples show
the lowest degree of crystallinity of 42–44%. In contrast to that,
the degree of crystallinity of the un-micronized residue samples
show a slight tend to increase with rising pressure. As far as this
observation is concerned, two effects have to be regarded: change
of crystallinity due to extraction and change of crystallinity due
to scCO2 treatment. Former DSC analyses performed with simi-
lar PVDF samples indicate a relationship between crystallinity and
molar mass [46]. For this reason, crystallinity changes caused by
extraction cannot be denied. For further discussion on the observed
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Fig. 2. Exemplary SEM images of raw material and RESS product (TE = 323 K,
pE = 20 MPa, T0 = 333 K, TN = 338 K, dN = 50 !m).

Ge-monochromatized Cu-K"1 radiation (! = 1.54060 Å) in a 2 "
range of 2–91.985◦, using a step size of 0.015◦ (200 s/step).

3. Results

Discussing the influence of RESS processing conditions on the
substance used, it is advisable to distinguish three samples for each
experiment: first, the raw material prior to any treatment, second,
the not micronized PVDF fraction which remained in the extrac-
tor column and finally the RESS product. Therefore, the terms “raw
material”, “residue” and “RESS” will be used in subsequent para-
graphs, tables and figures.

The primary objective of this work was to investigate the influ-
ence of the process conditions pressure, temperature and nozzle
diameter on crystal phase properties of PVDF particles produced
by RESS. First of all, our experimental results show, that the RESS
processing of PVDF leads to submicron particles. Fig. 2 shows, that
originating from rather large agglomerates/aggregates, particle size
reductions down to diameters in the ten-nanometer range were
achieved.

3.1. Impact of extractor pressure pE

In order to investigate the influence of process pressure
on the processed PVDF samples, the following pressure condi-
tions were considered: pE = 10 MPa, 12.5 MPa, 15 MPa, 17.5 MPa
and 20 MPa. While varying the pressure, temperature conditions
(TE = 323 K, T0 = 333 K, TN = 338 K) were unaltered. Furthermore,
every single experiment discussed in this paragraph was performed

Table 1
Selected data obtained from SEC and DSC* analyses. The experiments were per-
formed at TE = 323 K, T0 = 333 K, TN = 338 K, nozzle diameter dN = 50 !m and varying
extractor pressure pE.

Sample pE Mn Ð Tonset
a Tendset

a Xa

[MPa] [g mol−1] [K] [K] [%]

raw material 1500 1.40 304 436 54

residue 20 2400 1.15 373 438 75
RESS 20 1100 1.25 302 403 43

residue 17.5 2400 1.14 369 438 75
RESS 17.5 1100 1.22 302 382 43

residue 15 2300 1.15 362 438 72
RESS 15 1200 1.21 297 386 42

residue 12.5 2400 1.15 365 437 72
RESS 12.5 1200 1.19 295 372 43

residue 10 2100 1.18 361 437 62
RESS 10 1000 1.14 259 352 44

a First heating run.

using a 50 !m nozzle. Table 1 summarizes important SEC and DSC
data, SEC analyses being represented by the number average molar
mass Mn and the dispersity Ð of the polymer mass distribution.
Tonset and Tendset are characteristic temperatures distinguishing
begin and ending of the melting peak in the first DSC heating run.
The crystallinity X was calculated by means of the heat of fusion
according to the procedure described in the experimental section.

By consideration of the SEC data, it becomes clear, that RESS
induces a reduction of Mn and dispersity, which can be explained
by the increase of polymer solubility in scCO2 with decreasing
molar mass [34,37]. Since low molar mass fractions are therefore
preferentially dissolved (RESS), higher molar mass species remain
thus in the extractor column (residue). Comparing the influence of
pressure on the Mn and dispersity, no observable trend could be
noticed. Among others, the presented results might be related to
non-uniform dispersity samples in each single experiment or dif-
ferent scCO2 flow conditions within the extractor column, e.g. due
to agglomerated powders and/or the occurrence of bypass channels
in the existing polymer.

The comparison between residue and RESS samples led to fol-
lowing results: residue samples consist of high molar mass fraction
with low dispersity while the RESS products consist of low molar
mass fraction with high dispersity. Furthermore, it is worthy to
notice that in both samples the dispersity is significantly reduced
compared to the raw material.

The preferred extraction of the low molar mass fraction could
also be observed regarding the melting behavior of the samples. In
comparison to the raw material, the values for Tonset and Tendset of
every RESS sample are shifted to lower temperatures. Opposed to
that and as illustrated in Fig. 3, the high molar mass fractions of the
residue samples start melting at temperatures similar to the raw
material and higher than the RESS samples.

However, DSC was  primarily performed to obtain information
about the degree of crystallinity. The DSC analysis of the semi-
crystalline raw material leads to a crystallinity of 54% while the
residue samples exhibits higher crystallinity values ranging from
62 to 75%. Independent from process pressure, RESS samples show
the lowest degree of crystallinity of 42–44%. In contrast to that,
the degree of crystallinity of the un-micronized residue samples
show a slight tend to increase with rising pressure. As far as this
observation is concerned, two effects have to be regarded: change
of crystallinity due to extraction and change of crystallinity due
to scCO2 treatment. Former DSC analyses performed with simi-
lar PVDF samples indicate a relationship between crystallinity and
molar mass [46]. For this reason, crystallinity changes caused by
extraction cannot be denied. For further discussion on the observed

PVDF can be microparticle from RESS process
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Fig. 3. First DSC heating runs of raw material, residue and RESS product (TE = 323 K,
pE = 20 MPa, T0 = 333 K, TN = 338 K, dN = 50 !m).

Fig. 4. XRD data of raw material, residue and RESS product (TE = 323 K,
pE = 20 MPa, T0 = 333 K, TN = 338 K, dN = 50 !m).

crystallinity data, additional experiments were performed and dis-
cussed more detailed in Section 3.4.

XRD analyses were conducted in order to verify observations
from DSC analysis and to identify the crystal form of the PVDF sam-
ples. Structural assignments were made on the basis of previous
studies: the " phase is represented by peaks at 2 ! = 17.4–18.1,
18.4, 19.9, 25.5–28◦, while the # phase is characterized by a typical
peak at 2 ! = 20.3◦ [47–51]. Concerning the XRD discussion in gen-
eral, it should be noticed, that sharpness or heights of the peaks are
not considered due to sample preparation reasons. As long as sim-
ilar sample preparation is guaranteed, an especially pronounced
peak can relate to higher sample crystallinity or an increase of spe-
cific crystal phase amount in the sample. Since our investigation
did not include precise weighing or reproducible distribution of the
PVDF powder on the sodium acetate foil, we intend to limit our dis-
cussion on the 2 ! values of the observed peaks. Fig. 4 shows typical
diffractograms of the raw material, residue and RESS product.

Excluding the section between 2 ! = 25◦–28◦, the residue sam-
ple shows no change in comparison to the raw material. The clearly
visible peaks can be attributed to the " phase, meaning that extrac-
tion induced no phase transformation in the residue samples. In
opposite thereto, a different behavior is observed for the sample
produced by RESS. Typical "-peaks have disappeared and a new
peak has emerged which corresponds to the # phase. This result
demonstrates that RESS induces a crystal phase transformation
from " to # phase. Although similar results were obtained for the
pharmaceutical substances the principle of cause and effect of this
phenomenon remains to be clarified [17,21,22,52]. Furthermore,
experimental investigations show that in case of e.g. flufenamic
acid or phenylbutazone no influence of process pressure on the
crystal phase was observed [18,19]. However, in case of PVDF one
can conclude that all pressure conditions led to similar results:

Fig. 5. XRD data of raw material, residue and RESS product (TE = 323 K,
pE = 10 MPa, T0 = 333 K, TN = 338 K, dN = 50 !m).

Table 2
Selected data obtained from SEC and DSC* analyses. The experiments were per-
formed at pE = 20 MPa, T0 = TE + 10 K, TN = T0 + 5 K, nozzle diameter dN = 50 !m and
varying extractor temperature TE.

Sample TE Mn Ð Tonset
a Tendset

a Xa

[K] [g mol−1] [K] [K] [%]

raw material 1500 1.40 304 436 54

residue 323 2400 1.15 373 438 75
RESS  323 1100 1.25 302 403 43

residue 313 2600 1.14 367 437 75
RESS  313 1200 1.26 291 411 43

a First heating run.

residue samples consist of " PVDF and the micronized particles
show # phase characteristics. For reasons of clarity, only the results
at pE = 10 MPa  are depicted in Fig. 5 to allow the comparison with
the results in Fig. 4 using pE = 20 MPa. XRD data of experiments at
pE = 12.5, 15 and pE = 17.5 MPa  are not shown.

3.2. Impact of extractor temperature TE

Supplementary to the pressure variation at TE = 323 K, addi-
tional experiments were performed at pE = 20 MPa  and an extractor
temperature of TE = 313 K and selected SEC and DSC  data are sum-
marized in Table 2.

Again, the dispersity of both, the residue and the RESS product
is significantly lower than of the raw material, which is caused by
the preferred extraction of the low molar mass fraction and thus
depletion of short polymer chains. The comparison of the results
obtained for TE = 313 K and 323 K shows a similar dispersity and
degree of crystallinity. Thus one can conclude that the crystal phase
of the polymer has not changed by the extraction temperature. The
comparison of the XRD pattern depicted in Figs. 4 and 6 confirms
the findings obtained from SEC and DSC analysis. However it should
be noted that earlier studies show, that varying the pre-expansion
pressure and temperature could change the crystal phase charac-
teristics of carbamazepine and tolbutamide [16,21].

3.3. Impact of inner nozzle diameter

Most previous experimental and theoretical RESS studies were
focused on the relationship between pre-expansion pressure and
temperature on shape, size and size distribution of the produced
particles [17,21,22,53]. Calculations performed by Helfgen et al.
show that increasing the inner nozzle diameter, at constant pre-
and post-expansion conditions, leads to smaller particles [54]. To
the best of our knowledge, the impact of different nozzle diame-
ters on crystal phase properties has not been addressed in detail

RESS can produce b phase of 
PVDF

Dissolution into SCCO2�
>> 50℃, 10 MPa

Nozzle diameter 
>>  50 µm

b
a
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Fig. 6. XRD data of raw material, residue and RESS product (TE = 313 K,
pE = 20 MPa, T0 = 323 K, TN = 328 K, dN = 50 !m).

Table 3
Selected data obtained from SEC and DSC* analyses. The experiments were per-
formed at TE = 323 K, pE = 20 MPa, T0 = 333 K, TN = 338 K, and varying nozzle diameter
dN.

Sample dN Mn Ð Tonset
a Tendset

a Xa

[!m] [g mol−1] [K] [K] [%]

raw material 1500 1.40 304 436 54

residue 75 2600 1.12 374 439 76
RESS 75 1300 1.29 296 431 48

residue 50 2400 1.15 373 438 75
RESS 50 1100 1.25 302 403 43

residue 35 2400 1.14 358 436 71
RESS 35 1100 1.20 277 383 42

a First heating run.

until to date. Therefore, a further objective of this work was  to
examine the effects of different inner nozzle diameters on the crys-
tal properties of the particles produced by RESS. In the present
study, RESS experiments were performed using capillary nozzles
with an inner diameter of 35 !m,  50 !m and 75 !m at TE = 323 K,
pE = 20 MPa, T0 = 333 K and TN = 338 K. Table 3 summarizes the cor-
responding SEC and DSC data.

The results obtained from SEC analysis confirm our former find-
ings [34,37]. Compared to the raw material, the molar mass of the
residue is increased but decreased for the RESS samples while the
dispersity of both, the residue and the RESS material, is obviously
reduced. Furthermore, increasing the nozzle diameter results in an
increase in dispersity of the RESS samples from 1.20 to 1.29.

For verification of the results obtained from SEC analyses, DSC
measurements were carried out. The DSC analysis of the residue
samples leads to a crystallinity that ranges from 71 to 76% that
is significant higher than that of the raw material (54%). In accor-
dance with the results obtained for the different process pressures
(cf. Table 1) the RESS samples show the lowest degree of crys-
tallinity ranging from 42 to 48%. Furthermore, the DSC results show
a narrow temperature range at higher melting temperatures that
corresponds with the higher average molar mass of the residue
material with low dispersity, while the RESS materials tend to an
earlier onset of melting which corresponds with a lower molar
mass. Similar findings have been reported by Tom et al. and by
Kim et al. for poly(l-lactic acid) [29,30].

Furthermore, it is worthy to notice that the degree of crys-
tallinity of the residue and of the RESS samples tends to increase
with rising nozzle diameter. A possible explanation of these finding
might be that increasing the nozzle diameter, at constant pro-
cess pressure and temperature, increases the CO2 mass flow rate
through the nozzle but decreases the residence time in the extrac-

Fig. 7. XRD data of raw material and RESS samples (TE = 323 K,
pE = 20 MPa, T0 = 333 K, TN = 338 K) produced with different nozzle diameters.

tor. As a consequence, the lower molecular weight fraction will be
dissolved preferred.

Further characterization by XRD was  carried out to verify
observations from the SEC and DSC results. Fig. 7 shows typical
diffractograms of the raw material and the RESS product and illus-
trates that, depending on the inner nozzle diameter, the samples
resent different diffraction pattern. While no phase transformation
can be detected for the residue samples (cf. Fig. 4), the XRD pattern
of the individual micronized samples differ significantly in parts.
Both, the sample obtained from the 35 !m and 50 !m nozzle, show
a distinctly and visibly peak that is typical for " phase but the sam-
ple obtained from the 75 !m nozzle shows XRD pattern similar
to the raw material. Thus, in case of the largest nozzle diameter no
phase transformation was  observed and this analysis indicates that
these RESS particles consist of the # phase.

Until now, the principle of cause and effect, which leads to such
results, is still not really understood. However, the observed influ-
ence of nozzle diameter on particle characteristics confirms former
assumptions that the phase transformation may be the result of
super-cooling due to high expansion rates [22,34,37]. In order to
achieve an improved understanding of the influence of the noz-
zle diameter, additional numerical modeling of the pure solvent
expansion was  performed. A more detailed description of the model
can be found in literature [53,54]. Choosing the experimental CO2
flow rate that results from the three nozzle geometries (dN = 35 !m,
50 !m,  75 !m)  during the RESS experiments leads to expansion
rates of 8.9·106 1/s, 6.3·106 1/s and 4.2·106 1/s and correspond-
ing cooling rates from 6.4·108 K/s, to 4.6·108 K/s and 3.1·108 K/s
in the initial stage of the supersonic free-jet. Thus, increasing the
nozzle diameter results in decreasing expansion and cooling rates.
The comparison with the results depicted in Fig. 7 shows that the
crystal phase transformation into the " phase occurs at the higher
expansion and cooling rates. Thus, this finding indicates that trans-
formation of the PVDF crystal phases during RESS is, among others,
influenced by the temperature conditions in the supersonic free-jet.
Nevertheless, additional and more detailed experimental and theo-
retical investigations of the influence of process conditions and the
corresponding cooling or expansion rates on phase transformation
during RESS is part of our current and ongoing research activities.

3.4. Impact of scCO2 treatment on PVDF properties

3.4.1. Impact of static scCO2 treatment without expansion
The experimental results discussed in chapter 3.1–3.3 showed

that the residue sample of all experiments exhibited higher average
molar mass and lower dispersity than the raw material. Since these
experiments were performed at constant test duration of 45 min,
additional experiments were performed in order to investigate the

Larger nozzle diameter
→ High PVDF crystallinity
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Q. 2-4
Give the mechanism why large nozzle diameter achieves the high 
PVDF crystallinity�


