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Figure 4.4 TMA thermogram of cellulose laurate of DS 1.3.
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Tr declines more rapidly than T, as DS., increases; therefore, the interval between
them, A(Tn-T,), converges from 75°C at DS of 0.6 to 45°C at DS of 2.5. No melting
transition was observed at DS of 2.8. A curve fit of T, data predicts that the value of Tn,
at DS 2.8 would lie very close to T,; therefore, crystallization would be very difficult for
this sample (Figure 4.3). The value of T, is determined by the thermodynamics of
crystallization. Thermal energy (kgT) is required to overcome the lattice energy of a
crystal in order for melting to occur; as the lattice energy increases, T, increases.
Interchain hydrogen bonding makes a large contribution to the lattice energy of celluosic
crystals. As DS,,, increases, fewer cellulosic hydoxyl groups are available for hydrogen
bonding, causing T. to decrease. The incorporation of bulky C;» substituents also
decreases the lattice energy by causing an increase in entropy, but entropic effects are
likely to be small compared to enthalpic effects (due to hydrogen bonding). The melting
point of unmodified cellulose (strongly hydrogen-bonded) is unobservable since it lies
above the thermal decomposition temperature (T4) of cellulose. The T, of DS 0.6 CL,
230°C, coincides with T4. The T, of cellulosic chains is increased by intrachain hydrogen
bonding, which stiffens the chain by inhibiting rotation about bonds; the T, of unmodified

cellulose is reported to occur near 230°C.

4.3.2.2 Cellulose Acetate-Laurates (CAL)

CALs, with a uniformly-distributed mixture of laurate and acetate groups along the
backbone, exhibited thermal characteristics by DSC that are typical of highly-ordered,
highly-crystalline linear polymers with median Tns (Table 4.3). Tns are observed to lie
very close to T,s, making T,s very difficult to distinguish (by DSC) in most cases. Despite
the close proximity of Tm to T, CALs are capable of rapid crystallization, which
manifests itself in sharp T,, and T, events during heating and cooling (Figure 4.6). The T,
of CALs is found to decline from 170 to 95°C as DS, rises from 0.6 to 2.9 (Figure 4.7).
The 2.9-DS,, value for T,, agrees with results reported by Malm® and Morooka et al.® T,
parallels T,, behavior approximately 10°C below T, (not shown in Figure 4.7). Since

crystallization cannot occur below T, (due to lack of mobility of polymer chains), T, may
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be assumed to lie near T.min, Which is defined as the lowest extent of the crystallization
exotherm on a DSC thermogram. Following the above assumption, the A(T-T,) of CAL
remains fairly steady, declining slightly from 48°C at DS, 0.6 to 36°C for DSj. 2.9. A
similar behavior was observed for cellulose acetate hexanoate (CAH): at DSpex below 1,
A(Tw-T,) has a large value; it decreases progressively with increasing DSy« until leveling
off at 40-45°C in the DS, range of 1-3.!

CAL samples crystallized much faster than CL samples; annealing above T, for at
least 1 hour was required to restore CL melting endotherms after the first heating scan,
while CAL melting endotherms could not be suppressed even by quench-cooling from the
melt. CAL would be expected to crystallize less rapidly than CL based on the broader
A(Tw-Ty) seen for CL over most of the DS, range. This apparent contradiction is
explained by the relative lack of interchain hydrogen bonding in CAL (nearly all hydroxyls
are substituted) compared to CL, where the translational motion required to pack polymer

chains into a crystal lattice is severely hindered by interchain hydrogen bonds.

Table 4.3 Thermal Transitions of CAL Esters

B-Relax. T low T low Onset of Flow T T,

DSia  DS. °C O QY ) ) O
NMR NMR TMA DSC DSC TMA DSC DSC
0.6 2.5 -70 - - 110 165 131
1.3 1.5 -40 -20 -25 138 153 143
2.0 0.8 -65 -20 -25 110 142 132
2.5 0.4 - - - - 125 112
2.9 0.2 -60 -20 -25 120 97 90
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Figure 4.6 Typical DSC thermograms of cellulose acetate laurate (CAL) of DSy 2.0. (A)
Heat 1; (B) Cooling curve; (C) Heat 2.
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Comparison of T, values for CAL versus CL (Figure 4.8) illustrates the large
contribution to the lattice energy of hydrogen bonding between free hydroxyls. A large
drop in Tn, 45-67°C, results when CL free hydroxyls are acetylated to yield CAL. The
decline in T,, with increasing DSy,, shows that introduction of a bulky substituent hinders
packing of cellulosic chains into a crystal lattice, increasing the entropy of the crystal
lattice, resulting in the formation of crystals which melt at a lower temperature. The
relatively gradual decline of T,, with increasing DS;,, below DS;,, of 2.0 for CL indicates
that only 1 out of 3 hydroxyls needs to be unsubstituted in order to get strong hydrogen
bonding; this observation is important when manipulating DS in order to optimize
properties for applications where mechanical strength is important, such as fibers, films,
etc.

Comparing the thermal transition data for CAB (from a previous publication' and
literature'®) and CAH (from a previous publication') with those of CAL indicates that Ty,
declines as the DS of the larger substituent rises from O to 3 (Figure 4.9). (CAH and CAL
samples were treated in a similar manner; they were both synthesized from low-DP
Whatman CF-11 cellulose, and reported Tns are defined as the peak of the melting
endotherm form the second heating scan on DSC. CAB T,,’s are average values reported
from commercial samples, and the exact method of T, determination is not known). The
slope of T, decline (T, loss gradient) is steep at low DS (of large substituent) but levels
off at medium DS. The initial T, loss gradient increases with increasing substituent length,
from approximately 78°C per DS unit for CAB (Cy), to 160°C per DS unit for CAH (Cs),
to 217°C per DS unit for CAL (C;2). The point at which the T,, loss gradient levels off
decreases with increasing substituent length, from 1.5 DS for CAB, to 0.9 DS for CAH, to
0.6 DS for CAL. This supports the conclusion that the effectiveness of melting point
depression at low DS of large substituents increases with increasing substituent length for
n-alkyl substituents up to lauryl (C,;). The effect of adding a bulky substituent is to
increase the distance between polymer chains, reducing intermolecular attractive forces in

 the crystallite, thus lowering Tn. (It is assumed that entropic effects caused by the addition
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of bulky substituents are small compared to the enthalpic effects). The leveling off of the
Tm loss gradient at mid DS suggests that once a certain number of large substituents are
added, the interchain distance reaches a fixed value, and this distance is characteristic of
the substituent size. It is interesting to note that the T,, at mid DS is higher for CAB while
the T,s for CAH and CAL at mid DS are nearly the same; this indicates that above Cq,
increasing the characteristic interchain spacing has no further effect on melting point

depression.

4.4. Conclusions

1. Cellulose laurate (CL) esters prepared in homogeneous (DMAc/LiCl) solution exhibit
high reactivity without significant depolymerization, and DS is conveniently controlled
over the entire DS range (0 to 3) via stoichiometry.

2. The T of CL esters declines with increasing DS;,,, decreasing from 220°C for CL of
DS 0.6 and DS 1.3 to 170°C for CL of DS 2.5. The CL of DS 2.9 exhibits no melting
transition; however, a T, is observed from 70 to 120°C. Crystallization of CL esters is
slow.

3. The Tyof CL declines from 155 to 105°C as DS, increases from 0.6 to 2.9.

4. The interval A(Tn -Tg) for CL converges from 75°C at DS of 0.6 to 45°C at DS of
2.5.

5. Weak crystallization and melting events attributed to substituent-chain crystallization
are seen in the range of -25 to -20°C.

6. The T,, of cellulose acetate-laurates (CAL) declines from 170 to 95°C as DS,,, rises
from 0.6 to 2.9. Crystallization of CALs is rapid compared to CL esters.

7. The A(Tn -Ty) interval for CALs declines slightly from 48 to 36°C over the DSy, of
0.6 to 2.9.

8. The effectiveness of melting point depression at low DS of large substituents increases

with increasing substituent length for n-alkyl substituents up to lauryl (C;5).
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9.

At mid-DS of large substituent, increasing the substituent length has no further effect

in melting point depression above a length of C¢ (hexanoyl).
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S. LC EXPERIMENTS WITH FLUORINATED CELLULOSE ESTERS’

ABSTRACT

Novel fluorine-containing cellulose mixed esters of 2,2,2-trifluoroethoxyacetic acid
and acetic acid were prepared in homogeneous (DMACc/LiCl) solution. The degree of
substitution with the fluorinated substituent (DSr) ranged from 0.6 to 3. The effect of DSk
on preferential sorption of ethanol from ethanol/water solutions by cellulose (CE),
cellulose triacetate (CTA), and cellulose acetate-trifluoroethoxyacetate (CATA) was
studied by liquid chromatography (LC). The LC method measured the polymer surface
excess volume of ethanol as a function of bulk solution ethanol concentration. Preferential
sorption of ethanol was found to not be affected by DSg. Preferential sorption of ethanol

was strongest for unmodified cellulose.

5.1. Introduction

Separations of organic solvents from mixtures of organic solvents and from water
are traditionally accomplished by distillation. The degree of separation possible by
distillation is often limited by the existence of azeotropes, and distillation often requires
large amounts of energy since the entire process stream to be separated must be
vaporized. Much research attention is currently focused on the production of ethanol by
fermentation as a means of conversion of biomass to energy. The ethanol concentration in

the aqueous product stream from a fermentation process is very dilute (ca. 10 wt.%), so

" This chapter is adopted from a draft manuscript entitled, “ LC Measurement of the Preferential Sorption
Behavior of Ethanol/Water Solutions by Fluorinated Cellulose Esters”, and authored by Jason G. Todd
and Wolfgang G. Glasser, Department of Wood Science and Forest Products, and Biobased Materials
Center, Virginia Tech. Jody Jervis (Biobased Materials Center) performed molecular weight analysis (by
GPC) of the cellulose esters. All other work in this chapter is my own original contribution.
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vaporization of a large amount of water is necessary to obtain a usable ethanol product
when distillation is employed.

Pervaporation is a membrane separation process which may have advantages over
distillation. The membrane employed is selectively permeable toward certain components
of the mixture. The feed side of the membrane is kept in contact with the liquid feed
solution. The permeate side of the membrane is at a reduced pressure so that a phase
change to vapor occurs across the membrane. Since the separation is not dependent on the
vapor-liquid equilibria (VLE) of the mixture, but rather on the relative permeabilities of
components in the membrane, the limitations imposed on product purity by azeotrope
formation in distillation do not apply to pervaporation.

In the case of organic liquid-water separations, the membrane may be selective for
either water or the organic liquid. Hydrophilic membranes, such as polyvinyl alcohol
(PVA), are used commercially to selectively permeate water from organic liquid mixtures;
e.g. dehydration of azeotropic (95 vol.%) ethanol. Hydrophobic membranes may be used
to remove organics from dilute water solutions.

Separation performance of a pervaporation process is defined in terms of the
separation factor ay which is defined as
_Yal¥s )

X, /%g

where y, and x4 are the mole fractions of component 4 in the permeate and feed,

a,

respectively; and yp and xp are mole fractions of component B in the permeate and feed,
respectively.

The driving force for transport is the difference in chemical potential, Az, across
the membrane. The generic expression relating the flux of component 7, J;, to driving force
Aui, 1s

J = @

where P; is the permeability of component 7 and / is the thickness of the membrane.
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The permeability of component 7 in the membrane is a function of two parameters: 1)
diffusivity of component i in the membrane and 2) solubility of component 7 in the
membrane.’

In the case of gas separations, the interaction between gas molecules and the
merﬁbrane polymer is small, and the contribution of solubility toward the permeability
favors the most condensable gas. In the case of pervaporation, where the membrane is in
contact with liquid and condensable vapors, the interaction between membrane polymer
and solutes may be much higher. Plasticization (an increase in segmental mobility) of the
polymer may occur. In the case of separating a binary mixture of A and B, if the affinity of
the membrane polymer for component A is higher than that for component B, then the
effect will be to increase the permeability of component A relative to component B.®
Diffusivity favors permeation of the smaller molecule, so the effects of solubility and
diffusivity may act either in concert or opposition in pervaporation. As shown by a
summary of ethanol/water pervaporation experiments (Table 5.1), some polymer
membranes are selective for water, while others are selective for ethanol; this suggests that
the interactions between polymer and solutes have a strong effect on the results of
ethanol/water pervaporation, since the affinity of the membrane for ethanol (relative to

water) varies according to the chemical structure of the polymer.®
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Table 5.1 Summary of Published Ethanol/Water Pervaporation Results

Feed Permeate
ETOH ETOH  Separ. Total

Membrane Membrane Conc. Conc. Factor  Flux  Ref

Polymer Structure (wt.%) (wt%) agron  (&/m’h) No.
PAN - 50 0.002 12 8
PVC Dense 10 1 0.09 7 2
PC Asymmetric 10 1 0.09 800 9
PA-TFMH Dense 10 1 0.09 - 3
CA Asymmetric 50 0.24 700 8
PTMSP - 50 33 120 8
PTMSP Asymmetric 5 30 8.1 450 4
PTMSP Dense 8 493 11.2 11.5 5
PDMS - 50 33 70 8
PDMS Dense 8 48.4 10.8 25.1 S
PDMS-TFEA Composite 8 58.6 16.3 ‘9.5 5
PDMS-HdFDA  Composite 8 72.6 30.5 14.1 5

Polymer Abbreviations:

CA cellulose acetate

HdFDA graft copolymer of styrene-2-(4 -nitrophenylcarbonyloxy)ethylmethacrylate
and 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafluorodecyl acrylate

PA-TFMA polyacetylene with trifluoromethylated heterocyclic substituents

PAN polyacrylonitrile

PC polycarbonate

PDMS polydimethylsiloxane

PTMSP poly [1-(trimethylsilyl-1-propyne)]

PVC poly (vinyl chioride)

TFEA graft copolymer of styrene-2-(4 -nitrophenylcarbonyloxy)ethylmethacrylate

and 2,2,2-trifluoroethyl acrylate
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In the case of selective permeation of ethanol from dilute water solutions, a
membrane polymer with a high affinity for ethanol is needed. The ethanol molecule is
slightly larger than the water molecule, so diffusivity is not expected to favor ethanol
permeation; however, the evaluation of diffusivities is more complicated because of the
potential for clustering of ethanol and water molecules through hydrogen bonding (i.e.
flow coupling).® Hydrophobic membranes have been employed in laboratory ethanol-water

%89 (Table 5.1). The majority of the membranes studied

separations with varying results
fall into one of two categories: 1) dense, nonporous films made from evaporation of
solvent from a solution of polymer in a volatile solvent, with typical film thickness of 50-
100 pum, or 2) asymmetric films, with a thin (ca. 1-2 pm), dense surface layer supported by
a highly-porous understructure. Typical permeation rates for dense films were in the range
of 7 to 25 g/m’h, while permeation rates between 450 and 800 g/m’h were achieved with
asymmetric membranes, indicating that the resistance to mass transfer is much less for
asymmetric membranes. Preferential sorption of ethanol was reported in dense polystyrene
and poly(vinyl chloride) membranes; however, these membranes preferentially permeated
water in pervaporation experiments’. Dense membranes made from polyacetylene
substituted with trifluoromethylated heterocyclic groups showed a high hydrophobic
character as manifested in a critical surface tension of 22 dyn/cm (similar to
polytrifluoroethylene); however, water was preferentially permeated, suggesting a higher
diffusivity of water in the membrane.?

Membranes made from the silicon-containing polymers poly[1-(trimethylsilyl-1-
propyne)] (PTMSP) and polydimethylsiloxane (PDMS) demonstrated preferential
permeation of ethanol in all reported cases (Table 5.1). PTMSP and PDMS are known for
their high permeabilities in gas separations, due to an open, poorly-packed structure of
rigid polymer chains.'?> An asymmetric PTMSP membrane* and a dense PTMSP
membrane’ exhibited similar performance in terms of separation factor, with oteron of 8.1

and 11.5 reported for the asymmetric and dense membranes respectively; however, flux of
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the asymmetric membrane, 450 g/m*h, was much greater than that of the dense membrane,
11.2 g/m’h.

Ishihara et. al.® created composite membranes consisting of a styrene-fluoroalkyl
acrylate (St-FAA) graft copolymer cast in a dense, 20 um-thick layer on top of a 100 um-
thick, dense PDMS membrane. Separation factor in comparison to the original PDMS
membrane increased with increasing fluorine content in the St-FAA copolymer. Separation
factor increased threefold with the styrene heptadecafluorodecyl acrylate (St-HdFDA)
copolymer (Table 5.1). This suggests that incorporation of a fluorocarbon chain into the
polymer structure increases the relative permeability of ethanol (relative to water) in the
membrane, due most likely to an increased affinity for ethanol relative to water.
Therefore, the creation of a successful membrane for selective permeation of ethanol from
dilute aqueous solutions involves two independent requirements: 1) a material with a high
affinity for ethanol and 2) appropriate membrane polymer morphology (open, permeable
structure).

The affinity of a polymer for a particular solute is demonstrated by the degree of
preferential sorption of that solute by the polymer. Preferential sorption behavior of
membrane polymers may be measured by liquid chromatography (LC) experiments.%’
This method measures the surface excess of a particular solute by comparing the retention
volumes of individual solutes in a polymer-packed column. The surface excess of a solute
is the amount of that solute in excess of bulk solution concentration that is adsorbed at a
surface; it is related to the preferential sorption of a component at the polymer surface. In
light of the observation with PTMSP membranes that a 2 pm-thick dense layer is all that is
required for separation, it seems likely that preferential sorption at or near the polymer
surface 1s what determines separation behavior; therefore, surface excess concentration as
measured by LC should be a good indication of potential separating ability.

For the case of ethanol-water separations, the method is applied as follows:” An
ethanol-water solution of the concentration of interest is pumped at constant flow rate

through a column packed with powdered polymer that has been size-adjusted by sieving.
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A pulse of pure water is injected into the mobile phase ethanol-water stream ahead of the
column, and its retention time in the column is recorded by a differential refractometer
connected to the column effluent. A pulse of pure ethanol is then injected and its retention
time is recorded. Retention volumes are calculated by multiplying retention times by the
mobile phase flow rate. The preferentially-sorbed component will have a greater retention
volume, since it interacts more with the column packing, spending more time adsorbed to

the polymer surface. For a binary mixture of components A and B, the surface excess

volume of component 4, which is the product T, A,f/—,q of surface excess concentration
I, surface area of packing 4,, and molar volume ¥, , is calculated as follows:
> XXs ViV

AV, = VE_prE 3
e (XA,bV_:4+XB,bITB)2( ’ B) ®

where X5 and X, are bulk (mobile-phase) mole fractions of components 4 and B, V,
and V7, are molar volumes of components 4 and B, and ¥ Xand V] are retention times of
components A and B, respectively.

Cellulose acetate esters are well known and widely utilized for their good
membrane-forming properties, but they do not exhibit sufficient preferential permeation of
ethanol to be useful as ethanol-selective pervaporation membranes. Novel cellulose esters
containing a fluorinated alkoxy ester substituent, 2,2 2-trifluoroethoxyacetate (TFEA),
were synthesized in our laboratory; their synthesis was the subject of a previous
publication'®. The addition of fluorinated substituents is predicted to increase the
hydrophobicity of the cellulose ester and therefore increase the affinity of the polymer for
ethanol (relative to water). The objective of the current study is to determine the effect of
degree of substitution with the fluorinated substituent (DSg) of cellulose on the

preferential sorption of ethanol, using the previously-described LC method.*’
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5.2. Experimental

5.2.1. Materials
Cellulose: Whatman CF-11 (Whatman Chemicals, Hillsboro, OR) microcrystalline
cellulose was used in all reactions. Cellulose was solvent-exchanged with N/N-
dimethylacetamide (DMACc) prior to dissolution. Cellulose solutions of approximately 4
wt.% solids content were prepared in DMACc/LiCl (9 wt.%).
Reagents and solvents: All other solvents and reagents were obtained from Aldrich

Chemical Co. (Milwaukee, WI) and used as received.

5.2.2. Methods
Synthesis of 2,2, 2-trifluoroethoxyacetic acid (TFEAA): TFEAA was synthesized

as described in a prior publication.'’ Briefly, 2,2 2-trifluoroethanol was reacted with
chloroacetic acid in aqueous NaOH solution at 80°C for 24 h. The resulting solution was
acidified with HCl, TFEAA was precipitated by addition of NaCl and then purified by
vacuum distillation.

Cellulose esterification: Cellulose trifluoroethoxyacetate (TFEA) was synthesized
in homogeneous solution as described in previous work.'* Briefly, cellulose in DMAc/LiCl
solution was reacted with a mixed anhydride of p-toluenesulfonic acid and TFEAA
generated in situ."' DSy was conveniently controlled via stoichiometry by varying the ratio
of cellulose to mixed anhydride. Remaining free cellulosic hydroxyls were substituted with
acetate ester in a subsequent peracetylation reaction with acetic anhydride in THF/pyridine
solution. DSy and DS . were determined by °F and "H NMR. Molecular weight data was
obtained by GPC.

Preferential Sorption Measurements by LC: Cellulose ester powders were size
adjusted using brass sieves to a particle size of 53-180 pm. The powders were packed into

a liquid chromatography column (glass, 1.0 cm inside diameter, height adjustable approx.
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25-30 cm, Pharmacia). The columns were packed by slurrying the powders in water with a
small amount of ethanol (<5%) to improve wetting of the particles.

The packed column was connected to a Waters LPLC pump, and the initial solvent
(usually 10 vol.% ethanol) was pumped through the column at 1.0 mL/min. After an hour,
the column was connected to a refractive index (RI) detector, and the flow rate was
reduced to 0.1 mL/min. The solvent was pumped at 0.1 mL/min for 20 h to allow the
column and RI detector to reach equilibrium with the solvent.

After the initial equilibration period, the flow rate was increased to 1.0 mL/min,
and about 30 min. was allowed for the system to stabilize at the higher flow rate. At this
point, a series of injections of pure water and pure ethanol was initiated. For each
injection, the sample loop, calibrated to deliver a 26.5 pL pulse, was loaded with either
water or 100% (absolute) ethanol. The loaded sample was then injected into the column,
automatically starting a timer. The injected sample passed through the column and
appeared as a peak on the RI detector. The retention time for the pulse was recorded as
the time at which the peak was at its maximum intensity. This procedure was repeated for
a total of three water injections and three 100%-ethanol injections, alternating water and
ethanol injections, for each mobile-phase ethanol concentration studied.

The solvent (mobile phase) was then switched to the next (higher) ethanol
concentration and the system was allowed to equilibrate for 20 h as previously described.
The series of alternating water and 100% ethanol injections was repeated for each mobile-

phase ethanol concentration studied.
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Table 5.2 Structure of Cellulose Acetate Trifluoroethoxyacetates

Stoichiometry DSk (Eq. DSa. (Eq. Total  Molecular Wt.
(Eq. TFEA/AHG) Ac/AHG) DS M, x 10°
TFEAA/AHG)
0 0 2.8 2.8 -
1.5 0.6 20 2.6 1.2
23 1.0 1.7 2.7 33
4.5 3.2 0 3.2 1.8
7.5 2.8 0 2.8 12

5.3. Results and Discussion

Cellulose TFEA/acetate esters were prepared in homogeneous solution; degree of
substitution with the fluorinated ester substituent (DSr) ranged from 0 to 3 (3 is the
maximum, indicating that all three hydroxyl groups on the cellulose repeat unit are
substituted). Degree of substitution (DS) and molecular weight data are shown in Table
5.2. Total DS reported (by NMR) ranged from 2.6 to 3.2; the accuracy of NMR
determination of DS is accepted to be + 0.2 units of DS, so it is possible that a few
hydroxyl groups were left unsubstituted, particularly in the sample with DSk of 0.6, total
DS of 2.6. Molecular weight data shows that moderate depolymerization of cellulose may
occur in these reactions, but this is assumed to be unimportant for the present study.

LC experiments were conducted with unmodified CF-11 microcrystalline cellulose,
cellulose triacetate (CTA), and cellulose acetate/trifluoroethoxyacetate (CATA)
derivatives with DSg of 0.6 and 2.8. Mobile-phase ethanol concentration was varied from

10 vol.% to 95 vol% (0.03 to 0.85 mole fraction ethanol). Retention volume
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measurements were repeated three times for each mobile-phase ethanol concentration, and
the variation in retention volumes between repeated measurements was typically less than
0.05 mL, indicating good accuracy of the measurement. Retention volume data are shown
in Figure 5.1. The retention volumes followed the same general trend for each polymer
studied. The retention volume of ethanol was initially higher than that of water, then both
retention volumes fell as ethanol concentration increased; at some point, the ethanol
retention volume fell below the retention volume of water, then both retention volumes
began rising again with further increase in ethanol concentration (Figure 5.1). The point at
which water and ethanol retention volumes intersect is the point of zero surface excess.

Surface excess volumes were calculated from the retention volume data; surface
excess volumes versus mole fraction of ethanol for each polymer are plotted in Figure 5.2.
Note that these results are calculated for the total amount of polymer in the column; no
correction is made for differences in specific surface area between polymers. Surface area
measurement using a p-nitrophenol adsorption method'! was attempted, but the method
did not yield any useful results due to difficulty in wetting of the cellulose ester samples in
the 10 vol.% ethanol-water solutions used in the analysis. Therefore, caution is advised in
comparing absolute values of surface excess volume between different polymers.

The surface excess volume (Figure 5.2) followed the same basic trend for each
polymer sample, starting with a positive surface excess of ethanol (indicating preferential
sorption of ethanol) at low ethanol concentrations. The surface excess of ethanol then
decreased with increasing ethanol concentration, reaching a value of zero at some point,
indicating no preferential sorption of either ethanol or water at that ethanol concentration.
The surface excess of ethanol then became negative when ethanol concentration increased
further, indicating preferential sorption of water. Little difference in behavior was seen
between CTA, DSr 0.6-CATA, or DSy 2.8-CATA. These three esters demonstrated a
slight preferential sorption of ethanol at low ethanol concentrations; then, all three surface
excess curves intercepted the zero axis near 0.20 mole fraction ethanol. In contrast, the

ethanol surface excess volume for the CF-11 cellulose sample was an order of magnitude
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greater than those of the ester samples in the low-concentration range. It is possible that
the cellulose sample had a larger surface area than the ester samples, causing the surface
excess to be magnified. However, note that the cellulose surface excess curve intercepts
the zero axis at 0.38 mole fraction ethanol, in contrast to 0.20 for the ester samples,
indicating that ethanol preferential sorption was retained at a higher ethanol concentration
for the cellulose sample relative to the three ester samples. Therefore, it is concluded that
ethanol preferential sorption was strongest for the unmodified cellulose.

A graph of LC system pressure drop versus mobile-phase ethanol concentration
(Figure 5.3) for empty and packed columns shows that the pressure drop increases with
increasing ethanol concentration up to a certain point where it reaches a maximum value
and then declines. The empty-column pressure drop reaches a maximum at 0.24 mole
fraction ethanol, indicating that a maximum in viscosity of the ethanol/water solution
occurs at this composition; this phenomenon indicates that the interaction between ethanol
and water in solution is highest at this point. The pressure drop curves for packed columns
follow the same increasing-then-decreasing trend; the maximum of each curve is observed
to correspond to the point at which the ethanol surface excess reaches zero for that
polymer. Therefore, at this critical solution composition, there is no tendency for either
solution component to be preferentially sorbed; below the critical composition (solution
more polar), ethanol sorption is favored, and above the critical composition (solution less
polar), water sorption is favored.

The strong (in relation to CTA and CATA esters) preferential sorption of ethanol
by unmodified cellulose is an unexpected result, but it may be explained in terms of the
chemical structures of ethanol and cellulose. Ethanol is a short-chain alcohol containing a
two-carbon-long aliphatic chain with an attached hydroxyl group; the cellulose repeat unit
is an aliphatic ring with pendant hydroxyls. Ethanol may adsorb to cellulose in such a way
that its hydroxyl group is hydrogen-bonded to a cellulose hydroxyl, while its aliphatic
‘tail” is at the same time adsorbed to the aliphatic part of cellulose, making for a strong

interaction.
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Based on the results of this work, the addition of fluorine to cellulose in the form
of trifluoroethoxyacetate substituents does not increase the preferential sorption of
ethanol. This is seemingly in conflict with the results of Ishihara et al.> (Table 5.1), where
ethanol selectivity was observed to increase with increasing fluorine content in
pervaporation experiments with a styrene-fluoroalkyl acrylate graft copolymer membrane.
It may be that the increase in hydrophobicity that is expected to occur due to the presence
of the perfluoro group in the trifluoroethoxyacetate substituent is offset by the hydrogen-
bonding ability of the ethoxy ether linkage. Better results with cellulose derivatives may be
possible by increasing fluorine content with ester substituents containing longer
fluoroalkane chain segments (e.g. pentafluoropropoxyacetate and heptadecafluorodecoxy-
acetate).

Mulder et al. have shown that polymer-solute affinity is the factor that determines
selective transport in pervaporation.® Other results suggest that component mobilities
(diffusivities) may dominate selectivity if the affinity effects are not strong enough. >’
Therefore, it is concluded that the LC preferential sorption-measurement method
employed in this work is not capable of quantitative prediction of pervaporation membrane
performance, since it does not consider diffusivity effects. This method is very useful,
however, for quick comparative screening of polymers for a particular application,
allowing selection of polymers with high affinity for the desired component(s) prior to
membrane development.

Based on data reported by Mulder et al® (Table 5.1) on the ethanol/water-
pervaporation performance of a cellulose acetate membrane (which preferentially
permeated water), and the similarity in preferential sorption behavior of CATA to CTA
discovered in our work, it is predicted that pervaporation membranes made from cellulose
trifluoroethoxyacetate esters would not preferentially permeate ethanol from aqueous

solutions.
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5.4. Conclusions

Preferential sorption of ethanol by a fully-substituted cellulose acetate ester does not
change when acetate substituents are replaced by 2,2,2-trifluoroethoxyacetate (TFEA)
substituents.

The preferential sorption of ethanol by unmodified cellulose is stronger than the
preferential sorption by cellulose acetate and trifluoroethoxyacetate esters.

Ethanol is preferentially sorbed by cellulose and cellulose acetate and
trifluoroethoxyacetate esters below a critical bulk solution ethanol concentration.
Above this critical concentration, water is preferentially sorbed. This critical
concentration was 38 mol.% ethanol for cellulose and approximately 20 mol.% ethanol
for cellulose acetate and trifluoroethoxyacetate esters.

Pervaporation membranes made from cellulose trifluoroethoxyacetate esters are

predicted not to preferentially permeate ethanol from aqueous solutions.
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6. OVERALL CONCLUSIONS

Cellulose esterification in homogeneous solution using mixed anhydrides consisting
of p-toluenesulfonic acid and carboxylic acids is highly effective. Esterification with long-
chain aliphatic acids and fluorinated alkoxyacetic acids is readily accomplished, producing
fully-substituted derivatives with minimal depolymerization of cellulose. DS is
conveniently controlled by varying the ratio of mixed anhydride to cellulose. Full
substitution is achieved with as little as 1.5 molar equivalents of mixed anhydride per
cellulosic hydroxyl.

Waxy esters of cellulose, with n-alkyl ester substituent length of C,; or greater,
exhibit separate thermal transitions (melting and glass transitions) for ester substituents
and main cellulose chains. This indicates that waxy ester substituents form a separate
phase from the cellulose backbone. The melting point (Tmy) of side-chain crystals
increases linearly, at a rate of 10°C per carbon atom, as the length of substituents
increases from Cj; to Cy; Try increases from -19°C for Cy; to 53°C for Cyp. Main-chain
Tms of peracetylated waxy esters of cellulose converge with the melting transition of the
olefinic (side-chain) phase and/or disappear as substituent length reaches C;s.

Material properties important to melt processability (i.e. Tm, T,, rate and degree of
crystallization) can be effectively controlled by varying the types and DS of substituents
(hydroxyl groups, acetyl groups, and larger aliphatic ester substituents of varying chain
length). The effectiveness of melting point depression at low DS of large substituents
increases with increasing substituent length for n-alkyl substituents up to lauryl (C;2). At
mid-DS of large substituent, increasing the substituent length has no further effect in
melting point depression above a length of Cs (hexanoyl). When substituent length reaches
Cis, the melting points of ester substituent and cellulose phases converge, and the melting
point of the ester phase determines the melting point of the entire derivative.

Incorporation of triflouroethoxyacetyl substituents into cellulose acetate esters

does not appreciably affect the preferential sorption of ethanol from aqueous solutions;
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therefore, cellulose trifluoroethoxyacetate membranes are not expected to selectively
permeate ethanol in pervaporation of aqueous ethanol solutions. Cellulose (with free
hydroxyls) unexpectedly exhibits the highest preferential sorption of ethanol (compared to
acetate and trifluoroethoxyacetate esters); this is probably due to the high similarity in

chemical functional group composition between cellulose and ethanol.
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