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Solubility of Supercritical Carbon Dioxide in Polycaprolactone (CAPA 6800) at
313 and 333 K
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The solubility of carbon dioxide in polycaprolactone (CAPA 6800) was measured at (313 and 333) K between
pressures of (80 and 200) bar. Data were obtained using a static method that allowed saturation of the polymer
with CO, under the experimental conditions.

Introduction data on this solubility. Cotugno et ¥.have reported the
solubility of CO, in PCL at temperatures of (343 to 358) K
and at pressures up to 65 bar. Their work was carried out at
temperatures above the ambient pressure melt temperagyre (
of PCL CAPA 6800, which was recorded at 331 K. To
determine the extent of the plasticization effect on the polymer
by adding CQ, it is necessary to undertake solubility measure-
ments below and in the vicinity of thB,. Therefore, this paper

is the first to report solubility data of GOn PCL at temperatures

of (313 and 333) K and pressures up to 200 bar. A reduction in
temperature is advantageous for the processing of thermally
d labile biocompounds that can be incorporated during the
processing stage; consequently, supercritical processing of
polymers below th&, requires much higher applied pressures
than those used by Cotugno ef&Data were obtained using a
static method that allowed saturation of the polymer with,CO
under the experimental conditions.

Polycaprolactone (PCL) is a semi-crystalline, thermoplastic,
aliphatic polyestet.It is biodegradable in that it can be degraded
by hydrolytic mechanisms in a physiological environment. This
property has resulted in a wide range of biomedical applications
for the polymer. These include its use as a matrix for drug
delivery systems and cell microencapsulaioRCL can be
processed using a wide range of methods, although films
produced by blowing are often tacky and as a result, compres-
sion moulding from pellets is usually employgdhe high
decomposition temperature of 38C does enable PCL to be
extruded! Solvent casting can also be used, but this metho
often utilizes high volumes of solvent and results in a material
containing organic solvent residues, which may be difficult to
remove? Fiber bonding, particulate leaching, and melt molding
are also employed to produce both microparticles and polymeric
scaffolds for biological applicatiorfs.

An alternative approach to these conventional manufacturing experimental Section
methods is supercritical fluid (SCF) processing. The use of SCFs
is particularly important when the viscosity of the bulk polymer
is relatively high, as in the case of high molecular weight

polymers. The relatively high viscosities that result from high o use, the polymer samples were vacuum-dried atG8or

molecular weights require correspondingly high temperatures L o .
to facilitate processing, although elevated temperatures can often48 h. Liquid carbon dioxide was obtained from BOC, CP grade,

: P : d had a given purity of 99.995 %. The ambient melt
lead to thermal degradation and deterioration in physical an - h
properties of the material being procesgdd. cases such as temperature of PCL was determined by DSC (Perkin-Elmer

Y : : Pyris 1) to be 332 K. The number-average molecular weight
these, SCFs can facilitate processing by acting as a solvent, . -
reducing the intermolecular interactions and increasing the chain Vs 69 000t 1500, the We'gh.t'a"er?‘g‘? molecular weight was
separation, in effect acting as a molecular lubri¢ageveral 120 0004 2000, and the polydispersity index was equal to 1.74.

workers have reported the use of supercriticab@®a blowing Eqmpm(z% ThlebgT_rt)pa(;attus .useﬁ to d_etelir_nlne tge _Pr']gh'
agent in the preparation of PCL foafs! Characterization of pres_ls_,tt:r_e "SOZU hl ' dy Q‘? IS IS olwn |nf 16%”%‘3 d. €
the effect of processing with supercritical €€an be achieved equilibrium cell (2) had an intenal volume o nd was

by the use of the FloryHuggins method. However, this Chf%rgte.d té/pltcally W'tth t('? to 8)tg OE; PCL ﬂakgsh Itt v(\;as i
analytical method relies on the measurement of the solubility maintained at a constant temperature by a covered neated water

. - o : bath (5). Liquid carbon dioxide was passed through a chiller,
of CO; in PCL, and at present there is very limited published compressed, heated to the desired conditions, and directed to

* Corresponding author. Tek-44 121 414 5351. Fax:+44 121 4145324, the equilibrium cell. The carbon dioxide feed entered the cell
E-mail: G.A.Leeke@bham.ac.uk. at the opposite end to the sampling position. This minimized

Materials. Polycaprolactone (CAPA 6800) was supplied by
Solvay (U.K.) and was used without further purification. The
structure of the repeat unit of PCL is shown in Figure 1. Prior
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_ ] Table 1. Liquid-Phase Data for PCL (CAPA 6800)+ CO»
0o T=313K T=2333K
nominalP/bar g of CQ/gof PCL nominaP/bar g of CQ/g of PCL
80 a 80 0.0293

o—1— 100 0.8710 100 0.4987

125 2.4238 125 1.0816

n 153 2.8319 153 1.3711

— — 200 3.2044 200 1.6379

Figure 1. Repeat unit of polycaprolactone.
a2No data collected.
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Figure 2. Apparatus used to measure high-pressure liquid-phase data: 1,have led to an uncertainty of 0.23 % in the mass collected. The

dip tube for sampling; 2, equilibrium cell; 3, pressure transducer; 4, mass of PCL here typically represented lesstfiao of the
thermocouple; 5, temperature-controlled water bath; 6, micro-metering total mass

expansion valve; 7, collector.
any mixing of fresh make-up carbon dioxide, which was Results and Discussion

required to maintain the equilibrated pressure during sampling, Liquid-phase data for the PGE CO, system were measured

with the equilibrated mixturg being sampled. The system was ¢ (313 and 333) K and between pressures of (80 to 200) bar.
kept for up to 27 h (24 h typical) at a steady state to alloveCO  The authors refer to an earlier publication for proof of the

to diffuse into and equilibrate with the PCL. This optimum time reliability of the apparatus and methodology emploj&d@he

was predetermined from repetition of experiments. In addition, yegyts at the experimental conditions are shown in Table 1 and
any undissolved carbon dioxide present in the polymer-rich 5. expressed in g of G@ of PCL. The solubility data are the
phase would be transported to the &@h vapor phase. After  5yerage of several measurements at each pressure. The probable

this time, the polymer-rich phase was sampled. The pressuregrqr of each resultrf and the probable error of the mean of
was measured by a pre-calibrated transducer (Druck, U.K.) ine results 1) were calculated from

which had an uncertainty of 0.014 %. The temperature was
measured by a K-type thermocouple, which had an uncertainty

2
° v
of + 0.1°C. ]2 @)

Sampling ProcedureSamples were withdrawn through a dip n—1
tube (1) submerged in the PCL-rich phase and depressurized
across a heated micro-metering valve (6; Hoke 1315G4Y) rO=L 2)
located at the base of the equilibrium cell. At the conditions vn

reported, the viscosity of PCL had been sufficiently reduced to

enable the PClt+ CO, mixture to flow along the sample tube. wherev is the variancen is the number of the datum point,
Due to the nature of the system the volume of,@®the PCL andt is a numerical value dependent of* The worst probable
phase was small (i.e., a large mass of PCL was present), a gagrror of each individual result did not exceed 0.117 g 0H@O
burette filled with calcium chloride confining solution was used of PCL at 200 bar and 313 K. This represented a 3.7 % variance
to measure the volume of gas. Due to the low vapor pressurefrom the mean. The worst percentage deviation from the mean
of PCL, the mass trapped in the glass collector was determinedsolubility was at 100 bar and 313 K, which was calculated to
gravimetrically using anrAND HR-200 balance which had a be 5.4 %, but as the solubility here is lower, any percentage
reproducibility of £ 0.001 g. This would have given an error is magnified. Similarly, the probable error for this test
uncertainty of 2.2 % in the sample mass collected. Following was calculated to be 0.047 g of @@ of PCL. For all tests the
sample collection, any PCL present in the internals of the valve probable error of the mean was no greater thaf.052 g of

at ambient conditions was usually accounted for by washing CO,/g of PCL.

the valve internals with a swab of predetermined mass soaked It can be seen from Figure 3 that the solubility of £0

in dichloromethane. Following solvent evaporation, the mass increases with pressure and decreases with temperature. At the
of the polymer was determined gravimetrically using a balance higher temperature, less G@& required to reduce the inter-
with an accuracy of 0.00001 g (Mettler MT5), which would molecular interactions and increase chain separation to enable
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the polymer to become plasticized. Figure 3 also shows that Raman study of impregnation of ibuprofen into PVRL. J. Pharm.
CO, has no recorded solubility below 80 bar at the temperature 2002 232 81-90.

- SR - (8) Woods, H. M,; Silva, M. M. C. G.; Nouvel, C.; Shakesheff, K. M.;
conditions. This is highlighted by the absence of a solubility Howdle, S. M. Materials processing in supercritical carbon dioxide:

value obtained at 313 K in Table 1. The experimental method surfactants, polymers and biomaterials.Mater. Chem2004 14,
relies on the plasticization of the polymer by €@issolution 1i§i1$73-.Y LS. Morohological ch o et
at the equilibrium condition to enable it to flow into the sampling © stit;]ehivgh-_ o Jang et forphal (’S@lu';‘é rgriﬁr::gllﬁiiigzo%%yg??qrg actone
system. It is therefore apparent that the plasticization effect is 192.

undetectable below 80 bar at these temperature conditions. An(10) Di Maio, E.; Mensitieri, G.; lannace, S.; Nicolais, L.; Li, W.;
increase in temperature would enable the polymer to become Flumerfelt, R. W. Structure optimisation of polycaprolactone foams

i by using mixtures of C@and N> as blowing agent®olym. Eng. Sci.
plasticized at pressures below 80 bar. 2005 45, 432441,
(11) Xu, Q.; Ren, X.; Chang, Y.; Wang, J.; Yu, L.; Dean, K. Generation

Literature Cited of microcellular biodegradable polycaprolactone foams in supercritical

(1) Armani, D. K.; Liu, C. Microfabrication technology for polycapro- carbon dioxideJ. Appl. Polym. Sci2004 94, 593-597. o
lactone, a biodegradable polymérMicromech. Microeng200Q 10, (12) Cotugno, S.; Di Maio, E.; Ciardiello, C.; lannace, S.; Mensitieri, G.;
80—84. Nicolais, L. Sorption thermodymanics and mutual diffusivity of carbon

(2) Angelova, N.; Hunkeler, D. Rationalizing the design of polymeric dioxide in molten polycaprolactonénd. Eng. Chem. Re€003 42,
biomaterials Tibtech1999 17, 409-420. 4398-4405.

(3) Matzinos, P.; Tserki, V.; Kontoyiannis, A.; Panayiotou, C. Processing (13) Leeke, G. A,; Santos, R. C. D.; King, M. B. Vapetliquid equilibria
and characterization of starch/polycaprolactone produetsym. for the carbon dioxidet carvacrol system at elevated pressutks.
Degrad. Stab2002 77, 17—24. Chem. Eng. Dat®001, 46, 541-545.

(4) Hutmacher, D. W.; Schantz, T.; Zein, I.; Ng, K. W.; Teoh, S. H.; (14) Dean, R. B.; Dixon, W. J. Simplified statistics for small numbers of
Tan, K. C. Mechanical properties and cell cultural response of observationsAnal. Chem1951, 23, 636-638.

polycaprolactone scaffolds designed and fabricated via fused deposition
modeling.J. Biomed. Res2001, 55, 203-216.

(5) Cooper, A. I. Polymer synthesis and processing using supercritical Received for review May 24, 2006. Accepted July 10, 2006. The

carbon dioxideJ. Mater. Chem200Q 10, 207-234. ) authors gratefully acknowledge the funding from the Chinese
(6) Hutmacher, D. W. Scaffolds in tissue engineering bone and cartilage. Government for J.C.

Biomaterials200Q 21, 2529-2543.
(7) Kazarian, S. G.; Martirosyan, G. G. Spectroscopy of polymer/drug
formulations processed with supercritical fluids: in situ ATR-IR and JE060230E



