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The processing of microporous glassy carbon derived from furfuryl alcohol

and ethylene glycol mixtures has been studied, with emphasis on understanding

and controlling microstructure development. It is shown that this system exhibits

a polymerization-dependent miscibility gap, and that the carbon microstructure is
determined by phase separation in the liquid state. Variations in carbon microstructure
with composition and thermal history can be understood in terms of the time-dependent
immiscibility and resulting phase separation.

I. INTRODUCTION Significant crosslinking occurs with a maximum of four

Glassy carbon has been used for a number of adlnkage points per monomer unit. It has not been deter-

plications, including filters, electrodes, molecular sievesMined whether this crosslinking occurs during growth

and catalyst supports, since its discovery in the early! the polymer chains or afterward. Regardless, as the
1960’s1? More recently a microporous form of glassy polymer chains lengthen, the viscosity increases sig-

carbor? has found use as a preform for reaction formingnificantly, and mobility decreasésin this study, we

of structural ceramic&? In this application, the unifor- €xPlore the effects of various processing parameters and
mity, density, pore size, and pore interconnectivity of theShOW th_at the m|crostr_ucture of these glassy parb_ons is
carbon preform play an important role in determiningPrédominantly determined by phase separation in the
the rate of infiltration and reaction and the resulting/iduid state, occurring concurrently with polymerization,

microstructure. Control of the carbon microstructure isPHior t0 pyrolysis.
therefore crucial for control of the reaction-forming
process. The liquid-based system for producing microy ExpPERIMENTAL PROCEDURE
porous carbon discussed here was first described
Hucke in 1975 The carbon-yielding furfuryl resin is
first mixed with a pore-forming alcohol and optional Although several starting materials were investi-
inert ingredients. Thermal polymerization of the furfuryl gated, the most comprehensive set of experiments was
resin, catalyzed by acid, results in a rigid solid fromperformed using furfuryl alcohol monomer or furfuryl
which the fluid pore former can be removed. The body isalcohol homopolymer (QuacotrFurfuryl Alcohol and
then pyrolyzed in inert atmosphere to form porous glassy300 Resin, QO Chemicals, West Lafayette, IN 47906)
carbon. The microstructure of the resulting body appearM.W. 98 and~300, respectively) as the carbon precur-
to be defined by a number of parameters including theor. Ethylene glycols of different molecular weights were
ratio and specific composition of the components, as wellised in varying proportions as the second component,
as the thermal history of the mixture. and paratoluene sulfonic acid (PTSA) was used as a
The mechanisms responsible for the evolution ofcatalyst. The principal compositional variables were the
microstructure, and the methods of controlling the mi-resin-to-glycol ratio, the molecular weight of the glycol
crostructure, have not previously been investigated irfvarying from ethylene glycol to tetraethylene glycol),
detail. However, the polymerization of furfuryl alcohol is and the water content (Table I). We will discuss the
known to occur by the following condensation reaction effects of variations in composition with respect to
a reference composition of 50 wt.% of a resin mix-

| | | ture and 50 wt.% of a glycol mixture composed of
@?_OH = Q*?Qf?_(m + H0 33:67 diethylene glycol: triethylene glycol by weight,
with 4 wt. % PTSA. In all experiments the resin mixture

was composed of 50% homopolymer and 50% monomer

by weight. From this reference composition, the effect

ANow at lowa State University, Materials Science and Engineering Of th_e solvent Comp_OSition was studied by systematically
Ames, lowa 50010. varying the proportions from pure ethylene glycol, (EG)

b
X. Composition
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TABLE I. Compositions investigated.

Resin/solvent ratio Glycol composition Water content No. of
wt. % wt. % wt. % (of resin) samples
50:50 EG:TEG 0:100-25:75 0 6
EG:TetEG 0:100-25:75 6
DEG:TEG 0:100-100:0 7
DEG:TetEG 0:100-100:0 7
40:60-60:40 100% DEG 0 3
100% TEG 5
100% TetEG 5
45:55 DEG-TEG 83:17-17:83 0 5
55:45 DEG-TEG 33:67 0 1
45:55 100% DEG 0-2.5% 8
50:50 100% TEG 0-2.0% 5
50:50 100% TetEG 0-2.0% 5

EG-Ethylene Glycol
DEG-Diethylene Glycol
TEG-Triethylene Glycol
TetEG —Tetraethylene Glycol

(the lowest molecular weight glycol), to pure tetraethy-dimensions that were on the order ofudn (Fig. 2).
lene glycol, (TetEG) (the highest molecular weight gly- An important observation is that the co-continuous
col studied). Several combinations and ratios of EGnetwork is fully developed after polymerization, and
diethylene glycol, (DEG), triethylene glycol, (TEG), and is not a product of the pyrolysis step. This is clearly
TeteEG were studied. The solvent-to-resin ratio was alsalemonstrated by the comparison of microstructures
varied from 40: 60 to 60:40. The effect of intentionally immediately after polymerization (before pyrolysis),
added water was also studied at concentrations from 0%nd after pyrolysis at 708C, shown in Figs. 2(a) and

to 2.5% by weight. 2(b), respectively. Except for a slight change in scale
due to shrinkage upon pyrolysis, the co-continuous
B. Thermal treatment morphology is identical before and after pyrolysis. The

After the solid acid was dissolved in the ethylenebulk density of this structure is 0.91 gom?®, 59%
glycol, the resin was added and stirred mechanicallpf that of fully dense glassy carbon produced from
for 10 min at room temperature. The mixture was therPolymerized furfuryl alcohot. Mercury porosimetry
poured into glass tube molds and placed in a dryingesults in Fig. 3 show that the average pore size is
oven at 40°C for 4 h for low temperature annealing. approximately lum, and that the pore size distribution
The sample was then placed in a convection dryer a narrow. The microsctructural features of preforms
70°C for further annealing during which substantial Prepared from these and of other compositions are
polymerization occurs. After 2 h, the rigid body was summarized in Table II.
removed from the mold and excess glycol removed
by draining with absorbent paper. The samples were
then held at 70C for an additional 22 h. The sample
was pyrolyzed by slowly ramping to 70C in flowing A 7000
nitrogen and held for 1 h. The thermal history profile is pyrolysis

illustrated in Fig. 1. temp
The resulting microstructure was characterized by /

scanning electron microscopy. The pore size, size dis 70°C

tribution, and skeletal density (of the carbon) were ’ I
characterized using mercury porosimetry. Hot-stage opti 40-45°C *

cal microscopy was also used to observe immiscibility in self-supporting
the fluid components at lower temperature (e.g., before RT

pyrolysis). . . "
4 8 1 30
lll. RESULTS time (hours)

The reference ComPOSitior! produced a CO-FiG. 1. Time-temperature profile for processing of microporous
continuous network structure with pore and carboncarbons.

~
~
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FIG. 3. Pore size distribution in microporous glassy carbon
[Fig. 2(b)] showing a narrow size distribution centered neatn,
from mercury intrusion porosimetry.

again miscible in the glycol mixtures, but dissolution was
slow. Given adequate holding time (e.g., 4 h), most of
the compositions studied reached a single phase liquid.
These observations show that miscibility is a func-
tion of the molecular weights of both the furfuryl resin
and the ethylene glycol, and that at the temperatures used
in the early stages of the thermal cycle, a single phase
liquid can be achieved given sufficient holding time. In
the initial stages of processing, complete dissolution of
the homopolymer is important for obtaining homoge-
neous microstructures. If polymerization was induced (in
mixtures containing catalyst) before the homopolymer
completely dissolved, large carbon particles were visible
in the final microstructure. Uniform microstructures were
obtained when the starting state was a single phase
FIG. 2. Microstructure showing co-continuous phases: (a) after poly{iquid. The results discussed later are solely from these
merization and before pyrolysis, in which the solid phase is polymer-materials.
ized furfuryl alcohol resin; and (b) after pyrolysis to glassy carbon. The results also show that as polymerization pro-
ceeds, thereby increasing the average molecular weight
A. Low temperature miscibility of the furfuryl resin, an increasing degree of immisci-
bility with the glycol component will develop. Thus the
Jurfuryl resin-glycol miscibility is time-dependent in the
present process. This is a key result for understanding
g?e development of microstructure.

Miscibility in the starting resin/glycol solutions was
studied using an optical microscope equipped with
heating stage. The ratio of furfuryl resin to glycol was
the same as used in preparing preforms, but the cataly:
was excluded in order to inhibit polymerization during ) _
observation. We observed that at room temperature thé- Resin-to-glycol ratio
monomer is fully miscible in all of the glycol mixtures The primary effect of varying resin-to-glycol ratio
studied. On the other hand, the homopolymer is not fullyis to alter the morphology and interconnectivity of the
miscible at room temperature in any of the glycols atfinal microstructures in the pyrolyzed carbons (Fig. 4).
the ratios used, although a greater solubility is evidenA secondary effect on the scale of the microstructure
in the lower molecular weight glycols. Upon heating was also observed. These correlations are listed in detail
to 70°C, however, all homopolymer-glycol mixtures in Table Il. We distinguish between co-continuous mor-
became miscible, forming a single phase liquid. Wherphologies, here taken to mean those in which both phases
these mixtures were cooled to room temperature, a largare smoothly interconnected in three dimensions, and
volume fraction of spherulites formed, confirming the discrete particulate morphologies, which can nonetheless
immiscibility. At an intermediate temperature of 40,  be interconnected due to packing considerations. At a
as used in processing (Fig. 1), the homopolymer wasesin-to-glycol volume ratio of 50:50, a co-continuous
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TABLE Il. Microstructural characteristics of microporous carbons as a function of composition.

Pore size
Resin/glycol Glycol composition um Microstructure description
50:50 EG:TEG 0:100 <0.5 Fine, co-continuous structure
10:90 4 Coarser, co-continuous structure, with secondary phase separation (pores) in carbon
phase
25:75 >5 Still coarser co-continuous structure with secondary phase separation in pore phase
(isolated carbon spheres)
EG:TetEG 0:100 <0.5 Very fine, co-continuous structure
15:85 1-2 Co-continuous structure
25:75 >5 Coarser co-continuous structure with secondary phase separation in both phases
(isolated carbon spheres)
DEG:TEG 0:100 <0.5 Fine, co-continuous microstructure
33:67 1 Reference composition(see Fig. 2)
67:33 3-4 Secondary phase separation in pore phase (isolated carbon sphereg
100:0 >5 Secondary phase separation in pore phase (isolated carbon spteras)
DEG:TetEG 0:100 <0.1 Very fine, co-continuous structure
33:67 0.5 Fine, co-continuous structure
67:33 15 Co-continuous, with secondary phase separation in pore phase (isolated carbon
spheres)
100:0 5 Co-continuous, with secondary phase separation in pore phase (isolated carbon spheres
~2 pum)
45:55 DEG:TEG 17:83 0.1 Co-continuous microstructure
50:50 1 Co-continuous microstructure
83:17 Loosely packed isolated spheres2( um diameter)
55:45 DEG:TEG 33:67 5 Co-continuous, with secondary phase separation in both phases (isolated spheres
~1.5 um and pores~1.5 um)
40:60-60:40 100% DEG Loosely packed isolated spheres; decreasing sphere size with increasing glycol content
100% TEG Extremely fine structure; samples cracked on pyrolysis; pore-siz8 um

100% TetEG

Extremely fine structure for all resin/glycol ratios

structure was always formed, the scale of which varobtained had pore dimensions exceeding.d and

ied in detail with composition [Figs. 2, 4(b)]. At a spherical carbon dimensions ef2 um, while the finest
ratio of 45:55, a co-continuous morphology could bewere unresolvable by conventional SEM (e.g., less than
achieved only for certain compositions, while in others~0.5 uwm). Mercury porosimetry showed average pore
discrete spherical carbon particulates were obtained. Agizes as fine as 0.4m in some of these materials. As
40:60 ratio (the lowest examined) the carbon alwaydiscussed later, we believe the effect of glycol molecular
appeared as spherical particulates [Fig. 4(a)]. When theeight to be primarily the result of viscosity on phase
resin/glycol ratio was varied to give an excess of resinseparation kinetics; the viscosity at room temperature
at a ratio of 55: 45 a co-continuous microstructure couldvaries from 0.179 Ps-s for ethylene glycol to 0.582 Pa-s
still be obtained, but at higher ratios (60 :40) sphericalfor tetraethylene glycol.

droplets of glycol formed in a matrix of resin [Fig. 4(c)].

This morphology was generally undesirable since the

preforms tended to crack upon pyrolysis as the glycob. Secondary phase separation

volatilized from the enclosed porosity. Secondary phase separation is the precipitation of a

phase within a phase, and can occur when a region of
a phase-separated microstructure is physically isolated
The glycol composition primarily influenced the and develops further immiscibility. In silicate glasses,
scale of the final microstructure. Examination of thesecondary and multiple phase separation is frequently
results in Table Il shows that for a given resin/glycol observed upon cooling, and is manifested as a mi-
ratio, lowering the average molecular weight of thecrostructure with several levels of increasingly finer
glycol mixture causes an increase in the scale of the midecomposition, as illustrated by Vogdeln this study
crostructure. This trend is clearly observed for all of thewe frequently observed evidence for secondary phase
resin/glycol ratios examined. The coarsest microstructurgeparation in the form of smaller spherical pores within

C. Glycol composition
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FIG. 4. Variation in morphology and connectivity of the carbon an

FIG. 5. Secondary phase separation within the primary phases, mani-
fested as spherical (glycol-filled) pores within the furfuryl resin-rich
phase and spherical carbon particulates within the pore phase (ethylene
glycol-rich prior to pyrolysis).

the glassy carbon phase, and smaller carbon spheres
within the open porosity, as illustrated in Fig. 5.

In some samples both features were simultaneously
observed; in others, only one. Within either primary
phase, secondary phase separation was observed only
when the primary phase dimensions exceed@dum,
as shown in Table Il. A systematic correlation was also
observed between secondary phase separation and com-
position. Secondary phase separation within the carbon
phase, manifested as spherical porosity, tended to occur
with the higher molecular weight glycols (TEG, TetEG)
but not with DEG. This may be the result of a greater
initial solubility of the higher molecular weight glycols
in the resin, which then precipitates as polymerization
occurs. It may also be the result of slower phase sepa-
ration kinetics due to the greater viscosity, or may be a
combination of both factors. Secondary phase separation
within the glycol-rich (pore) phase, manifested as the
appearance of small carbon spheres, could not clearly be
correlated with composition, although one expects that
both solubility and diffusion kinetics within this phase
are composition-dependent as well.

E. Role of water

Water added directly to the resin-glycol mixture
is expected to inhibit the condensation polymerization
reaction, delaying the increase in viscosity of the furfuryl
resin and the development of immiscibility. We observed
that increasing the water content can dramatically in-
crease the scale of the resulting microstructure. This is
illustrated in Figs. 6 and 7 and Table Ill. The addition of

d 2.0% water can increase the microstructural scale from

pore phase as a function of the furfuryl resin/glycol ratio: (a) 40:60;1€SS than lum to tens of micrometers. The scale of

(b) 50:50; (c) 60:40.

the secondary phase separation increases simultaneously
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FIG. 7. Influence of water on the length scale of the carbon mi-
crostructure and the secondary phase separation, in the reference
composition.

(Fig. 7). An exception was the composition prepared
with TetEG alone (Table IIl), in which all microstruc-
tures remained below SEM-resolvable scales even with
water additions. In this composition there may still be
systematic variations with water content observable only
at higher magnification.

Given the influence of water on polymerization, it is
not surprising that the control of ambient humidity and
rate of water loss by vaporization during the process (i.e.,
the geometry of the mold or convection from the surface)
will also have an influence on the microstructure. While
these effects are too complex to discuss in detail here,
it is noted that the experiments presented above were
conducted in a consistent manner so as to eliminate
evaporative water loss rate as a variable.

F. Other compositional effects

The rate of polymerization did not vary with acid
catalyst in the range of concentrations (2—8 wt. % with
respect to the resin) studied. However, if the catalyst
was not added, polymerization did not occur at an
appreciable rate; the mixtures remained fluid indefinitely.
Polymerization was also affected by the monomer-to-
homopolymer ratio, proceeding much faster for high
monomer content compositions. A runaway exothermic

N ) reaction followed by rapid solidification tended to occur
fIG. 6. Inf”Iuence of_water addition qn the mlcrost-ructure of thein compositions containing only monomer. This is also
reference” composition (see Table Il): (@) no water; (b) 0.5 wt. % . .
water; (c) 0.75 wt. % water. Water inhibits the condensation ponmeri-Why the eXp_e”me_ntS dISCUSSt_Ed_ here were all conducted
zation of furfuryl resin and results in greater coarsening during phas&/SINg a resin mixture containing 50% monomer and
separation. 50% homopolymer.
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TABLE lIl. Influence of water additions on microstructure.
Water Pore size
Resin/glycol Glycol composition wt. % um Microstructure description
45:55 100% DEG 0-2.5 Loosely packed isolated spheres, increasing in diameter with water content
from 2 um at 0% water to Jum at 2.5% water
50:50 100% TEG 0 <0.5 Co-continuous microstructures, in which carbon scale and pore size increase
1.0 1 with increasing water content
2.0 35
50:50 100% TetEG 0-2.0 All very fine structure, below SEM resolution

IV. DISCUSSION

volume fractions of the two phases, while the scale

All of the above results can be reconciled with ©f the microstructure is determined by phase-separation

a model in which polymerization-dependent phase
separation in the liquid state determines the microstruc:
ture. It is clear that the carbon microstructure forms ad
a result of phase separation in the liquid state, rather,
than as a result of the pyrolysis process. In order to
obtain samples that are microstructurally uniform afte

kinetics influenced by the relative molecular weights
of the endmembers, the water content, and the specific
hermal history.

Although we have not examined the specific compo-
itions of the two liquid phases, the general shape of the
jmiscibility gap can be deduced from the composition-

pyrolysis, we observe that it is necessary to begin with dependence of microstructure, tabulated in Table II. The

single-phase liquid. Immiscibility is observed to develop

appearance of co-continuous phases for 50 : 50 mixtures

concurrently with polymerization, with only two liquid (Py volume) of the furfuryl resin and glycol indicates

phases being evident: a furfuryl resin-rich phase andnat |
a glycol-rich phase. The former becomes the glass{"€tc-
carbon network, while the latter results in porosity.
We may therefore view the microstructure developmen
process as polymerization-dependent immiscibility in a
pseudobinary system, illustrated in Fig. 8, the distinctio
with inorganic systems being that the “equilibrium
immiscibility is time-dependent. As the single-phase
liquid is held at constant temperature (e.g., ‘@),

the immiscibility region grows to encompass the
experimental composition. The connectivity of the two

hat the miscibility gap is, first of all, relatively sym-

In detail, variations in which the secondary
phase separation appears (i.e., as discrete pores in the
garbon or as carbon spheres in the porosity) are seen
with changing glycol composition. These effects are
prelatively minor and may be attributable to phase sepa-
» ration kinetics as well as any shift in the immiscibility
field. From results for other resin/glycol ratios, however,
it does appear that the glycol component has an influence
on the asymmetry and/or position of the miscibility
gap. Considering the results for the 45:55 resin/glycol

phases is predominantly determined by the relativdnixture, we see that it evolves from co-continuous

IMMISIBILITY \
POLYMERIZATION

"‘—-~\\\
oS
INITIAL >\
@ CONDITIONN,

—_—
\
\

\
UPON \

\
\
\

1

| P

4

\
\
\
\
\
\
A

Ethylene glycols 50:50

FIG. 8. Polymerization-dependent immiscibility. An initial single-

Furfural

microstructures to discrete carbon spheres as the DEG
fraction in the glycol increases. This suggests a steeper
phase boundary on the glycol-rich side of the gap and
a more gradual slope on the resin-rich side at the lower
glycol molecular weight (i.e., the critical concentration
is shifted toward the glycol-rich end). The fact that the
sample of 55:45 ratio has a co-continuous structure
is consistent with such an asymmetry. In compositions
where only DEG is used as the glycol component,
discrete carbon spheres are seen over the entire range
of resin/glycol ratios from 40:60 to 60: 40, indicating
that the gap is either asymmetric as discussed above
or that the gap is displaced toward the glycol-rich
end. However, when the average molecular weight of
the glycol is increased by adding TEG or TetEG, co-
continuous structures are again obtained, indicating a
largely symmetric gap.

While this simplified view is consistent with the

phase liquid held at a constant temperature undergoes phase separat®tPerimental reS_U“S_v in detail, the sh_ape of the gap may
as the immiscibility field grows to encompass it. also be polymerization-dependent, since polymerization
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occurs preferentially in the furfuryl resin-rich phase.rich phase which becomes porosity. The miscibility

As discussed recently by No$tpolymer/solvent solu-
tions tend to exhibit asymmetric phase diagrams, witho
the critical concentrationg,., becoming increasingly is
polymer-rich in reciprocal proportional to the squareth
root of the degree of polymerizatio®: ¢, ~ P12,
It is also possible that the connectivity of the phasesn

gap is largely symmetric, although asymmetry appears

be introduced when the glycol molecular weight
decreased. By controlling the molecular weights of
e furfuryl resin and ethylene glycol components, the

water content, and thermal history, a broad range of

icrostructures including co-continuous phases, discrete

evolves in time, particularly for mixtures near the bound-spheres of either phase, and secondary phase separa-
ary between clearly co-continuous and clearly discretéion within the primary phases can be obtained, at

morphologies. As with phase-separated microstructures
in inorganic system&; we expect that phase separationth
within the spinodal will yield an initially co-continuous

icrostructural scales ranging from0.1 wm to greater
an 5um.

microstructure, whereas separation outside the SpinOdﬁICKNOWLEDGMENTS
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without detailed information on the kinetics of decompo-7 ;'
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with the spinodal mechanism as seen in some gl&dsesia.

V. CONCLUSIONS

14.
The evolution of microstructure in porous glassy car-15.
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