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Phase Behavior and Particle Formation of Poly (1H,1H-

dihydrofluorooctyl Methacrylate) in Supercritical CO2

José G. Santoyo-Arreola,1 Rubén C. Vásquez-Medrano,1 Alberto Ruiz-Treviño,1

Gabriel Luna-Bárcenas,2 Isaac C. Sanchez,3 Ciro H. Ortiz-Estrada*1

The poly(1H,1H-dihydrofluorooctyl methacrylate) behavior in supercritical CO2 was

determined in relation to the emulsions formation phenomena in surfactants

including a CO2-philic chain and the particles formation process by RESS. The stability

conditions show an obvious influence of both the polymer molecular weight and the

CO2 density, which are in competence with the thermal effect. The results are

consistent with a LCST behavior in function of the molecular weight reaching the u
condition that converges for both the upper critical solution (UCSD) and the critical

flocculation density (CFD) for a colloidal system. By using Sanchez-Lacombe equation

of state, a solubility parameter is estimated and it confirms the affinity of the

fluorinated polymer with CO2, this in agreement with the literature information that

relates surface tension with cohesion energy. In the particles formation by RESS, it

was determined that concentration, saturation degree and nozzle diameter have a

direct influence on the particle morphology and size; meanwhile, temperature and

pre-expansion pressure are variables used to tune of saturation degree dependent

phase behavior. Results show that particles of 200–400 nm can be obtained when

1%wt polymer, homogeneous solution and 130 mm nozzle diameter are used. Under

those conditions, the nucleation process and the particles growth and size during

precipitation can be controlled; the mechanism is analyzed in relation to the phase

behavior.
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Introduction

In the last 20 years, the development of new

materials has motivated the use of super-

critical technology due to its characteristics

of operation conditions that allows one to

tune-in the required properties. Applica-

tions where the particle morphology and

size have a great significance in the product

quality include polymers synthesis and

processing, nanomaterials formation, bio-
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materials processing, and pharmaceutical

products encapsulation.[1–11] In most of

these processes, supercritical carbon diox-

ide (scCO2) is selected.

Supercritical CO2 is used due to its

ability to promptly vary its solvent strength

and, hence, the supersaturation and nuclea-

tion of dissolved compounds. This fact is an

essential feature for the particle formation

technology. An alternative for microparti-

cle formation that takes advantage of

supercritical fluid technology is the Rapid

Expansion of Supercritical Solutions

(RESS).[12,13] Here typically a polymer

(or other molecule) is dissolved in a

supercritical solvent, then the solution is

expanded to ambient pressure through a

nozzle of small (20–200 mm) diameter

causing a sudden decrease in the solvent

solubility and consequently the polymer
, Weinheim
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precipitation. This expansion takes place in

order of 10�5 s giving place to products with

unique morphologies such as microspheres

and fibers.[7,12–20] The most important

RESS characteristics are the possibility to

obtain a solvent-free product, and to

control the particle distribution, size, and

morphology by tuning the operation con-

ditions (temperature, pressure, concentra-

tion), the thermodynamic state of the

solution in the pre-expansion step (satura-

tion degree), and the nozzle geometry.

CO2 is a non-polar component with a

low solvent strength; it does not solubilize

many of the lipophilic or hydrophilic

compounds used in the pharmaceutical

and polymeric materials fields. Some

soluble ‘‘CO2-philic’’ compounds include

fluorinated polymers that have been used

in both microparticles formation by

RESS[14,17,18,21–23] and as surfactants in

colloidal dispersions studies, including

emulsion[24–35] and dispersion.[36–45]

An adequate selection of a surfactant for

dispersing components either lipophilic or

hydrophilic in CO2 is a technological

opportunity for development of microe-

mulsions, emulsions, and latexes that are

used in diverse industrial processes applica-

tions. Particularly, perfluorinated surfac-

tants are used to form water-in-scCO2

microemulsions for protein and ionic com-

pounds solvation.[25,46] In addition, nucleo-

philic displacement reactions leaded by

either emulsions or microemulsions have

shown greater reaction rates and yields

when compared with conventional reac-

tions in microemulsions of water in oil.[47,48]

At high enough CO2 densities, the

polymers can solvate and adopt an

extended chain conformation; in contrast,

at low densities and constant temperature,

the solvent molecules expand from the

monomer segment resulting in an increase

in the monomer–monomer interactions and

subsequently the chain collapses.[49–51]

The density in which a chain collapses

relates to the Upper Critical Solution

Density (UCSD)[50,51] that is analogous

to the LCST (Lower Critical Solution

Temperature). CO2’s compressibility
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
makes it possible to adjust its solvent

strength through temperature or pressure

changes in such a way that, above the

UCSD, the polymer remains soluble in CO2

at all proportions. When either the pressure

or the density decreases, the system

separates in two phases due to the differ-

ence between the polymer and the CO2 free

volume and compressibility. In colloidal

stabilization, a Critical Flocculation Den-

sity (CFD) is defined as the density where

the stabilizing chain collapses leading to

particle-particle flocculation and agglom-

eration.[50]

Previously the critical flocculation den-

sity (CFD), that is, the CO2 density below

which flocculation occurs, was determined

to coincide with the upper critical solution

density (UCSD) on the bulk phase diagram

for a binary system composed of a stabilizer

block and solvent.[35] Additionally, the

UCSD coincided with the coil–globule

transition density, where a single stabilizer

block collapses in the solvent.[50] The

predicted analogy between bulk phase

separation and colloid flocculation is useful

for designing surfactants for steric stabiliza-

tion, given the large data base for polymer

phase behavior.

Bulk polymer solubility knowledge is

necessary for the design of all the above

applications where separation using a super-

critical solvent is involved. The most

demanded applications are those that com-

prise particles formation that require a rapid

and reliable determination of the solubi-

lity.[7,14,16,17,20,21,23,52] It is equally important

in the study of surfactants to know the

solvation-flocculation limits related with the

bulk phase behavior and the CO2-philic

chain behavior.[24,20,30,35,43,53] The spirit of

this paper is to further the understanding of

bulk polymer behavior in scCO2 that will

shed light in phase behavior and stability of

both bulk and colloidal systems.

It is reported that the solubility of a

polymer in supercritical CO2 is related to

the surface tension of the pure polymer,[54]

which, in turn, is with the cohesion energy

density (CED). By using a solubility

parameter approach, the polymer-solvent
, Weinheim www.ms-journal.de
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interactions can be calculated from pure

component information.

CED is directly related to de solubility

parameter, d, a property widely used in

solubility estimations of several liquid

solutions. The connection between solubi-

lity parameters of two materials charac-

terizes the solubility effect between them.

The correlation between polymer-sol-

vent solubility parameters is ameasurement

of the solution compatibility that, related to

the Flory parameter, x, is equal to:[55]

x ¼ vs
RT

dS � dPð Þ2 (1)

where S is the solvent and P is the polymer.

The solubility parameter of the CO2 is

adjusted to 80%, taking into account that its

quadrupole-quadrupole interactionsare20%

of itssolubilityparameter.[55]Thequadrupole

moment has a greater influence over the

interactionsbetweentwoCO2molecules than

between CO2-polymer molecules.

A criterion for defining a good solvent

for a given polymer is that the solvent-

polymer solubility parameters be similar,

i.e. x approximating zero. When increasing

the difference between parameters, the

solution is expected to be unstable, result-

ing in an incompatible mixture and, hence,

solution immiscibility. Even though Flory-

Huggins equation does not give an exact

description thermodynamic properties of

the real polymeric solutions, it is a relatively

simple theory that includes many of the

essential characteristics of the macromole-

cules behavior in solution as is well

documented in the literature.

Theoretically, CED can be determined

from, say Sanchez-Lacombe Model[56–58]

(S-L), calculated from the characteristic

S-L parameters:

CED ¼ P�~r2 (2)

and from the solubility parameter,

d ¼
ffiffiffiffiffiffiffiffiffiffiffi

CED
p

¼ ~r
ffiffiffiffiffiffi

P�
p

(3)

The S-L characteristic parameters can

obtained for polymers from PvT data over a

wide temperature and pressure ranges.
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Fluorinated polymers exhibit the lowest

surface tension among most commercial

polymers and it is expected that its

solubility parameter is close to that of

scCO2. In this work, our objective is to

study poly(1H,1H-perfloroctyl methacry-

late) (PFOMA), as a ‘‘CO2 -philic’’ mole-

cule, to determine bulk phase behavior

(LCST and UCSD) in scCO2. Additionally,

the bulk phase behavior is exploited for

particle formation design in scCO2 by the

RESS process. Our study focuses on the

effect of solution concentration, operating

temperature, saturation degree and nozzle

diameter for particle size and morphology

control. The above studies will help further

the understanding of colloidal stability in

scCO2.
Experimental Part

Solutions of PFOMA with molecular

weights ranging from 5.6 KDa to 110

KDa were prepared in scCO2 at different

temperatures and pressures. The experi-

mental determination of the cloud point

was determined by turbidimetry as

described elsewhere.[34,59] The studied con-

ditions (in equilibrium as well as in the

RESS pre-expansion) were: 30–60 8C, 7–25
MPa, and 1–20% polymer weight. RESS’s

expansion nozzle diameters vary from 130–

794 mm.

Taking into account the results of the

phase behavior, the pre-expansion pressure

was adjusted in such way that the solutions

were in one of the following saturation

degrees: homogeneous, saturated or super-

saturated. The post-expansion conditions

were those of the ambient (23–25 8C and

0.07 MPa).

Materials

The PFOMA was synthesized by atomic

transfer radical polimerization (ATRP).[60]

The carbon dioxide purity was 99.9%

weight (grade 3) and it was purchased from

Air Products, Mexico.

The chemical structure of the polymer

is presented in Figure 1. The structural unit
, Weinheim www.ms-journal.de



Figure 1.

Chemical structure of poly(1H,1H-dihydrofluorooctyl Methacrylate).
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is similar to the poly(methyl metha acry-

late) but instead of the methyl group it has

an eight carbon chain with all the carbon

atoms, except the first, saturated with

fluorine.

PvT Data

The polymer’s specific volume was mea-

sured with a PvT equipment (Gnomix

Research).[61] The PvT data were deter-

mined in a temperature range of 30–200 8C
with 10–208 steps and a 10–200 MPa

pressure span.

Phase Behavior Measurement

The device used consists of a high-pressure

cell, a temperature and pressure control,

and an in-line spectrophotometer. Figure 2

shows the experimental apparatus.

The cell is a 316 SS cylinder with two

lateral and one frontal holes where sap-

phire glasses are attached to allow the

passage of a light beam through the lateral

windows and direct visual observation on
Figure 2.

Schematic diagram of the device for cloud point determ

Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
the frontal one. The temperature control

was attained (�1 8C) with a thermo-circu-

lator (Cole-Palmer) that had a thermostat.

The pressure control was done with a high-

pressure piston generator (HIPR) and a

transductor (SensotecR). Pressure is mon-

itored throughout all experiments. The

system for measuring the solution cloud

point and turbidity consists of a light lamp

(Ocean OpticsR) and a computer-coupled

spectrometer (Ocean OpticsR).

The pressure was held high enough to

assure that PFOMA-scCO2 system remain

in solution. Subsequently, the pressure

was gradually reduced stepwise to reach

equilibrium at each pressure. The solution

was typically left stand for a period of

35–45 min, then the transmittance was

recorded. Pressure was slightly raised and

then slowly reduced to the target pressure

to assure repeatability (�0.15 MPa). A

minimum of two transmittance readings

were recorded at each pressure. These

gradual pressure reduction/increase
ination by turbidimetry.

, Weinheim www.ms-journal.de



Figure 3.

Determination of cloud point at 110k, 30 8C and 20% wt. PFOMA.
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continued until the solution became opa-

que (0%T). A cloud point pressure (Pcp) is

defined as the system’s pressure where the

transmittance is 90% of the initial one

(homogeneous solution). A typical cloud

point curve is shown in Figure 3 for a

20 wt% PFOMA in scCO2 solution

(PFOMA mol. wt., 110 KDa) at 30 8C.

Particle Size Determination by RESS

The equipment used was adapted from the

one employed in the equilibrium measure-

ments (Figure 4). The system configuration
Figure 4.

Schematic diagram of the device empolyed for particle

Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
comprises a solubilization and expantion

unit.

The solubilization unit is the high-

pressure cell described previously for

the solubility determination. The unit

comprises chromatographic capillaries

(AgilentR) with different internal dia-

meters, an expansion valve and a container

to collect the particles after the expansion.

Thetwounitsareconnectedfromthehigh-

pressurecellfrontalcaptothevalvethatholds

the capillary. A heating tape is employed to

keep the temperature constant from the cell
s obtention by RESS.

, Weinheim www.ms-journal.de



Figure 5.

PvT diagram of PFOMA (MW¼ 110 KDa).
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to the expansion device. The sample particle

was collected for SEM imaging (Phillips

ESEM). SEM analysis includes particle size

measurement with the built-in imaging soft-

ware. A minimum of 100 particles were

measured to within �10%.

With the purpose of manipulating the

pre-expansion conditions at a given fixed

temperature, the experimental phase beha-

vior, as determined above, helps designing

precipitation pathways. This way allows

manipulating solely the pressure to induce

precipitation and particle formation.

Three saturation degrees (S¼Ppre-exp/

Pcp) were studied:
1. h
Tab
Cha

MW

60
110
60
110

Cop
omogeneous, system’s pressure above

Pcp (S> 1),
2. s
aturated, pressure close to Pcp (S� 1),

and
le 1.
racteristic parameters of the Sanchez-Lacombe equ

, k Ndat Intervale

T, 8C P, MPa

240 30–200 10–200
240
100 30–70 10–200
100
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3. s
upersaturated, under the saturation

pressure (S< 1).

Results and Discussion

PvT Measurements

PFOMA (110 KDa) PvT data are included

in the Figure 5 (PvT data for other

molecular weight PFOMA samples were

also determined). PvT measurements for

PFOMAof 60KDa and 110KDawere used

to adjust the characteristic parameters of

the Sanchez-Lacombe (S-L) equation, and

are shown in Table 1.

Notice that the S-L parameters results

are similar among the different molecular

weights for both the entire data and the

interest region (low temperature); there-

fore, a significant effect of the variation of

molecular weight was not observed.
ation adjusted with the PFMOA PvT data.

P�, MPa T�, K r�, kg/m3

348.1 566.69 1656.28
345.8 540.01 1676.98
348.2 534.21 1670.47
340.8 542.73 1659.09

, Weinheim www.ms-journal.de



Table 2.
Solubility parameters for PFOMA, PFOA, PMMA and
CO2, estimated by the S-L equation.

Polymer d(MPa)1/2

PFOMA
60 k 17.1
110 k 16.9

Mean 17.0
PFOA 18.0
PMMA 21.3
CO2 12.3�

�at 30 8C and 12.2 MPa.
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Table 2 shows the comparison of d for

both PFMOA, the poly(1,1–dihydrofluor-

ooctyl acrylate) (PFOA), the poly(methyl

acrylate) (PMMA) and the CO2.

The dCO2 value obtained here was

consistent with the previously reported

value for the same conditions[62]

(15.3 MPa1/2). If we take into account that,

as mentioned before, there is an extra 20%

attributed to the scCO2 quadrupole

moment, the contribution from dispersion

would be 12.2 MPa1/2, which is close to our

prediction. For the dPMMA, it is reported an

experimental value of 22.1MPa1/2 [63] which

also is consistent with the S-L prediction.

It is noteworthy from Table 2 that

PFOMA has the closest d value to those
Figure 6.

Cloud point diagram at different temperatures for mol

Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
of scCO2 (30 8C, 12.2 MPa) followed by

PFOA indicating that both fluorinated

polymers should be soluble in scCO2 the

phase behavior should be very similar.[61]

On the other hand, the larger difference of

d’s scCO2 with respect to PMMA indicates

that a mixture is immiscible.

It has been reported that polymers with

smaller surface tension are more soluble in

CO2, due to the small polarizability of the

latter that causes its dispersion contribu-

tion to CED to be lower.[54] Fluorinated

polymers exhibit the lowest surface ten-

sion of most commercial polymers. For

example, at 20 8C the surface tension of

poly(1,1-dihidrodecafluoooctyl acrylate) is

10 mN/m, of the poly(1,2-dihidrohepta-

fluorobutyl arylate) is 15 mN/m and of the

PMMA is 41.1 mN/m.[54] This experimen-

tal observation correlates well with the

solubility parameter approach describe

above.

PFOMA-CO2 Phase Behavior

Figure 6 shows the pressure versus polymer

concentration behavior of 5.6 KDa and 110

KDa for PFOMA in scCO2. At all con-

centrations and temperatures, the cloud

point pressure decreases with a decrease on
ecular weights of 5.6 and 110 k.

, Weinheim www.ms-journal.de



Figure 7.

LCST curve of PFOMA and PFOA in supercritical CO2 ate the u point. The pointed line indicates the vapor pressure

curve of pure CO2 at the critical point.
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the polymer molecular weight, meaning

that the polymer solubility increases on

decreasing its molecular weight, as detailed

in Figure 6.

Note that for concentrations above

5 wt.% the Pcp does not vary significantly.

However, a maximum Pcp is close to

15 wt%. This condition defines the LCST

of the solution. Extrapolations were per-

formed to infinite molecular weight to

determine the u point of the solution for

both PFOMA and PFOA.[61]

Figure 7 shows the LCST curves of

PFOMA and PFOA[61] in a region close to

the CO2 critical point.
[14,17,21,61] Notice that

PFOA solutions require greater pressures

than those of PFOMA to form a homo-

geneous solution; this is because PFOMA is

well solvated by CO2 at lower T,P,x

conditions as predicted by their solubility

parameters (see Table 2).

The corresponding density of the LCST

point is called the upper-critical solution

density (UCSD). At the UCSD, phase

separation between the polymer chains

and solvent is observed, and this entropi-

cally driven phenomenon is analogous to

the lower critical solution temperature. In a
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
colloidal system, the critical flocculation

density (CFD) is the CO2 density below

which flocculation occurs. It was previously

determined that the CFD coincides with the

upper critical solution density (UCSD) on

the bulk phase diagram for a binary system

composed of a stabilizer block and sol-

vent.[35,50] This simple and elegant analogy

has been proven useful in colloidal stability

and nanoparticle formation.[34,35,64]

Figure 8 shows a comparison of the

bulk UCSD (this study) behavior and

those of Dickson, et al.[35] for a colloidal

CFD behavior. CFD decreases when the

temperature increases implying that lower

CO2 densities are required to stabilize the

emulsion, this is consistent with the bulk

results (UCSD). Nevertheless, the emul-

sion stability at lower densities was

obtained at high molecular weights that

are close to the u density (Figure 8)

where the CFD tends to approximate to

the UCSD at higher molecular weights.

This is due to the fact that long chains

stabilize more rapidly the micelle inter-

actions between its hydrophilic and CO2-

philic portions, requiring larger PFOMA

chain.
, Weinheim www.ms-journal.de



Figure 8.

Behavior of CFD[35] and UCSD of PFOMA at different molecular weights in comparison with density.
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Particles Formation by RESS

The particle morphology and diameter

were analyzed in function of: concentra-

tion, temperature, nozzle diameter and

saturation degree.

Concentration

Concentration had a significant effect in

particle morphology and diameter as shown

in Figure 9. At a 20% concentration, the

particles were completely amorphous and

larger than 5 mmwith a wide distribution of

sizes. On the other hand, at 5% and 1%

concentrations, the particles were smaller

than2mmwithasphericalmorphologiesand

a narrow size distribution. In the present

study, only solutions with 1% and 5%

concentrations were investigated due to

theirmoreinterestingcharacteristics.Notice

that the particles with smaller size were

obtainedat1%concentrations.It isobserved

that the concentration affects from a direct

way to the morphology, being obtained

amorphous particles and of great size to

high concentration and defined and smaller

spherical particles to low concentration.

Temperature

Table 3 displays the fact that temperature

has not much influence on the particle
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
diameter and morphology. For 5% solu-

tions, it was detected that there is a light

trend of diminishing the particle diameter

when increasing the temperature at a

constant nozzle size, the particles diameter

were between 0.4–0.8 mm with regular

spherical morphologies. The same effect

was noticed at a 1% concentration having

also well defined spherical particles but

smaller sizes (0.3–0.6 mm).

The results indicate that one doesn’t

have a significant effect of the conditions of

pre-expansion temperature (in conse-

quence the pressure) on the morphology

and size of the particle.
Nozzle Diameter

The nozzle diameter influences strongly in

the size of independent particle to the

temperature-pressure, considering that the

solution is to PFOMA concentration of 1

and 5% and in homogeneous state.

Figure 10 presents SEM results at different

nozzle diameters and a 1% concentration.

The difference in size is significant as the

nozzle diameter increases.

For a nozzle diameter of 794 mm, the

average particle size was 0.9 mm; for

250–500 mm, the particles were between
, Weinheim www.ms-journal.de



Figure 9.

Effect of the concentration. Homogeneous solution before the expansion.
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0.4–0.6mm; and for 130–180mm, 0.2–0.4mm.

Here, nanometric materials were obtained.

The same behavior was true for the 5%
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
solution. Figure 11 shows the trend that the

particle size follows with the variation of the

nozzle diameter for both concentrations.
, Weinheim www.ms-journal.de



Table 3.
Effect of temperature in PFOMA particle size. Pre-expansion condition: homogeneous solution.

T, 8C %PFOMA di, mm dp, mm Particle
morphology

40 5 500 0.8 Globular and ovoid
60 0.7 Globular and ovoid.
40 130 0.5 Globular
60 0.4 Globular
40 1 500 0.5 Globular
60 0.6 Globular,
40 130 0.4 Globular
60 0.3 Globular

� di, nozzle diameter; dp, average particle diameter.
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Saturation Degree

One of the variables that shows a direct

dependence to the size and morphology

of the precipitate one is the saturation

degree.[17,65] The proposed saturation

degree was established in terms of the ratio

of the pre-expansion pressure to the cloud

point pressure (S¼P/Psat) at the operation

temperature. For S> 1.05, the solution

is considered homogeneous; for

1.05> S> 0.95, saturated; and for 0.95> S

supersaturated. This criterion was defined

with basis on the binodal-spinodal behavior

observed in the turbidimetry results when

the phase behavior study was done.[59]

In the SEM results shown in Figure 13,

it is revealed a significant change in the

particle size when varying the saturation

degree. In general, when employing homo-

geneous solutions, particles with sizes

under one micra and up to 0.4 mm and a

narrow size distribution are obtained. In

contrast, particles with a 1–5 mm size range

are obtained with saturated solutions. For

supersaturated solutions, few spherical

and small particles were obtained, actually

amorphous particles with an average 15 mm

size predominated.

Figure 13 the tendency of the particle

diameter is presented with the saturation

grade, S. Notices that in the saturation area

an abrupt change is presented in the

behavior of the particle size due to the

existence of the nucleation stage that is

sensitive to the process of transition of

phase of the stable state (going by the curve

binodal) to the unstable one (spinodal).

This has been observed in this study from
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
the turbidimetry that will be analyzed

later on.

In Figure 13 it is seen that small particles

were obtained at S values above 1.3,

establishes a limit for obtain micro-parti-

cles, reason why the pre-expansion pressure

needs not to be further increased, avoiding

a greater energetical effort.
Final Analysis

Concentration

The results obtained show an important

effect of concentration on the particles

morphology and size. This is consistent with

literature where it is described that a

decrease in concentration goes together

with a reduction in the particle size and

morphology changes.[14,15,21,65,66] Mawson

et al.[14] studied the effect of concentration

on particles size, recognizing that a con-

centration increase from 0.5 to 2% in the

solution makes the particles size larger.

Aniedobe y Thies[15] described that, for

concentrations greater than 1%, agglomer-

ated powders were obtained; for 15%

concentrations, the morphology consisted

of continuous fibers, with few micro-

particles observed. Chernyak et al.[21] con-

cluded that increasing the concentration

gives as a result an increase in the average

particle size. Lele y Shine[65] pointed out

that the changes in concentration affect the

precipitate morphology since at a 0.263%

concentration large fibers were obtained

while a 0.08% solution resulted in fie

powders. Tom y Debenedetti[66] estab-
, Weinheim www.ms-journal.de



Figure 10.

Effect of the nozzle diameter to 1% concentration and 40 8C.
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lished that, for concentrated solutions, the

precipitate consisted in crystal needles of

regular size with 10–120 mm; for diluted

solutions the precipitate was disposed with

both spherical and irregular particles of

4–10 mm sizes.

Concentration is related with the nuclea-

tion and particle growth phenomena.When

an expansion at high concentration is

performed, large volumes of polymer-rich

phase are obtained, which favors the

coalescence of particles nuclei during the

solvent evaporation stage and, conse-
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
quently, an increase in particles size. At

low concentrations, the polymer-rich phase

is isolated from the solvent-rich phase;

therefore, the density of nucleating parti-

cles is small, preventing an effective

coalescence and limiting the particles

growth so small sizes and spherical struc-

tures are developed in the expansion-

evaporation stage.[17]

Temperature

The difference between pre-expansion and

equilibrium temperatures at the same
, Weinheim www.ms-journal.de



Figure 11.

Tendency in the effect of nozzle diameter on the size. The square points correspond to data to 5%, the circles to

1%.

Figure 12.

SEM results to 1% concentration for different saturation grades, S.
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Figure 13.

Tendency in the particle size in relation to the saturation degree.
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pressure and solution composition gives us

a relative scale to induce phase separation.

For systems with a LCST behavior, we have

that, when the pre-expansion temperature

is higher than the equilibrium one, the

separation is thermally induced and the

solution enters the nozzle as a mixture of

two phases, this gives the solute more time

to grow and form large particles by

expantion.[67] On the other hand, the size

of small diameter precipitates is generated

when the pre-expantion temperature is

below the equilibrium temperature, which

causes the phase separation to occur from a

homogeneous solution. In particular, Maw-

son et al.[14] showed that the pre-expansion

temperature decreasing below the cloud

point temperature directly leads to the

precipitate particles size diminishment. In a

similar way, Lele y Shine[65] reported a

change in morphology from super-micro-

scopic fibers to sub-microscopic particles

when reducing the pre-expansion tempera-

ture. Debenedetti et al.[13] indicated that,

theoreticaly, lowering the pre-expansion

temperature under ideal conditions pro-

motes the creation of small particles;

nevertheless, in some studies it was found

that an increase in the particle size[21] or in
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
the pre-expansion temperature results in a

decrease in particles size.[68]

Even when the temperature and pres-

sure are variables that modify the char-

acteristics of the precipitate due mainly to

the saturation degree control and its

influence in the equilibrium condition or

phase stability by concentration, these do

not contribute appreciably on the particles

size and morphology by themselves but

through the mentioned conditions. It has

been shown that small changes in the pre-

expansion pressure don’t affect the the

precipitate characteristics.[16,69] Alessi el

al.[70] realized changes in the saturation

pressure from 130 to 150 bar and they found

that the particles size was reduced from 7.5

to 6 mm. Blasig et al.[17] pointed out that the

change in pressure and temperature with-

out variation in the saturation degree or

solution condition does not have any effect

on the morphology or size of the product.

Nozzle Design

Among the various factors that influence

the precipitate morphology, it is believed

that the nozzle design is of great impor-

tance. In the majority of experiments, the

supercritical solution flows through a per-
, Weinheim www.ms-journal.de
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forated hole[14,69] or a capillary tube.[65,67]

The general tendency seems to indicate that

the precipitate morphology depends more

on the longitude to diameter ratio (L/D)

and the nozzle diameter. Chernyak et al.[21]

found that with a L/D of 165 bigger

particles are obtained than with a L/D of

73, both with a 150 mm capillary. Alessi

et al.[70] employed nozzles with L/D values

in the range of 6–20 and diameters of 30 and

100 mm and determinate that the average

particle size for both diamaters were 4.1

and 7.5 mm respectively, showing the effect

of reducing the nozzle diameter in the

particle size. Charoenchaitrakool et al.[16]

observed that varying the capillary long-

itude from 1 to 2 cm with a constant

nozzle diameter of 50 mm does not have a

significant effect on the product size. In our

case it is observed a similar tendency of

reducing the particle size when decreasing

the nozzle diameter, having obtained

particles that decrease in size (clearly

following this tendency) from 2 mm to

200 nm (nanometric scale).

Saturation Degree

One of the variables that have a direct

influence on the precipitate characteristics

is the saturation degree of a solution during

the pre-expansion stage. Blasig et al.[17]

determinated that the saturation degree has

a significant effect on the final product

morphology, they defined the saturation

degree as the ratio of the pre-expansion

concentration to the equilibrium concen-

tration at the same temperature and

pressure of the pre-expansion zone. At

insaturated conditions, particles size in the

submicron range are obtained while at

saturated conditions the size lays in the

micron range and with supersaturated

solutions the particles size is increased.

Lele y Shine[65] related the saturation

degreewith the reductionof solutiondensity

or the time scale required for the phases

separation in solutions that have LCST

behavior. The particles formation depends

on thepath followedon thecrosspoint of the

cloud points curve. In fact, they observed

that when the pre-expansion conditions are
Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
above thecloudpoint (homogeneousphase)

the particles obtained are 0.2 to 0.6 mm in

size because there is not enough time for

growth and deformation since the cross

point in the cloud point curve is right in the

nozzle exit. Thewhole process occurs in a 10

second time scale. In general, for a solution

with LCST behavior, a decrease in pressure,

increase on temperature or increase in

concentration can cause a cross point in

the equilibrium curve within the pre-expan-

sion region, changing the saturation degree

and the residence time of the solution in the

nozzle.

Mechanism

The saturation degree indicates us the type

of morphology that is expected with basis

in the path of the RESS process chosen.

Cherniyak et al.[21] discuss the particle

formation process basing on the nucleation

and growth theory. From the thermody-

namic point of view, the nozzle expansion is

a transfer process of the polymer/solvent

system from one to two phases, going

through the states originated by the simul-

taneous falls of pressure and temperature.

These falls are due to the expansion from

the cross point of the binodal curve to the

metastable region of the spinodal curve

where the solution reaches supersaturation

and, hence, starts the process of nucleation

where finally reaches the two phases region.

Huang and Moriyoshi[19] proposed a

possible micronization mechanism in rela-

tion to a special nozzle design. They

indicated that the particle formation befins

with its nucleation and growth in the nozzle

with a subsequent expansion of the solution

and a breakage that generates fine drops

and secondary evaporation to finally lead to

the sub-micrometric particles creation.

A similar mechanism has been discussed

by Weber y Thies[71] who propose a

nucleation-condensation-coagulation

model pointing toward particles being

shaped due to an abrupt increase in super-

saturation during expansion followed by

growth caused by coagulation in the nozzle

outlet as a result of several mechanisms.

They demonstrate that the typical time that
, Weinheim www.ms-journal.de
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the particles take to growth from 10 nm to

micrometric levels fluctuates from 10 to

hundreds of seconds if the growth is

attributable to coagulation due to Brow-

nian motion.

With the aim of analyzing the mechan-

ism of nucleation previous to expansion due
Figure 14.

Behavior in the growth of the particle of the dispers

Thermodynamic outline.

Copyright � 2009 Wiley-VCH Verlag GmbH & Co. KGaA
to the supersaturation of the solution by

pressure reduction, the growth of particles

in the polymer-rich phase was determined

by turbidimetry whilst measuring the cloud

point.[59] By turbidimetry (see experimen-

tal section), there were generated the

transmittance spectra during the pressure
ed phase during the PIPS process of the solution.
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reduction tests and, via Mie’s theory,[34,59]

the particle diameter obtained by the

presence of two phases was estimated.

Here, the dispersed phase consists in the

PFOMA particles precipitating in the bulk

solution originating from high pressures

and a homogeneous (one phase) solution.

Figure 14(a) shows the particle growth

dynamics during decompression (PIPS), it

is observed a curve with a light slope change

from a homogeneous phase (high pressure)

without precipitation to the growth of the

dispersed phase (low pressure). Notice that

in the pressure reduction stage the particles

diameter was in the 2–20 nm range with an

exponential growth where the total turbid-

ity is reached and the particle size is larger.

This phenomenon represents the nuclea-

tion process before the particles enter the

nozzle during the expansion in the RESS

process in the phase change path domi-

nated by thermodynamics in the transition

of the stable-metastable-supersaturation

states.[72]

In our case, we are proposing that the

spinodal point is denoted by the slope

change during the particles growth that is

where the system is unstable (see

Figure 14b). These results show that the

nucleation phase happens in the bulk

solution and that the growth dynamics

are completely dependent on the nozzle

geometry in the coagulation and evapora-

tion phase.
Conclusions

Knowledge of phase behavior in a polymer-

CO2 solution used as surfactant media for

emulsions development is very relevant to

understand the micelle conformation and

its stability conditions as well as the

dynamics of the particles formation process

by RESS.

PFOMA-CO2SC equilibrium experi-

mental measurements shows the influence

of the molecular weight of the polymer in

the behavior LCST to the u point. The

effect of the CO2 density in competition

with the thermal effect. It is observed that
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the CFD approaches to the UCSD when

the molecular weight of the PFOMA is

increased converging in the u density,

because long chains stabilize the interac-

tions of the micelle more quickly between

the part hydrophilic and CO2-philic chain.

The effect of solubility of the PFOMA in

CO2SC by solubility parameter estimate

with S-L equation agreement sample with

the experimental results, that it is an useful

tool in the study of the polymer compat-

ibility in CO2SC.

It has been shown that it is possible to

obtain PFOMA nanoparticles of 200–

400 nm by RESS. Controlling the pre-

expansion conditions with the saturation

degreeof thehomogeneoussolution,diluted

concentrations (1%weight of PFOMA)and

nozzle diameter of 130 mm.

The most influencing variables in parti-

cles morphology and size are: concentra-

tion, saturation degree and nozzle dia-

meter. Temperature and pressure do not

have a direct influence on the particles

formation but are only used to tune the

conditions by concentration and saturation

degree that are determinate by phase

behavior.

The nucleation mechanism as a first

stage in the particles formation dynamics is

observed to happen because of thermo-

dynamic effects in the transition from the

homogeneous phase towards the binodal

curve, spinodal to supersaturation. The

particle size during the expansion phenom-

ena initially reaches 2–20 nmmagnitudes in

the binodal-spinodal region. Subsequently,

particles grow to larger magnitudes due to

supersaturation with the nucleation taking

place before the particles exit the nozzle.
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