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SYNPOSIS 

The generation of hydrogels from solutions of cellulose ester derivatives of various types 
using an atomization device, in which the solution travels through air before phase inversion 
occurs in a nonsolvent, was unable to produce beads in spherical shape. Instead, irregularly 
shaped particles were formed. The cellulose derivatives included a series of cellulose esters 
with a high and low degree of substitution (DS) and with acyl substituents ranging in size 
from C3 to C12 (laurate). Starch was tested as a noncellulosic polysaccharide, and the list 
of cellulose derivatives included a fluorine containing ester. The formation of spherical 
hydrogel beads by this method became possible only when cellulose derivatives or starch 
were blended in solution with unmodified cellulose. The resulting beads had dynamic flow 
characteristics, for instance, linear velocity vs. pressure drop relationships, that closely 
followed the rule of mixing. An exception was cellulose laurate, which retained most of the 
strength of unblended cellulose even at  60% derivative content. The results suggest (a) 
that cellulose is needed for the formation of droplets with sufficiently high surface tension 
capable of withstanding the collision with the nonsolvent surface; (b) that cellulose deriv- 
atives require the presence of unmodified cellulose to attain sufficient gel strength; and (c) 
that waxy ester substituents provide the basis for hydrophobic interactions which contribute 
to gel strength retention. 0 1996 John Wiley & Sons, Inc. 

I NTRO DU CTI 0 N 

Hydrogels in bead form are important separation 
devices used in biotechnology. Spherical hydrogel 
beads have been produced from various polysaccha- 
rides including cellulose.'-4 Cellulose has been dem- 
onstrated to be particularly useful for beads of large 
size (greater than 300 pm diameter), beads with low 
solids content and with high mechanical strength, 
without a need for cro~slinking.~ Following func- 
tionalization by chemical modification, cellulosic 
hydrogel beads have proven to be useful for ion ex- 
change and affinity chromatography. The previous 
manuscript in this series established the utility of 
cellulosic hydrogels in bead form for chromato- 
graphic  purpose^.^ Beads from cellulose were found 
to have excellent flow characteristics at low solids 
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content; they had resolution capacity that was in- 
dependent of bead diameter above 300 pm; and they 
exhibited flow behavior indicative of convective 
through-pore transport. Without activation, cellu- 
lose beads were found to have no significant binding 
characteristics, and this is an important feature of 
high-performance chromatographic support mate- 
rials. 

Unmodified cellulose, however, is neither useful 
for selective binding nor for dissolution in usual sol- 
vents.6 This is why cellulose derivatives, chemically 
modified celluloses with (active) functional groups 
installed prior to bead formation, would offer ad- 
vantages for the formation of preactivated separa- 
tions materials, with uniform distribution of active 
sites and from simpler solvent systems. 

The commercial regeneration of cellulose in fiber 
or film form employs the transitory modification as 
xanthate, and cellulose beads have previously been 
produced from cellulose derivative solutions, xan- 
thate and acetate, followed by hydrolysis or deace- 
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tylation. Thus, cellulose modification prior to re- 
generation is common, as it prevents the use of 
complicated solvent systems such as N,N-dimethyl 
acetamide and lithium chloride (DMAc/LiCl) or N- 
methyl morpholine oxide (N,MMO). 

It was, therefore, the objective of the current study 
to explore the feasibility of producing spherical hy- 
drogel beads from cellulose derivatives, and from 
blends of cellulose with cellulose derivatives, using 
the previously adopted method of atomization in 
turbulent air followed by phase inversion in a non- 
solvent. 

EXPERIMENTAL 

Materials 

Cellulose (CF-11, DP, 200) was purchased from 
Whatman Paper Ltd.; cellulose triacetate (CTA, DS 
2.8), cellulose propionate (CP, DS 2.8), and cellulose 
acetate-butyrate (CAB, DS 2.8) were purchased from 
Aldrich Chemical Company; cellulose hexanoate 
(CH, DS 0.9-1.1), cellulose acetate hexanoate 
(CAH), cellulose trifluoroethoxyacetate (CFA), cel- 
lulose acetate trifluoroethoxyacetate (CAFA), and 
cellulose laurate (CL, DS 1.3) were synthesized in 
our lab~ratory;~ starch was purchased from a local 
supermarket; N,N-dimethylacetamide (DMAc) re- 
agent grade was obtained from Fisher Scientific; and 
isopropyl alcohol was purchased from Baxter Sci- 
entific Products. All materials were used without 
further purification. 

Methods 

The dissolution of cellulose was based on the pro- 
cedure of McCormick and Lichatowich.’ In short, 
the cellulose sample was solvent exchanged in DMAc 
for at  least 1 week. Excess solvent was removed by 
filtration and the dry weight was determined. (Cel- 
lulose esters did not require a solvent-exchange step 
prior to dissolution.) The cellulose dissolution pro- 
cesfi consisted of adding a weighed amount of the 
polysaccharide into a solution of 8-10% LiCl in 
DMAc at 80°C. After 1 h under continuous stirring, 
the heat source was removed and the mixture stirred 
for 10-15 h at  room temperature till the dissolution 
was completed. With starch, an extra addition of 15 
wt % water at the end of the 10-15 h stirring period 
was necessary for complete solubilization. Cellulose 
derivatives were dissolved in LiC1-free DMAc. 

Blends of the polysaccharides were prepared by 
mixing known amounts of solutions prior to atom- 

ization. The blended beads were identified according 
to their composition. For instance, 80% CF-11/20% 
CP represents the blend containing 80 wt % CF-11 
and 20 wt  % of CP as determined by the concentra- 
tions of the respective solutions and the volumes 
mixed prior to regeneration. 

The beading process and pressure drop measure- 
ments were as described el~ewhere.~ 

RESULTS A N D  DISCUSSION 

Bead Generation Procedure 

The optional methods for producing spherical hy- 
drogel beads from cellulose have been summarized 
by Stamberg et al.9 These include the steps of (a) 
solvation of cellulose (or cellulose derivative), (b) 
formation of a sphere from the solution, (c) stabi- 
lization of the spherical droplet, (d) solidification of 
the polysaccharide solids in the droplet by phase 
inversion, and (e) postgeneration treatment includ- 
ing washing. Two generic process types are distin- 
guished, one employing the principles of the dry jet 
wet (fiber) spinning process in which droplets are 
ejected into air prior to phase inversion in a non- 
solvent (ejection process) and one dispersing the 
cellulose solution in a solvent medium that does not 
mix with the cellulose-containing liquid phase (sus- 
pension The suspension process con- 
stitutes a current state of art for the commercial 
production of hydrogel beads on the basis of poly- 
saccharides; however, many reports in the literature 
have also dealt with bead production by the ejection 
method.1°-13 Whereas the suspension process favors 
the formation of gel particles of small size (less than 
300 pm diameter) and of irregular shape, the ejection 
process appears to be limited by viscosity and surface 
tension considerations. The commonly high viscos- 
ity of all polysaccharide solutions favors the for- 
mation of fibers and complicates the formation of 
spherical droplets in air. However, with the emer- 
gence of new solvent systems for cellulose, and with 
a variety of pretreatments to reduce the cellulose 
molecular weight while increasing its solubility, the 
adoption of a so-called “two fluid annular atomizer” 
as described by Su et al., has become feasible.23 Using 
this technique, which was described and advocated 
for aqueous solutions of sodium alginate, polysac- 
charide solutions are ejected from a capillary with 
the aid of a flowing (turbulent) gas which assists in 
the formation of spherical droplets. The atomized 
polysaccharide solution then travels through air be- 
fore undergoing phase inversion in a nonsolvent. 
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While the method of Su et al. failed to produce the 
expected spherical droplets from cellulose solutions, 
apparently because of solvent evaporation and the 
resulting clogging and fowling of capillary tips, a 
modified atomization device (Fig. 1) resulted in suc- 
cessful bead generation. This method, which adopts 
the principles of the dry jet wet spinning fiber tech- 
nology, directs a high velocity gas stream at the tip 
of the capillary such that a shearing force is applied 
to a protruding viscous liquid without causing the 
build up of solids in the spinnerette, which fre- 
quently results in clogging. The gas capillary jets 
impart a Venturi effect across the liquid being 
ejected from the capillary tip, thus drawing the cel- 
lulose solution into a continuous stream as it leaves 
the liquid capillary. The shear force of the gas cap- 
illary jets is responsible for uniform flow at  high 
rate and for steady disintegration of the stream into 
droplets of narrow size distribution. The introduc- 
tion of capillary jets, and the manner in which they 
are directed at  the tip of the liquid capillary, form 
the major distinction of the apparatus shown in Fig- 
ure 1 with the device of Su et al.23 Parameters con- 
tributing to the successful formation of spherical 
droplets by this modified dry jet wet ejection pro- 
cedure include viscosity (acceptable range between 
50 and 700 cS, preferably around 300 cS) and surface 
tension. 

When this method was used for the ejection of 
solutions of cellulose ester derivatives of all types, 
nonspherical particles (resembling flattened “pan- 
cakes” and other disintegrated droplets) were 
formed. This suggests that cellulose derivative 
droplets have insufficient mechanical resistance 
(surface tension) to withstand the impact of the col- 
lision with the nonsolvent surface. In contrast to 
cellulose, which forms high surface tension droplets, 
cellulose derivative droplets deform upon impact 
with the nonsolvent surface. However, when cellu- 
lose derivatives were blended in solution with vary- 
ing amounts of cellulose in the same solvent prior 
to regeneration, the spherical nature of the droplet 
was preserved through the process of phase inver- 
sion. 

Cellulose-Supported Cellulose Derivative Beads 

The cellulose derivatives used in the present inves- 
tigation involved commercially available cellulose 
esters (acetate, propionate, butyrate) as well as sev- 
eral novel derivatives prepared by homogeneous 
phase reaction in DMAc/LiCl solution. The latter 
included cellulose hexanoate (CH) with a degree of 
substitution (DS) of 1.1 (i.e., a derivative having, on 
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Figure 1 Schematic representation of the beading 
manifold device showing the capillary gas jets pointing 
directly at  the capillary tip from which carbohydrate so- 
lution protrudes. 

average, 1.9 OH groups per anhydroglucose repeat 
unit), cellulose acetate hexanoate (CAH), cellulose 
trifluoroethoxyacetate (CFA), cellulose acetate tri- 
fluoroethoxy acetate (CAFA), cellulose laurate (CL) 
(DS 1.3), and starch (Fig. 2). These derivatives were 
selected for the purpose of examining the potential 
for preactivating cellulose in homogeneous phase 
(i.e., DMAc/LiCl solution) using established ester- 
ification  method^,^ followed by the regeneration in 
bead form. 

All solution mixtures of cellulose and cellulose 
derivatives and starch produced spherical beads 
when regenerated from aqueous isopropanol. Bead 
strength was found to vary with composition. Typ- 
ical results regarding the relationship between linear 
flow velocity and pressure drop (Fig. 3) revealed a 
gradual decline of maximum linear velocity with 
cellulose derivative content. The results suggest that 
CP (and other cellulose derivatives) is incapable of 
contributing to the strength characteristics of cel- 
lulose-containing beads. Although the blended beads 
have retained their spherical form during collision 
with the nonsolvent surface, the beads lose strength 
in relation to rising cellulose derivative content. 

The capacity of cellulose/cellulose derivative 
blend beads to withstand linear (aqueous) flow prior 
to pressure exponentiation was found to be related 
to cellulose content (Fig. 3 ) .  On the assumption that 
cellulose alone is responsible for gel strength, and 
defining the point of pressure exponentiation as the 
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CH,OR 

H O R  
CTA R=COCH, 

CP R =COC H,C H, 
CAB R=CO(CH,),CH, and COCH, 
CH(CAH) R=CO(CH,),CH, (and COCH,) 
CFA(CAFA) R=COCH,OCH,CF, (and COCH,) 

CL R =C 0 (C H J , ,C H , 
Figure 2 Repeating unit structures of cellulose deriv- 
atives used in this study: CTA = cellulose triacetate; CP 
= cellulose propionate; CAB = cellulose acetate butyrate; 
CH (CAH) = cellulose hexanoate and cellulose acetate 
hexanoate; CFA (CAFA) = cellulose trifluoroethoxyace- 
tate and cellulose acetate trifluoroethoxyacetate; and CL 
= cellulose laurate. 

linear velocity a t  which beads permanently deform 
(“crushing velocity”), the theoretical relationship 
between crushing velocity and cellulose derivative 
content can be expected to follow the rule of mixing. 
Actual strength data for blend beads (Fig. 4) reveal 
a slightly to significantly greater loss of strength 
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with cellulose derivative content rising for all deriv- 
atives and starch except CL. Whereas CAB follows 
most closely the rule of mixing, the highly hydro- 
phobic CAFA indicates the most dramatic reduction 
in strength as cellulose content diminishes (Fig. 4). 

The surprising retention of strength in support 
of dynamic flow of the CF-ll/CL blend beads, which 
suggests undiminished crushing velocity a t  cellulose 
contents as low as 40% (Fig. 4), suggests a significant 
strengthening effect of large hydrophobic ester sub- 
stituents. Laurate groups, with their bulky hydro- 
carbon residue (CllHZ3), appear to organize in hy- 
drophobic aggregates capable of providing mechan- 
ical support similar to chemical crosslinks (Fig. 5). 
This is consistent with the observations of Sau and 
Landoll dealing with the presumed pseudonetwork 
structures of hydrophobically modified hydroxyethyl 
ce l lu lo~es ,~~  and it is also in agreement with the work 
by Berni e t  al. who found that lightly alkanoylated 
textile fibers have improved crease resistance on ac- 
count of their hydrophobic  interaction^^^. 

The atomization of polymer containing fluids, and 
the formation of spherical gel particles, is understood 
in relation to such factors as fluid elasticity (vs. in- 
elasticity) and macromolecular rigidity. The breakup 
performance of an alginate-containing liquid was il- 
lustrated by Hulst et al. photographically.26 Impor- 
tant features of fluid breakup involve (a) the rapid 
formation of droplets, a process that is usually as- 
sisted by high air currents creating shear forces on 
a protruding fluid stream; and (b) the distance a 
droplet travels before it collides with the surface of 
a nonsolvent. Early droplet formation and adequate 
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Figure 3 Pressure-flow curves for cellulose/cellulose propionate blend beads: (A) 100% 
CF-11; (B) 80% CF-11/20% CP; (C) 60% CF-11/40% CP; (D) 40% CF-11/60% CP. All the 
beads tested had an average of 7% solids content and average bead diameter of 500 pm. 
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Figure 4 The effect of the chemistry of the cellulose derivative (or starch) on the crushing 
velocity of the cellulose/cellulose derivative blend beads. The theoretical model represents 
the predicted crushing velocities according to the rule of mixing. 

droplet separation are necessary for preventing 
droplet coagulation and fusion in the nonsolvent. 
Various breakup characteristics were illustrated by 
Goldin et al.27 The fluid breakup behavior is said to 
be dependent on the elasticity of fluids. Goldin et  
al. demonstrated that fluid elasticity with shear-in- 
dependent viscosity is required for the formation of 
stable Newtonian liquids that possess adequate 
breakup characteristics. Because it is known that 
polysaccharides form inelastic (viscoelastic) fluids 
a t  concentrations that depend on chemical and mo- 
lecular structure parameters, the inability of cellu- 
lose derivatives and noncellulosic polysaccharides 
to  form beads may be attributed to  the formation of 
unstable Newtonian liquids. 

The ideal matrix for bioaffinity chromatographic 
support should provide ease of derivatization for the 

Figure 5 Schematic representation of a hydrophobically 
modified cellulose network according to Sau and Land011.'~ 

incorporation of specific functionality. The gener- 
ation of beaded hydrogels containing mixtures of 
cellulose and cellulose derivatives creates new op- 
portunities for the production of beads that are 
preactivated, or that may be activated on the basis 
of derivative functionality present within the gel 
structure. There is also a need for bioaffinity support 
materials that (a) have, in addition to the foregoing 
desired properties, high mechanical strength to resist 
crushing at high column flow rates; (b) do not suffer 
from the nonspecific adsorption of complex solution 
components; (c) are made from an inexpensive and 
readily accessible material; and (d) are produced by 
a simple and inexpensive process that is readily 
adaptable for large scale production. 

CONCLUSIONS 

Cellulose ester derivatives fail to  produce spherical 
hydrogel particles (beads) when subjected to a bead 
forming procedure involving ( a )  shear forces created 
by turbulent air flow, ( b )  travel through air prior to  
collision with nonsolvent, and ( c )  phase inversion. 

The addition of dissolved cellulose to  cellulose 
derivative solutions serves to  build gel strength, and 
this effect is significantly or slightly more pro- 
nounced than the prediction based on the rule of 
mixing. 

Starch behaves like cellulose derivatives by failing 
to  exhibit (significant) inherent strength. 

Cellulose laurate with DS 1.3 fails to obey the 
rule of mixing by exhibiting virtually undiminished 
strength for beads having cellulose contents as low 
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as 40%. This is explained with hydrophobic inter- 
actions serving as pseudocrosslinks, which stabilize 
hydrogel-forming molecules against permanent de- 
formation. 
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William E. Kaar provided valuable suggestions for this 
study. The study was financially supported by a grant from 
the Center for Innovative Technology. 

REFERENCES 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

H. Inagaki and G. 0. Phillips, Eds., Cellulosics Utili- 
zation, Research and Rewards i n  Cellulosics, Elsevier, 
London, 1989. 
J. Drobnik, J. Labsky, H. Kudlvasrova, V. Saudek, 
and F. Svec, Biotechnol. Bioeng., 24, 487 ( 1982). 
L. Peng, G. J. Calton, and J. W. Burnett, J.  Biotech- 
nol., 5, 255 (1987). 
H.-F. Boeden, K. Pommerening, M. Becker, C. Rup- 
prich, M. Holtzhauer, F. Loth, R. Muller, and D. Ber- 
tram, J.  Chromatogr., 552 ,384  ( 1991 ) . 
W. de Oliveira and W. G. Glasser, J .  Appl. Polym. 
Sci., 6 0 , 6 3  (1996). 
A. F. Turbak, R. B. Hammer, N. A. Portnoy, and 
R. E. Davies, in Solvent S p u n  Rayon, Modified Cel- 
lulose Fibers and Derivatives, A. F. Turbak, Ed., ACS 
series, American Chemical Society, Washington, DC, 
1977, p. 12. 
G. Samaranayake and W. G. Glasser, Carbohydr. 
Polym., 22, 1 (1993). 
C. L. McCormick and D. K. Lichatowich, J.  Polym. 
Sci., Polym. Lett. Ed., 17, 479 ( 1979). 
J. Stamberg, J. Peska, H. Dautzenberg, and B. Philipp, 
in Analytical Chemistry Symposia Series, Vol. 9, Af-  
finity Chromatography and Related Techniques, 
T. C. J. Gribnau, J. Visser, and R. J. F. Nivard, Eds., 
Elsevier, Amsterdam, 1982, p. 131. 

10. J. J. O’Neill, Jr., R. Reichardt, and E. P. Reichardt, 
U.S. Pat. No. 2,543,928 (1951). 

11. H. DetermannandT. Wieland, U.S. Pat. No. 3,597,350 
(1971). 

12. K. Yasui, Y. Isome, K. Sugimori, and S. Katsuyama, 
Jap. Kokai Pat. No. 73 43,082 and 73 60,753 ( 1973). 

13. H. J. Gensrich, V. Gro, D. Bartsch, J. Stamberg, J. 
Peska, D. Paul, M. Holtz, D. Berek, and I. Novak, 
Czech. Pat. Appl. No. PV 3634-80 (1980). 

14. H. Determann and T. Wieland, Swed. Pat. No. 382,066 
( 1976). 

15. H. Determann, H. Rehner, and T. Wieland, Mukromol. 
Chem., 114, 263 ( 1988). 

16. K. Chitumboand W. Brown, J.  Polym. Sci., C36,279 
( 1971). 

17. B. A. Andreassen, Swed. Pat. No. 343,306 (1972). 
18. 0. H. Edlund and B. A. Andreassen, German Offen. 

19. B. A. Andreassen, Swed. Pat. No. 382,329 (1976). 
20. S. Kuga, J. Chromatogr., 195, 221 (1980). 
21. Y.-Y Linko and P. Linko, Methods Enzymol., 135, 

268 ( 1987). 
22. J. Peska, J. Stamberg, and Z. Blace, U.S. Pat. No. 

4,055,510 ( 1977). 
23. H. Su, R. Bajpai, and G. Preckshot, Appl. Biochem. 

Biotechnol., 2 0 / 2 1 , 5 6 1  (1989). 
24. A. C. Sau and L. M. Landoll, in Polymers i n  Aqueous 

Media-Performance through Association, J .  E. Glass, 
Ed., ACS Series 223, American Chemical Society, 
Washington, DC, 1989, pp. 343-364. 

25. R. J. Berni, R. R. Benerito, and J. B. McKelvey, U.S. 
Pat. 3,493,319, Feb. 3, 1970. 

26. A. C. Hulst, J. Tramper, K. van’t Riet, and J. M. M. 
Westerbeek, Biotechnol. Bioeng., 27, 870 (1985). 

27. M. Goldin, R. Pfeffer, and R. Shinnar, Chem. Eng. 
J., 4,8  (1972). 

No. 2,138,905 ( 1972). 

Received December 19, 1995 
Accepted February 7, 1996 


