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ABSTRACT: The dispersion polymerization of vinylidene fluoride in supercritical carbon dioxide is investigated
using two ammonium carboxylate perfluoropolyether stabilizers of different molecular weights. Under suitable
operating conditions a polymer made of well-dispersed spherical particles has been obtained up to relatively high
conversion. The experimental data of polymerization rate and molecular weight distribution are in good agreement
with the predictions of a model previously developed. Such an agreement supports the conclusion that the
polymerization kinetics is dominated by the interphase transport of the active radicals between the continuous
phase and the polymer particles.

1. Introduction izer. The scanning electron microscopy (SEM) pictures of the
|ncreasing concern for the negative environmental impact of PVDF produced in these eXperimentS indicate that this stabilizer
volatile organic compounds and organic-containing aqueous S not particularly effective for this specific polymerization
wastes produced by conventional polymerization of unsaturatedsystem. Only a limited improvement of the polymer particle
monomers has induced a search for alternative polymerizationmorphology is in fact observed with respect to the case of
media. The use of supercritical carbon dioxide (se0@pre- precipitation polymerization. The same group investigated also
sents probably the most attractive one. Many research groupsthe performance of a fluorinated graft maleic anhydride
reported in fact the successful polymerization of a number of copolymer stabilizet? Although a polymer with better mor-
vinyl monomers in scC@during the past decade3 and DuPont ~ Phology was obtained, the particles appeared to be strongly
recently introduced the first commercial fluoropolymers manu- attached to each other and even partly interfused. Moreover,
factured in scC@* this stabilizer seems to be effective only at low monomer
Vinylidene fluoride (VDF) has been successfully polymerized conversion ¢15%).
in scCQ in the absence of stabilizers (i.e., by precipitation poly- Recently, it has been shown that effective stabilization at high
merization) both in continuo®<? as well as in batch reactotd® monomer conversions can be obtained using ammonium car-
In these experiments, the polymer has been obtained in the formboxylate perfluoropolyether stabilize¥sUsing these compounds
of a white powder made of irregular, unshaped particles with and suitable experimental conditions, PVDF was obtained at
broad size distribution. The microstructure of the PVDF pro- high rates with yields higher than 60% in the form of
duced in scC@has been reported to exhibit anomalous charac- microspheres.

teristics. In particular, bimodal molecular weight distributions Besides its obvious interest due to the efficiency of the
(MWDs) have been observed under certain reaction conditions. reaction and the characteristics of the final product, this process
These findings, not fully consistent with previous models of provides new insights into the kinetics of heterogeneous
heterogeneous polymerization in sc&Ohave been recently  supercritical polymerization due to the particularly large inter-
explained in terms of interphase transport of active polymer phase surface areas achieved. Mueller &2 lentified in fact
chains’® the interphase transport of radical chains to be the key process
The use of efficient surface-active agents improves signifi- responsible for the occurrence of bimodal MWDs in PVDF
cantly the quality of the final polymer by preventing particle produced by precipitation polymerization in sc€@ccording
coagulation and leading to the formation of a dispersed systemto the mechanism proposed in that work, a significant increase
with a large interface surface and particles with regular of the interphase surface area (which is definitely the case when
morphology. Under these conditions, several advantages aremoving from precipitation polymerization to a stable dispersion
obtained such as faster polymerization rate, less reactor foulingpolymerization with well-defined micron-sized particles) would
(which is particularly important in the case of continuous affect the shape of the MWD of the produced polymer, possibly
processes), and narrower MWD. suppressing its peculiar bimodality. Thus, in addition to devel-
Tai et al'? polymerized VDF in scC® using poly(di- oping an efficient stabilization system for VDF polymerized in
methylsiloxane) macromonomer (PDMS-mMA) as stabil- scCQ, the aim of this work is to combine experimental data and
o wh § hould be add 4 Email ~ model simulations for two specific stabilizers so as to check the
*To whom correspondence shou e aadressed. =-mall: massimo. i ili 1 i H
morbidelli@chem.ethzr.)ch.Telephomel-l-6323034. Faxi 41-1-6321082.  'ehability of the proposed reaction mechanism together with

t Actual address: DuPont Engineering Research and Technology (DuET) the possibility of controlling the presence of a bimodality in
Experimental Station, P.O. Box 80249, Wilmington, DE 19880-0249. the MWD.
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Table 1. Ammonium Carboxylate Perfluoropolyether Stabilizers
Used in This Work

Muw n
stabilize? code [gmol~] range

Cl—(CRCF(CR)0),CR,COO NH4t FLK 7850A 500 24
FLK 7004A 1000 2-6

2. Experimental Section

2.1. Materials. Vinylidene fluoride monomer was kindly donated
by Solvay Solexis (Bollate, Italy), COwas from Air Liquide,
99.998% pure. Both chemicals were used without further purifica-
tion. The DEPDC initiator was synthesized according to a procedure
described in the literatute by using water as the solvent and
extracting the peroxydicarbonate into Freon 113 (HPLC grade). The
concentration of active peroxide in the solution was determined
by iodine titration technique, ASTM method E 2981. All

manipulations of the initiator solution were performed 400 and . . . . S
the final product was stored under dark-s22 °C. Two perfluo- series separation module equipped with refractive index as well as
. UV detectors was used at 48, flow rate of 0.7 mL min?, and

ropolyether salts, with different molecular weights, have been tested .. tod | | £ 78 The bench of col d
as stabilizers and supplied by Solvay Solexis. Their structures are'Niected sample volume of 78L. The bench of columns was made

reported in Table 1, where the correspondence with their (:onven-lc;f tlwo Hel\_/vlgtt-Ptac!(ardé‘zl}PLgel m'X?d'C ty_ﬁ’_f] COIUTHS land OF‘eht
tional code is also given. All of them have a water content ranging ' 'Y Mer Laboratories JIgorore column. The€ molecufar weigr
between 1 and 2% w/w. Prior to utilization, the stabilizers were analysis was based on the universal calibration proce_dure, using
dried under vacuum for one night at 5 to decrease the water polystyrene (PS) narrow standards (Polymer Laboratories) and the

: : ; following values of the Mark Houwink constantsK = 1.3 x 10~
;gnrt:gé.ivgl(ljother chemicals were obtained from Aldrich and used dL g% a = 0.69 for PS® K = 4.5 x 104 dL g1, a = 0.70 for
" 19
2.2. Apparatus. Polymerization experiments were carried out PVDF.

: . - Particle morphologies were analyzed with a Philips scanning
in an AlSI 316 fixed-volume (ca. 26 cinbatch reactor, equipped . .

with pressure transducer and Pt 100 temperature sensor. ThefleCiankm'uosioz%%(iE_I_'Y'])' Sarpplles.werée. stplgtt(te.r-coaltfg[\)mth gold
reaction mixture was stirred by a magnetic bar, and the reactor 0 athickness o - The particle size distributions ( s) were

was logged to the automated temperature control system describecfgv""l.u""ted by measuring the d'amEtasof at '?aSt 10.0 individual
elsewherd$ particles through a software for image analysis of micrographs, then

2.3. Polymerization Procedure.The dried surfactant and the number-average particle sizB, and polydispersityD./Dy were

initiator, the latter in the form of a liquid solution in Freon 113, determined as detailed elsewhéfe.

were first charged in the reactor. The vessel was then purged by : ;

controlled flow rate of C@maintained for at least 20 min to remove a3 Results and Discussion

oxygen and volatile Freon. After sealing the reactor, liquid VDF  The precipitation polymerization of VDF in scG@roduces

and CQ were added at room temperature by using two different a polymer in the form of a white powder. Its morphology is
ISCO syringe pumps. The total amounts of solvent and monomer characterized by irregular particles of different shapes and sizes.
introduced were measured by weighing the vessel using anfgigyre 1 shows a typical SEM picture of such a powtliris
electronic balance (Sartorius, max 8 kg, precision 0.01 g). When seen that particle diameters much larger than &0 are

the desired value of nominal density of the polymerization mixture obtained. Better-defined particles have been achieved when

was reached (estimated as the ratio of the total mass gfeD@ . .
VDF to the reactor volume), the vessel was inserted in the control POlYMerizing VDF in the presence of PDMS-mMA or a

system and heated to the reaction temperature@@0while the ~ fluorinated graft stabilizer (cf. SEM pictures in refs 12, 13).
acquisition of temperaturd; and pressurey of the polymerization Although some submicron-sized particles can be identified in
mixture, along with the temperature of the heating water bBih, this case, most of them appear partly interfused and not well
was started. The time needed to reach the desired temperature valudispersed.
was always less than 20 min. Such a short thermal transient, together - A significant improvement in the particle morphology was
with the long half-life time of the selected initiator in these achieved when ammonium carboxylate perfluoropolyether salts
c_ondltlons, _result in negllglbl_e consumption of initiator before the \yare used as stabilizeks The produced polymer particles are
final operating temperature is gchleved. . shown in Figure 2, at different magnifications, for the two
Atthe end of the polymerization, the reactor was rapidly cooled stabilizers considered and different conversion values. This is

by immersion in an ice and water bath and slowly depressurized ) . . ) . . .
by bubbling the outlet gas in tetrahydrofurane in order to trap solid the first dispersion of well-defined spherical particles obtained

polymer possibly entrained by the fiuid stream. Part of the collected PY Polymerizing VDF in scC@ The final average particle
polymer was extracted soon after the polymerization experiment diameter is about zm, a value similar to the one obtained
with supercritical carbon dioxide at £C and 200 bar for 4 hin  through dispersion polymerization of amorphous polymers such
order to remove the stabilizer before any further characterization. as poly(methyl methacryla®)?1or poly(styrene¥? It is worth
The reliability of this procedure has been discussed by Scialdone noting that the SEM pictures shown in Figure 2 were taken at
etalt’ _ _ - _ _ relatively large monomer conversions, i.e., from 41 to 61%, thus
2.4. Analytical Techniques.To investigate the time evolution  indicating the effectiveness of the stabilizer during the entire
of the reaction, experiments with the same recipe and under identical g action. Moreover, the solid content of the polymerization

conditions have been carried out and stopped at different reactionmedium was about 200 g, which is significantly larger than

times. The amount of polymer produced was estimated by gravi- . .
metry, and the complete MWD was measured by gel permeation that usgd to test the perfor_mance_of the fluorinated graft maleic
é\nhydnde copolymer stabilizer discussed above.

chromatography (GPC). These measurements were performed usin g -
solutions of PVDF at abdu3 g L~ in N,N-dimethylacetamide According to the mechanism proposed by Mueller etl.,

(DMA, HPLC quality grade), modified with 0.1 mol1! LiBr under the interphase surface area is a key quantity in heterogeneous
heating (60°C), and stirred for 30 min. A Hewlett-Packard 1100 polymerization in scC@ To estimate the degree of segregat't(}BV

Figure 1. SEM picture of PVDF powders produced by precipitation
polymerization in scCe?®
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Figure 2. SEM picture of PVDF powders produced by dispersion polymerization in se@@er the conditions reported in Table 2 and different

stabilizer (FLK 7850A and FLK 7004A, see Table 1) and conversion value: (a) FLK 7856A45%; (b) FLK 7850A X = 61%; (c) FLK 7004A,
X = 41%; (d) FLK 7004A,X = 50%.

in a two-phase polymerization system, the so-cafiggarameter Table 2. Polymerization Recipe and Operating Conditions
has been introduced:2324This quantity is defined as the ratio T,°C 50
between the characteristic times of termination within a specific P?; bar ggg
; ; _ stirring, rpm

phasg and interphase mass transport outside the phase, respec [Mo, mol o3 54x 103
tively: [1]o, mol cn13 55x 1076

KA, m . g (5% wiw) 0.45

QXJ =1 F (1) Table 3. Typical Values of the Parameters in Eq 2 for the VDF
kn[RJVJ Polymerization in ScCQO, under the Conditions Reported in Table 2
parameter value

Kx; being the overall mass-transfer coefficient of a chain of

lengthx referred to phasg according to the two-film theory, Vso Cﬂ’f 26 o
he total particle surface ardgq; the termination rate constant A 9.2x1
Apthe total p  arda; ination rate dep €M 1.0x 10
in phasg, [R] the total radical concentration in phasendV, keso CMB mol~1 571 8.0 x 10%2
the volume of phasg Accordingly, Q@ values much smaller Dso, CMP st , 2.3x 1(ri3

than one indicate radical segregation within the phase, that is, [Red, mol cm- 24x 100

the radical terminates inside the phase before being able to

diffuse to the other phase, whereas in the opposite case, theyng s, is the characteristic length of interphase diffusion. The
active chains will o_Ilffu_se to the Oth‘?f phase. . average degree of polymerization of chains in the continuous
thg?/ramg g?%&?iﬁggg@:ﬂ% Stﬂ:/e'nglolr;r?:;?rgig £ sc:i£S:O phase was roughly estimated from the position of the low-

pol molecular-weight mode in experimentally measured MWDs for

always well below one and approaches zero quite fast at . .
increasing chain lengt#8. Thus, to analyze the extent of the same system (cf. Figure 4 in ref 10) and set equal to 700.
in a dispersion of small particles under

segregation of such polymerization systems, it is enough to '€ film thicknessgsc, : : _

consider theQ values in the continuous phag@s. For chains gentle stirring, can be approximated to the particle radius. Thus,

containing more than a few tens of monomer units (i.e., most Using typical parameter values (cf. Table 3)anvalue slightly

of the polymer chains), the effect of the chain length on the larger than 400 is obtained for VDF dispersion polymerization

involved parameters becomes negligible and eq 1 reduces tounder the conditions reported in Table 2. Note that the value of

the following simplified expressio??24 the total radical concentrationR{], reported in Table 3, has
been estimated from the following balance assuming pseudo

O ~ Ijs,c.Ap @) steady state:
* Ok sd R Vee
whereDs. denotes the diffusion coefficient of chains of length @ =2f Kyodled — ke dRJIZ — D_“ﬁ[RSC] ~0 (3)
equal to the average value characteristic of the continuous phase t ' ’ Mo Vs cDV
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the first term on the right-hand side being the radical production 1.5
term by initiator decomposition and the other two the loss terms
due to bimolecular termination and interphase transport, re-

spectively. f:; 4l
The value 0fQs. estimated above is well above unity, which é
means that, most probably, the radical chains initiated in the &
continuous phase diffuse into the particles where they terminate 3 05l
(becauseyq < 1). Thus, havingQs. > 1 and Qpq < 1 E ’

indicates that polymerization occurs mainly in the polymer
phase, i.e., we have a single polymerization locus. The same

situation has been observed in the case of methyl methacrylate % 20 20 60 20

(MMA) dispersion polymerization in scC£3324In this case, a Conversion (%)

typical monomodal MWD, characterized by high molecular rigre 3. particle radius as a function of conversion for the operating
weights, is obtained. conditions reported in Table 2. Experimental data: FLK 785@) (

The model used for the quantitative comparison with the and FLK 7004A &). Model: solid line.

experimental data discussed in the following has originally been
developed by Mueller et &P:24 This is a comprehensive,
generalized kinetic model of heterogeneous polymerization in
scCQ, whose main characteristics are as follows: (1) Two Xy

- ; : . ik i Mype
reaction loci are considered: the polymer-rich dispersed phase N=— """ (4)

; ; ; P 3

and the C@-rich continuous phase. (2) Low-molecular-weight ATTPpypE
species (solvent, initiator, and monomer) undergo very fast
transport between the phases and are therefore assumed to bghere X' denotes the conversion at whicb has been evalu-
at equilibrium conditions at all times. For larger-molecular- ate(, m?/DF is the initial monomer mass, angbyor is the
weight species, the interphase mass transport is described. (3jjensity of the polymer. Finally, assuming a constant particle

A chain-length-dependent partition coefficient for polymer number, the total particle surface are®, is evaluated as a
chains between continuous and dispersed phase is consideredynction of conversion as follows:

(4) The process of particle formation or nucleation is not

simulated, and a constant number of spherical particles is nol |22

assumed throughout the entire process. This is because the A=l N (5)
nucleation period where the particle number changes signifi- P

cantly is expected to be very short in these syst&s(5) The volume of the polymer phasé,o, is, of course, a function
The crystalline part of the polymer is assumed to be imperme- ¢ ¢qnyersion and is estimated accounting for the actual phase

able to all species and therefore neglected when evaluatingcompositiOn as predicted by the Sancheacombe equation
interphase partitioning of the various species. The interphase ¢ giate.

equilibrium partitioning of monomer and GQvas described It is worth noting that the direct experimental evaluation of
by the SanchezLacombe equation of state, whereas a constant yq narticle surface through egs 4 and 5 is a major difference

partition coefficient has been used for the initiator. Population i, respect to the previous wotR This increases significantly

balance equations have been derived for the radical andy,e predictive level of the simulations reported below, where
terminated chains in both phases and numerically solved using,, parameter is in fact adjusted to fit the experimental data.

the method proposed by Kumar and Ramkristné’ More Figure 3 shows a comparison between calculated and

deta|_ls about the derivation of the3(3291uat|ons and the numerical experimentally observed particle radius as a function of conver-
solution can be found elsewhef&* sion for the two considered stabilizers. Note that the values at
Before comparing the experimental results with the model high conversion are well reproduced because, as discussed
predictions, it is worth discussing the model parameter evalu- above, the particle number given as input to the model has been
ation. The same parameter values as in ref 10 have been usedsstimated so as to fit such data. On the other hand, the good
with the exception of the termination rate constant in the description of the evolution of the particle size over the entire
polymer phasekipo, Which has been slightly adjusted. In  conversion range is a clear confirmation of the assumption of
particular, the reaction radius, (i.e., the separation distance constant particle number all along the reaction. This indicates
at which the termination between two radical chains of length that the particle nucleation interval is indeed very short and
x andy is instantaneous) has been calculated as the geometridimited to the very beginning of the reaction. This finding is in
average of the two limiting values given by the Lennard-Jones agreement with the results by Fehrenbacher ét#lfor the
diameter of the monomer and the distance of the chain end fromsystem MMA-PDMSmMMA, where nucleation was estimated to
the closest node of entanglement, respectively (cf. egH%5 be over by less than 0.1% conversion. In addition, the data in
in ref 23). In the previous papé?the arithmetic average had  Figure 3 indicate that the performance of the two stabilizers is
been used. However, because the particle surfacefgreas comparable, the time evolution of the average particle size in
considered there as an adjustable parameter, and the twdoth cases being almost identical. Because this is the only
parameters appear in the model only through their product quantity that is affected by the type of surfactant in this model,
(ryAp), the estimation ofy, was actually not relevant. On the it follows that we cannot distinguish between the two stabilizers
other hand, in this work, the value @ is measured experi-  in the model simulations. Accordingly, the experiments con-
mentally. Because in fact a stable dispersion of spherical ducted with different stabilizer but otherwise identical conditions
particles with narrow size distribution has been obtained, it is are compared with the same model predictions in the following.
possible to estimate the final particle radiu%, from the The pressure values as a function of conversion are shown
pictures in Figure 2 and the corresponding value of the particle in Figure 4. The reasonable agreement between predictionéslvj

number (which is an input quantity for the model) from the
following equation:
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Figure 4. Pressure as a function of conversion for the operating Figure 6. Q trace calculated at the operating conditions reported in

conditions reported in Table 2. Experimental data: FLK 7850% ( Table 2; the arrow indicates the direction of increasing chain length.
and FLK 7004A {). Model: solid line.
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Figure 7. Conversion as a function of time at the operating conditions

15 , , , reported in Table 2. Experimental data: FLK 78508)(and FLK
== X=5.3% 7004A (»). Model: solid line.
..... 304% H
" - --44.5% , i time of shift from one dominant reaction locus (the continuous
o 11 —61.2% = : ] phase) to the other one (the polymer particles). However, the
® A general agreement is quite nice and convincing. In the first place,
o the predicted monomodal MWD is also found experimentally,
% 05 / which strongly confirms the mechanism of heterogeneous
S polymerization in scC@previously propose# The detailed
el SN N Q trace computed by the complete model (i.e., €healues at
(1’03 10° 165 10'6 107 increasing chain length, following the arrow) is shown in Figure
Molecular Weight 6 and provides the ultimate explanation of the experimental

Figure 5. Experimental (a) and predicted (b) molecular weight observations. As expected from the preliminary analysis reported
distributions at various conversions for the operating conditions reported above, theQ values are clearly larger than one for most of the
in Table 2. active chains in the continuous phase, similar to other systems

o _ considered in previous studié®?* This means that radicals
measurements shows the reliability of the selected equation ofjnjtiated in the supercritical phase will diffuse into the particles

state. At first sight, the decrease of pressure during reaction iSyather than terminate in the former. Because $healues in

not surprising because of the Iarger_molar volume of VDF with 14 polymer phase are (as usual) well below one, the entering
respect to fthat of the r(]:orreslpongmg polI)ymer. dHcf’We‘cﬁ;' an active chains will most probably further propagate and finally
g];;ﬁs:?z;ior?;e;igﬁs dggs)eﬁoﬁﬁg oiet?]e?ni?iz\:)eressﬁrre éaﬂfntterminate within the particles. This situation leads to the
. . . ; . " formation of one sing| lation of polymer chains char r-
Lepilleur and Beckmal explained this behavior with the ormation of one single population of polymer chains characte

nonideality of the monomer/COmixture. Positive pressure ized.by the conditions prevailing within the polymer phase, as
changes were observed only at very low initial pressure values confirmed by the monomodal MWD.
because the nonideal contributions become less important at In Figure 7, the predicted conversion values are compared
higher initial values due to the liquidlike behavior of €This with those measured experimentally as a function of time. Once
behavior is exhibited also by the system considered. more, a reasonable agreement is found, even though the reaction
Following the preliminaryQ analysis reported above, it is fate is significantly larger than the one observed previously in
now interesting to compare experimental findings and model the case of precipitation polymerizati&hunder which condi-
results in terms of MWD and polymerization rate. The former tions the model parameter values have been estimated. This
is shown in Figure 5 as a function of conversion. Some acceleration is expected because, in the experiments carried out
deviations between predicted and measured distributions arein the frame of this work, the main portion of the polymer was
present, in particular at the lowest conversion value, where the produced in the particles where, due to the high viscosity,
amount of polymer at high molecular weight is underestimated. termination is significantly suppressed, leading to increased

This discrepancy reflects some limited difference in terms of radical concentration. CDV
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4. Conclusions
VDF has been successfully polymerized in seC@a

Macromolecules, Vol. 39, No. 19, 2006

Greek Letters
oj = film thickness in phas¢ cm

dispersion polymerization. The selected stabilizers (FLK 7850A ©i = density of component, g cnts

and FLK 7004A), previously proved to give well-defined
micron-sized spherical particles of PVDF in sc£® were

shown to be effective up to large conversion values. The

Q,j = ratio between characteristic times of termination and
interphase mass transport of a chain of length phasej, cf.
eql

obtained experimental results are in good agreement with modelReferences and Notes

predictions, thus providing a confirmation of the mechanistic

picture of heterogeneous polymerization in seQ@oposed
previously!® This confirmation is even stronger when consider-

ing that all model parameters have been estimated from
independent experimental information or sources, without any
fitting to the conversion and MWD values measured in this

work.
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Notation

a = Mark—Houwink constant

A, = total particle surface area, ém

D; = particle diameter, cm

D, = number-average particle diameter, cm

D,, = weight-average particle diameter, cm

D¢, = diffusion coefficient of chains of average length in continuous
phase, crhs™?!

fi = initiator efficiency in phasg¢

[1lo = overall initial initiator concentration, mol cmd

[I] = initiator concentration in phage mol cn13

kqj = initiator decomposition rate constant in phase*

ki; = termination rate constant in phagen¥ mol~! s*

K = Mark—Houwink constant, dL gt

Ky;j = overall mass-transfer coefficient of a chain of lengtieferred
to phasg, cm st

m? = initial mass of component, g

[M]o = overall initial monomer concentration, mol cf

N, = particle number

p = pressure, bar

rp = particle radius, cm

rI, = particle radius measured at conversXincm

Iy = separation at which termination between chains of lexgth
andy is instantaneous, cm

[R] = total concentration of radical chains in phasenol cn3

t =time, s

T = temperature;C

T, = reactor temperaturéC

Tw = water bath temperaturéC

V, = volume of phasg, cn®

X, y = degree of polymerization

X = monomer conversion

X' = monomer conversion at whioﬂ; has been taken
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