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ABSTRACT: The diffusion coefficients and solubility of CO2 in methyl cellulose (Mw = 40 000 g 3mol�1) and sodium
carboxymethyl cellulose (CMC) of different molecular weights,Mw = (90 000, 250 000, and 700 000) g 3mol�1, were determined
by a gravimetric method. TheMBS (magnetic suspension balance) was used for measurements at three different temperatures, (313,
333, and 353) K, and pressures up to 30MPa. High values of solubility (up to 36.11mol %) and diffusion coefficients [(2.55 3 10

�9 to
8.61 3 10

�8) cm2
3 s
�1] were obtained. The solubility of CO2 in the polymers depends on the temperature and pressure, while

diffusion coefficients are concentration-dependent. The solubility and diffusivity in the various CMCs are influenced by molecular
weight and the degree of substitution.

’ INTRODUCTION

The application of supercritical carbon dioxide (SCCO2) in
polymerization reactions and polymer processing is rapidly
expanding.1 SCCO2 has also shown to be an attractive solvent
and processing aid for the chemical and physical modification of
polysaccharides such as cellulose and starch.2,3

Using supercritical fluids is one possibility to carry out
chemistry and chemical technologies in a sustainable manner
(“green chemistry”).4 SCCO2 and other dense fluid technologies
are an environmentally benign alternative to conventional in-
dustrial processes.4 The use of SCCO2 has increased significantly
because of its importance in a variety of fields, including synthetic
chemistry, analytical chemistry, material science, food industry,
and powder technology.5 Particularly, its characteristics (such as
low cost, nontoxicity, nonflammability, and chemical inertness6),
have been exploited in extraction, separation, and crystalliza-
tion processes.5,6 Its supercritical conditions are easily attained
(Tc/K = 304, pc/MPa = 7.38), and it can be removed from a
system by simple depressurization.5�7

Methyl cellulose (MC) is a chemical compound derived from
cellulose.8 It may be used as a thickener in food industry, as a
matrix for the controlled release of drugs in the pharmaceutical
industry, mixed with concrete in civil engineering, and as an agent
for modifying water viscosity in the petrochemical industry for
heavy oil recovery.9 It is nontoxic, nondigestible, nonallergenic,
and nonirritant. MC is used in oral and topical pharmaceutical
formulations9 and in cosmetics and food products as an emulsi-
fier and stabilizer.8�10

Sodium carboxymethyl cellulose (CMC) is a white granular
powder in its pure state. Its properties are similar to those of MC.
It is used in food industry as viscosity modifier or as thickener or to
stabilize emulsions but can also be found in many nonfood products
such as water-based paints, detergents, and paper products.8�12

Solubility and diffusivity data are important when designing
technologies for processing natural or synthetic polymers. CO2

has been proposed for sustainable processing of polysaccharides;

however, the phase equilibrium data are highly scarce.13 There-
fore, this study represents an original contribution to the under-
standing of the interactions between cellulose derivatives and
CO2 as a potential “green” solvent.

In the present work, the solubility and diffusivity of CO2 in
MC (Mw = 40 000 g 3mol�1) and sodium CMC of different
molecular weights [Mw = (90 000, 250 000, and 700 000) g 3mol

�1]
(Table 1) have been measured using a magnetic suspension
balance. The solubility data were studied for each polymer at
three different temperatures, (313, 333, and 353) K, in the
pressure range (0 to 30) MPa.

’EXPERIMENTAL SECTION

Materials.CO2 (purity 2.5) was obtained fromMesser (Ru�se,
Slovenia). Methyl cellulose (catalog no. 274429; MC, Mw =
40 000 g 3mol�1) and sodium carboxymethyl cellulose of differ-
ent molecular weights (catalog no. 419273; CMC, Mw = 90 000
g 3mol�1, catalog no. 419303; Mw 250 000 g 3mol�1, catalog no.
419338;Mw 700 000 g 3mol�1) were provided by Sigma-Aldrich
(Maribor, Slovenia). MC and CMC were delivered as a white
powder, and they were compressed to tablets before the mea-
surements. The reagents were used without further purification.
Apparatus.The solubility and diffusion coefficients of CO2 in

MC and CMC were measured using a magnetic suspension
balance (MSB; RUBOTHERM, Germany). The MSB allows the
gravimetric measurements of the quantity of gas dissolved in the
polymer, with a resolution and accuracy of the microbalance of
10 μg and ( 0.002 %, respectively. The measurements can be
performed over a wide range of temperature and pressure, due to
the location of the balance outside the measuring cell, in normal
conditions of pressure and temperature. A detailed description
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of the device and of the working procedure can be found in
literature.14,15 The measuring cell of MSB is also equipped with a
window, which allows an observation of the sample and the
estimation of volume changes during the sorption measurements.
The polymers were shaped into discs with a diameter of 14.7 mm
and placed in a glass sample container inside the measuring cell of
MSB, so that only one surface was in contact with the gas.
The solubility and diffusivity of CO2 in MC and CMC were

measured at three different temperatures, (313, 333, and 353) K,
in the pressure range (0 to 30) MPa (with an uncertainty uc =
0.005MPa). Themeasurements were performed using a step-by-
step method: increasing the pressure with approximately 2 MPa,
allowing the system to reach equilibrium, while recording the
sorption curve, before applying the next pressure step.
Solubility Calculations. To determine the solubility of CO2 in

polymers, it is necessary to know the mass of the polymer and the
quantity of absorbed gas. The solubility is thus expressed as themass
of gas, in grams, absorbed by the unit mass of substrate. Themass of
the substrate was obtained by weighing the sample in vacuum.
For solubility measurements the pressure of the gas inside the

MSB cell was increased stepwise at constant temperature. The
recorded balance reading during solubility measurements need
to be corrected for the buoyancy effect acting on the sample and
the sample container. For these corrections it is necessary to
know the density of the gas inside theMSB cell and the volume of
the sample and of the sample container. The density of CO2

inside the measuring cell was obtained from the NIST Chemistry
WebBook for the applied temperature and pressure. The volume
of the sample container was previously determined by measure-
ments in the absence of the polymer sample. The volume of the
polymer samples [(0.25 to 0.30) cm3] was recorded by a photo
camera. Since the volume of the samples changes during
absorption of CO2, the volume variation was estimated by image
processing, using the diameter of the sample container as an
internal reference. The uncertainty of volumemeasurements was
uc = 0.01 cm3, which stands for an error in solubility calculations
of ( 2 %. These values were then used for determining the
corrected mass and the mass of the absorbed gas.
Diffusion Coefficient. To determine the diffusion coefficient,

a one-dimensional diffusion process was considered as described
by Fick's second law:16�23

∂C
∂t

¼ D
∂
2C
∂x2

ð1Þ

where C is the concentration of diffusing substance, x is the
direction normal to the section, andD (assumed constant) is the
diffusion coefficient.
It was assumed that Fick's second law is valid in the very first

moment following the application of the pressure step. That is, the

diffusion is one-dimensional, with all gas entering through a single
sample surface, and the variation in concentration is small enough so
that the thickness of the sample and the diffusion coefficient can be
assumed not to vary during the short time considered.21

When considering the diffusion along a cylindrical rod of
length l, with one end and its surface sealed and the other end
maintained at a constant concentration of gas, the following
boundary conditions can be used:18

C ¼ C0 for 0 < x < l, t ¼ 0

∂C
∂x

¼ 0 for x ¼ l, t g 0 ð2Þ

C ¼ C1 for x ¼ 0, t g 0

According to Crank,16 by applying the above boundary con-
ditions the solution of eq 1 is:

C� C0

C1 � C0

¼ 1� 4
π ∑

∞

n¼ 0

ð � 1Þn
2n þ 1

exp � ð2n þ 1Þ2π2

4l2
Dt

" #
cos

ð2n þ 1Þπx
2l

� �

ð3Þ
By integrating over the length l, and by considering Mt as the

total amount of diffusing substance which has entered the
polymer at time t and M∞ as the corresponding quantity after
infinite time, the corresponding solution for small times is:16�18

Mt

M∞
¼ 2

Dt
l2

� �1=2

π�1=2 þ 2 ∑
∞

n¼1
ð � 1Þnierfc nlffiffiffiffiffi

Dt
p

" #
ð4Þ

For small values ofMt/M∞ (< 0.5), eq 4 can be approximated to:

Mt

M∞
¼ 2

Dt
πl2

� �1=2

ð5Þ

The value ofD can be deduced from the initial gradient,Γ, of the
plot Mt/M∞ as a function of t1/2 (reduced sorption curve).16�23

D ¼ π

4
Γ2l2 ð6Þ

The experimental error for diffusivity calculations was ( 7 %.

Table 1. Properties of Cellulose Derivatives: Molecular
Weight (Mw), Density (F), and Viscosity (η)

Mw F ηa

component g 3mol�1 g 3mL
�1 degree of substitution cPs

MC 40 000 1.60�1.90b 300�560

sodium CMC 90 000 1.59 0.70 50�200

sodium CMC 250 000 1.59 0.90 400�800

sodium CMC 700 000 1.59 0.90 2500�6000
a 2 %, water, 25 �C. bMoles of methoxy/moles of cellulose.

Figure 1. Solubility of CO2 (1) in sodiumMC (Mw = 40 000 g 3mol�1)
(2): ), 313 K; 0, 333 K; 4, 353 K.
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’RESULTS AND DISCUSSION

Solubility of CO2 inMC and CMC.The solubility data of CO2

in the studied cellulose derivatives are presented in Figures 1 to 4
(mole fraction). The solubility isotherms for MC are presented
in Figure 1. The solubility of CO2 in MC increases with increas-
ing pressure and decreasing temperature. This phenomenon is
generally observed during measurements concerning the absorp-
tion of CO2 in polymers. It can be explained by the plasticization
effect of CO2 and by the effect of pressure and temperature on
gas density.14

Figure 2 shows the solubility of CO2 in CMC (Mw = 90 000
g 3mol

�1). The solubility ofCO2 inCMC(Mw= 250 000 g 3mol
�1)

and CMC (Mw = 700 000 g 3mol�1) are presented in Figures 3
and 4. The maximum solubility of CO2 in CMC (Mw = 250 000
g 3mol

�1) is 22.47 mol %, at 353 K and 30.38 MPa. Figure 4
shows that the maximum solubility of CO2 in CMC (Mw =
700 000 g 3mol

�1) is 23.74 mol % at 30.76 MPa and 333 K. As
mentioned previously, the solubility increases with pressure and
decreases with temperature. The sorption isotherms in Figures 1
to 4 show that solubility increases fast at lower pressures, and it
tends to reach a constant value at higher pressures. This may be

due to the hydrostatic pressure and to a saturation of the sub-
strate with gas.
Figure 5 shows a comparison between the solubility of CO2 in

the studied biopolymers at 313 K. It can be noticed that all CMC
derivatives absorb less gas than MC. This is due to different
molecular weights and side groups. A higher molecular weight
and a larger size of the side groups, as is the case of CMCs, may
cause steric hindrance which accounts for a smaller free volume
available to gas molecules and thus a smaller solubility of CO2.
The different solubility of CO2 in CMC of different molecular

weight may be explained by the structure of the polymers. As
indicated by the producer, CMC (Mw = 90 000 g 3mol

�1) has a
smaller degree of substitution than CMC (Mw = 250 000 g 3mol

�1)
and CMC (Mw = 700 000 g 3mol�1). Therefore, there is a smaller
number of carboxyl groups present inCMC(Mw=90 000g 3mol

�1)
than in the other two CMCs. Carboxyl groups are responsible for
the polymer's affinity for CO2 due to Lewis acid�base interac-
tions with gas molecules, as previously demonstrated by other
groups.24�26 As a conclusion, CMC (Mw = 250 000 g 3mol

�1)
and CMC (Mw = 700 000 g 3mol�1) show a higher affinity for
CO2, whichwould explain the higher values of solubility recorder for
these polymers in comparison to CMC (Mw = 90 000 g 3mol

�1).

Figure 2. Solubility of CO2 (1) in sodium CMC (Mw = 90 000
g 3mol�1) (2): ), 313 K; 0, 333 K; 4, 353 K.

Figure 3. Solubility ofCO2 (1) in sodiumCMC(Mw=250 000 g 3mol
�1)

(2): ), 313 K; 0, 333 K; 4, 353 K.

Figure 5. Solubility of CO2 (1) in different cellulose derivatives (2) at
313K:�,MC (Mw= 40 000 g 3mol

�1);4, CMC(Mw= 90 000 g 3mol
�1);

O, CMC (Mw = 250 000 g 3mol
�1); 0, CMC (Mw = 700 000 g 3mol

�1).

Figure 4. Solubility of CO2 (1) in sodium CMC (Mw = 700 000
g 3mol�1) (2): ), 313 K; 0, 333 K; 4, 353 K.
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Similar results were observed when comparing the CO2 solu-
bility in the studied cellulose derivatives at (333 and 353) K.
Diffusion Coefficients. For the design of processes involving

polymer�gas systems, it is necessary to know the mechanism of
diffusion and how the rate of diffusion is affected by variables
such as temperature or gas concentration.18,19

The diffusion coefficients of the system CO2/polysaccharide
derivative were measured at three different temperatures, (313,
333, and 353) K, for a pressure range from (0.5 to 30) MPa. The
volume variation was measured during absorption measure-
ments, and the values were used to account for the buoyancy effect
on the sample. Themaximum volume variation forMC, CMC (Mw

= 250 000 g 3mol
�1), and CMC (Mw = 700 000 g 3mol

�1) was
approximately 25 %, while CMC (Mw = 90 000 g 3mol�1)
exhibited a much lower swelling (a maximum of 10 %). An
explanation to this phenomenon may be correlated to the effect
of the polymer structure on CO2 solubility. The diffusion coeffi-
cients as a function of the CO2 solubility are presented in
Figures 6 to 9 for the different studied systems.
At lower pressure (from 0.1 MPa to approximately 15 MPa),

the diffusion coefficients increase with increasing pressure for all
studied systems (Figures 6 to 9), and afterward they stay constant

over a small range, (15 to 16) MPa; finally they decrease with a
further increase in the pressure. The rate of diffusion depends on
the number and size distribution of existing holes and the ease of

Figure 6. Diffusion coefficients for the systemCO2 (1)/MC (2):), 313
K; 0, 333 K; 4, 353 K.

Figure 7. Diffusion coefficients for the system CO2 (1)/sodium CMC
(Mw = 90 000 g 3mol

�1) (2): ), 313 K; 0, 333 K; 4, 353 K.

Figure 8. Diffusion coefficients for the system CO2 (1)/sodium CMC
(Mw = 250 000 g 3mol�1) (2): ), 313 K; 0, 333 K; 4, 353 K.

Figure 10. Diffusivity of CO2 (1) in different cellulose derivatives (2) at
333 K: �, MC; 4, CMC (Mw = 90 000 g 3mol�1); O, CMC (Mw =
250 000 g 3mol�1); 0, CMC (Mw = 700 000 g 3mol�1).

Figure 9. Diffusion coefficients for the system CO2 (1)/sodium CMC
(Mw = 700 000 g 3mol�1) (2): ), 313 K; 0, 333 K; 4, 353 K.
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hole formation which are influenced by chain mobility.17 For small
gas concentrations, equivalent to low pressures, chain mobility is
high due to the plasticizing effect of CO2. At higher concentrations
however chain mobility decreases; therefore, diffusivity decreases.
The hydrostatic pressuremay play a role in this decreased diffusivity
through reducing the available free volume in the system.13,17

The effect of polymer structure on diffusivity can be observed
in Figure 10. As expected, a higher diffusivity was obtained for the
CO2/MC system, due to a smaller size of the side groups com-
pared to CMC, which provide a less hindered path for gas diffusion.
In the case of CO2/CMC a higher molecular weight suggests a
more packed configuration of the macromolecules, which accounts
for the smaller values of the diffusion coefficient.
The high values obtained in this study for the solubility and

diffusivity of CO2 in cellulose derivatives suggest that super-
critical fluids represent a viable “green” alternative to the tradi-
tional methods of processing biopolymers. The data presented
above represent an insight in the phenomena that may occur
during SCCO2 processing technologies of polysaccharides, with
potential applications in a large number of fields and industries.

’CONCLUSIONS

This study presents the experimental results for the solubility
and diffusivity of CO2 in cellulose derivatives: MC and sodium
CMC of different molecular weights,Mw = (90 000, 250 000, and
700 000) g 3mol

�1. The measurements were performed with the
help of a magnetic suspension balance for various temperatures,
(313, 333, and 353) K, and pressures (up to 30MPa). The results
show a high solubility of CO2 in all substrates (up to 36.11 mol %),
the values being influenced by nature and size of the side groups. A
larger side group accounts for the smaller solubility of gas in CMCs.
The molecular weight and side groups of the polymeric chains also
influence the diffusion coefficient, which is strongly concentration-
dependent. These data may find applications in developing new,
sustainable technologies of processing biopolymers.

’ASSOCIATED CONTENT

bS Supporting Information. Experimental results of solubi-
lity data (Tables 1�8). This material is available free of charge via
the Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
*E-mail: mojca.skerget@uni-mb.si. Phone: +386 2 22 94 463.
Fax: +386 2 25 27 774.

Funding Sources
The authors are grateful to the Slovenian Ministry of High Educa-
tion, Science and Technology for financial support of this work.

’REFERENCES

(1) Muljana, H.; Picchioni, F.; Heeres, H. J.; Janssen, L. P. B. M.
Supercritical carbon dioxide (scCO2) induced gelatinization of potato
starch. Carbohydr. Polym. 2009, 78, 511–519.
(2) Yalpani, M. Supercritical fluids � puissant media for the mod-

ification of polymers and biopolymers. Polymer 1993, 34, 1102–1105.
(3) Yin, C. Y.; Li, J. B.; Xu, Q.; Peng, Q.; Liu, Y. B. Chemical

modification of cotton cellulose in supercritical carbon dioxide: Synthesis
and characterization of cellulose carbamate. Carbohydr. Polym. 2007, 67,
147–154.

(4) Hauthal, W. H. Advances with supercritical fluids [review].
Chemosphere 2001, 43, 123–135.

(5) Palmer, M. V.; Ting, S. S. T. Applications for supercritical fluid
technology in food processing. Food Chem. 1995, 52, 345–352.

(6) Moribe, K.; Tozuka, Y.; Yamamoto, K. Supercritical carbon
dioxide processing of active pharmaceutical ingredients for polymorphic
control and for complex formation. Adv. Drug Delivery Rev. 2008, 60,
328–338.

(7) Hakuta, Y.; Hayashi, H.; Arai, K. Fine particle formation using
supercritical fluids. Curr. Opin. Solid State Mater. Sci. 2003, 7, 341–351.

(8) Filho, G. R.; de Assunc-~ao, R.M. N.; Vieiera, J. G.; Meireles, C. S.;
Cerqueira, D. A.; Barud, H. S.; Ribeiro, S. J. L.; Messaddeq, Y.
Characterization of methylcellulose produced from sugar cane bagasse
cellulose: Crystallinity and thermal properties. Polym. Degrad. Stab.
2007, 92, 205–210.

(9) Mitchel, K.; Ford, J. L.; Armstrong, D. J.; Elliot, P. N. C.; Hogan,
J. E.; Rostron, C. The influence of substitution type on the performance
of methylcellulose and hydroxypropyl methylcellulose in gels and
matrices. Int. J. Pharm. 1993, 100, 143–154.

(10) Li, D.; McHugh, M. A. Solubility behavior of ethyl cellulose in
supercritical fluid solvents. J. Supercrit. Fluids. 2004, 28, 225–231.

(11) Mochidzuki, K.; Sakoda, A.; Suzuki, M. Measurement of the
hydrothermal reaction rate of cellulose using novel liquid-phase thermo-
gravimetry. Thermochim. Acta 2000, 348, 69–76.

(12) Capitani, D.; Porro, F.; Segre, A. L. High field NMR analysis of
the degree of substitution in carboxymethyl cellulose sodium salt.
Carbohydr. Polym. 2000, 42, 283–286.

(13) Kikic, I.; Lora, M.; Cortesi, A.; Sist, P. Sorption of CO2 in
biocompatible polymers: experimental data and qualitative interpreta-
tion. Fluid Phase Equilib. 1999, 158�160, 913–921.

(14) Aionicesei, E.; �Skerget, M.; Knez, �Z. Measurement and model-
ing of the CO2 solubility in poly(ethylene glycol) of different molecular
weights. J. Chem. Eng. Data 2008, 53, 185–188.

(15) Sato, Y.; Takikawa, T.; Takishima, S.; Masuoka, H. Solubilities
and diffusion coefficients of carbon dioxide in poly(vinyl acetate) and
polystyrene. J. Supercrit. Fluids 2001, 19, 187–198.

(16) Crank, J. The Mathematics of Diffusion, 2nd ed.; Oxford Uni-
versity Press: New York, 1979.

(17) Crank, J.; Park, G. S. Diffusion in Polymers; Academic Press:
New York, 1968.

(18) Kumar, A.; Gupta, R. K. Fundamentals of Polymers; McGraw-
Hill: Singapore, 1998.

(19) Sato, Y.; Takikawa, T.; Takishima, S.; Masuoka, H. Solubilities
and diffusion coefficients of carbon dioxide in poly(vinyl acetate) and
polystyrene. J. Supercrit. Fluids 2001, 19, 187–198.

(20) Singh, L.; Kumar, V.; Ratner, B. D. Generation of porous
microcellular 85/15 poly(dl-lactide-co-glycolide) foams for biomedical
applications. Biomaterials 2004, 25, 2611–2617.

(21) Li, G.; Li, H.; Turng, L. S.; Gong, S.; Zhang, C. Measurement of
gas solubility and diffusivity in polylactide. Fluid Phase Equilib. 2006,
246, 158–166.

(22) Matuana, L. M. Solid state microcellular foamed poly(lactic
acid): morphology and property characterization. Bioresour. Technol.
2008, 99, 3643–3650.

(23) Marko�ci�c, E.; �Skerget, M.; Knez, �Z. Solubility and diffusivity of
CO2 in poly(l-lactide)�hydroxyapatite and poly(d,l-lactide-co-glycoli-
de)�hydroxyapatite composite biomaterials. J. Supercrit. Fluids 2011,
55, 1046–1051.

(24) Kasturirangan, A.; Teja, A. S. Phase behavior of CO2 +
biopolymer and CO2 + fluoropolymer systems. Fluid Phase Equilib.
2007, 261, 64–68.

(25) Kazarian, S. G.; Vincent, M. F.; Bright, F. V.; Liotta, C. L.;
Eckert, C. A. Specific intermolecular interaction of carbon dioxide with
polymers. J. Am. Chem. Soc. 1996, 118, 1729–1736.

(26) Nalawade, S. P.; Picchioni, F.; Marsman, J. H.; Janssen, L. P. B.
M. The FT-IR studies of the interactions of CO2 and polymers having
different chain groups. J. Supercrit. Fluids 2006, 36, 236–244.


