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The adsorption and diffusion of G@nh phenolic resin carbonizates prepared at final carboniza
temperatures of 500, 600, and 70D were investigated at 2 and pressures of 6 to 130 kPa. Tl
experimental data were compared with theoretical dependences obtained by numerical solutior
ferential equations set up based on the occluded gas model and on the model of diffusion thi
pore network. The former model, which assumes that the diffusion is driven by the concent
gradient of the gas dissolved in the solid, was found to fit the experimental data better than th
model.
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Phenol formaldehyde resins are routinely used as glassy carbon precursors. C
polymeric bodies of required shapes can be prepared from the fluid resins by g
curing starting from the gel stage. Glassy carbon, which is thermally resistan
chemically stable and exhibits a very low porosity, can be prepared by subse
carbonization at 1 000C (refs—3). Such material is well suited to the manufacture
crucibles, prosthetic materials and carbon electrotles

Glassy carbon is virtually impermeable to gases. The properties of the carbc
matter, however, depend on the conditions of preparation. The final heat treatmer
perature (HTT) plays a dominant role in this. Microporous material possessing the
acter of molecular sieve& s obtained within the region of HTT = 500 to 88D.
Porosity increases with temperature to reach its maximum at HTT abod€75uch
materials can in principle be employed for the manufacture of selective membran
the separation of gases. The first authors to test the feasibility of using such 1
porous material as a membrane were Bird and Ttinifhe authors measured th
diffusivity in a Wicke—Kalenbach cell for plate-shaped membranes 1.5 mm thick,
bonized up to 700C at a rate of 7 K/min. The results failed to provide unambigu
evidence that the membrane possessed the nature of a molecular sieve. The pel
tivities were lower than as expected, and the temperature dependence did not
correspond to activated diffusion. Such behaviour was explained in terms of the «
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rence of cracks and larger pores, which presumably enabled a parallel gas flow k
the microporous system. Apparently, this was due to a too fast carbonization be
the so-called critical heating raté3for the membrane of the given thickness was
ceeded substantially.

A true selective carbon membrane possessing properties corresponding to
porous molecular sieves has been demonstrated by Koresh antl Sbiewas a thin-
walled capillary membrane prepared by controlled carbonization of a capi
membrane made of an unspecified polymer. Activated membranes obtained by cé
zation up to 80C°C or 900°C exhibited a high permselectivity of the, M, pair.
Subsequent studies by those autHbrere primarily aimed at determining the depen
ence of the permeabilities of methane and hydrogen on the final membrane cark
tion temperature. The two papers cited brought evidence that the properties
membranes can be modified by suitably adjusting the preparation conditions, pq
larly the final carbonization temperature, perhaps in combination with gentle activ:

Hatori and coworkePs'#described the preparation of carbon membranes by cart
zation of polyimides of the Kapton type at 80D. This material exhibits a high petr
meability for CQ (even higher than for He), which suggests that the trans
mechanism can rest in activated diffusion or diffusion in micropores. Analogous |
viour which can be explained in terms of the solution-diffusion mechanism has
reported for a number of polymeric membrafié$

Our previous studydealt in particular with the development of the microporc
structure and with the transport properties of materials carbonized up to different |
The transport properties were evaluated based on observed water vapour s
kinetics for plate-shaped test bodies usually 2 mm thick. This approach allowed
examine the relationship between the microporosity and transport properties and
the optimum HTT for the preparation of the membranes. However, we failed to ide
reliably the adequate diffusion model.

The present work addresses the diffusion mechanism problem, with the aim to
ify the predominant driving forces of diffusion in microporous carbon materials.
sorption isothermal experiments were performed in a constant-volume appse
enabling us to investigate both the kinetic and equilibrium characteristics (diffus
sorption isotherm parameters). Carbon dioxide was chosen as the sorbate beca
gas is sorbed in the carbonizates to a sufficient extent at room temperature ¢
sorption isotherm is markedly concave, which is a prerequisite for selecting the &
priate diffusion modél'°. Based on the results, two feasible driving forces were ¢
sidered:

a) the concentration gradient of the gas “dissolved” in the solid, as is the ca
polymeric membranes or zeolites,

b) the partial gas pressure gradient, as is the case for Knudsen’s diffusion in
pores.

Collect. Czech. Chem. Commun. (Vol. 61) (1996)



Adsorption and Diffusion of C® 1447

THEORETICAL

With respect to their diameter, pores are classed (IUPAC) as macropotr@s (nm),
mesopores (1 « < 25 nm), or microporesr (< 1 nm). In the permeation of gase
through the membrane, each type of pore is associated with a different kind of ga:
Nonselective viscous flow is predominant in macropores. Knudsen’s flow preva
mesopores, where the mean free path of the diffusing molecules is longer than th
diameter, so that impacts of molecules on the wall are more frequent than mutual
sions. And two models are feasible to describe the migration of gases in micror
systems, viz. the occluded gas model and the model of gas diffusion it’géras
described below.

Occluded Gas Model

In this model it is assumed that the gas is dissolved in the solid. This appro:
conventionally applied to the description of diffusion in polymers and carbon-bas
zeolitic molecular sievé$'824 Constant transport pores need not necessarily exis
this model. In the non-porous body the gas migrates by true diffusion, the process
associated with molecular jumids The transport is driven by the concentration g
dient dC/dx where concentratio@ is taken with respect to the volume unit of the bo
bulk. The validity of Fick’s law for the gas flolw is assumed in the form

N = -D_dC/dx , @

whereD.is the corresponding diffusion coefficient.

Model of Diffusion in Pores

In this case the gas transport occurs through a network of pores and is driven
gradient €€ /dx, whereC, is the gas concentration with respect to the pore volume.
an ideal gasC,= p/RT, wherep is the gas pressure. Fick’s law then takes the fottn

N = D, dCydx , @

whereDy is the diffusion coefficient corresponding to the model in question.

In principle, transport by both mechanisms simultaneously is possible. The p
minance of one of them can be ascertained based on the diffusivity values meas
different pressures. The following equation is then employed:

D, = RTD, dCldp , &)

which is obtained by combining the diffusion flow equatiobsand @).
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For a nonlinear isotherm the experimental diffusivities cannot refer to both m¢
simultaneously. If the observed data are evaluated by one of them, the diffus
corresponding formally to the other model can be calculated by3Edf the diffusion
obeys the corresponding Fick’s law, then in the adequate model the diffusivitie
pressure independent.

EXPERIMENTAL

Foils 0.1 mm thick were prepared by thermal curing of the resol resin Umaform F catalyged- by
luenesulfonic acid. The material was first allowed to polymerize &C6fbr 24 h. The gelated semi
product was removed from the mould and cut to platelets about & @®Gmm in size, which were
aftercured at 90C for 4 h and then at 15TC for 2 h. So prepared, the resit platelets were c
bonized under nitrogen to the final HTT of 500, 600, or 700applying a heating rate of 10C/h.
According to ref§7:12 open microporosity develops appreciably at such HTTs. For platelets 0.1
thick, the heating rate of 100C/h is deeply below the critical rate at which the material starts tc
damageth 13

The bulk density of the samples was determined by the modified hydrostatic faethod

Adsorption measurements were performed on a Carlo Erba Sorptomatic 180 apparatus us
bon dioxide as the adsorbate at°Dand pressures of 6 to 130 kPa. The instrument was adapt
allow the time behaviour of pressure in the adsorption vessel to be monitored continuously frc
start as far as the establishment of equilibrium. The sample weight (2 to 3 g) was chosen so
entire isotherm should involve about 10 points (i.e. 10 dose additions). The samples were ev:
at 180°C for 8 h prior to measurement. A typical time development of pressure in the adso
vessel is shown in Fig. 1. The starting pressure was calculated based on the equation of sta
ideal gas and using the constants of the apparatus followirt§ iEfie calculated value of the initia
pressure was invariably somewhat higher than the peak top because partial adsorption took |
early as the travel of the plunger.

RESULTS AND DISCUSSION

The equilibrium pressurgs’) were measured for all injection cycles (the supersciipt
is the serial number of the injection). The equilibrium molar concentration of the
sorbed in the sample after théh injection,C{), was calculated based on E4) which
follows from the ideal gas balance,

) ) (i) p(i) - p(i-l) vV
(i) = C(i-1) Qi = = v
Gr=GTE RT V' @)

whereQ® is the gas dose (molRR is the molar gas constarit,is the absolute tempera
ture,V is the gas volume in the adsorption vessel,\4nid the sample volume.

In the dose calculation, correction was made for the void volume of the propol
ing device, and the so-called effective temperature was introduced ($8e ref.

The experimental data are well fitted by the Dubinin—Radushkevich equation, r
fied for concentratiorC, as
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ORT. 0 0
C,=C™ expB-c In —ga, 5)
ook oo

wheref, is the fugacity corresponding to presspye

Since the pressures were very low, we fpatp,. Fugacityf®™) was calculated from
the saturated pressure of €@ = 6.4326 MPa) by multiplication by the fugacit
coefficienty = 0.7314 (ref}). The characteristic enerdgy and concentratiorc{)
corresponding td®™) were determined by nonlinear regression. The adsorption
therms of the carbonizates studied are shown in Fig. 2.

The mean pore diameter the most probable pore diametgr,,, the micropore
surface are&,. and the porositg were calculated by the procedure reported

TaBLE |
Equilibrium characteristics of carbonizates C500, C600, and C700

Constant C500 C600 C700
P, kg 3 1190 1230 1 400
ct®), mol ni® 4321.15 6 259.38 7 963.05
E, J mot? 9 949.70 10 071.75 10 338.79
g, vol.% 23.09 30.80 39.41
T, nm 0.734 0.731 0.725
I'modg NM 0.664 0.661 0.655
Shicror M kg™t 4.90 .19 6.89 . 19 7.77 .19
60 T
p
kPa
30 | ]
Fic. 1
Typical pressure behaviour in the adsorptigp, . ‘
vessel for sample C600 0 1600 3200 s 4800
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Medek? The results are given in Table I. The data show that the micropore vo
increases with increasing carbonization temperature over the region of 50T=,7(
whereas the pore size does not change appreciably. It should be borne in minc
ever, that the pore size was calculated from the equilibrium parameters of the Du
Radushkevich equation, and the values so obtained refer to the dimensions
internal pore cavities rather than the dimensions of the pore openings, which
narrower during the carbonization process and ultimately close compfetely

The time dependences of presspt#t) obtained during the CQBorption measure-
ments were evaluated based on Fick’s law. A similar calculation has been perforr
ref23, dealing with the diffusion in zeolites, for a body of a spherical shape. In our
the shape of the samples allowed the gas transport to be described by means
diffusion equation for an infinite plate, viz.

ach _ _ 42cl
ot S 9x2

©)

Assume that the diffusion coefficieBl is independent of both the spatial coordina
and the gas concentration. In view of the symmetry of the problem, it is sufficie
solve the equation for one-half of the body. The starting condition is considered |
form

C(O)(X,O) =0
chx,0)=CciH o0<x<L i=1,2, .. 0
4
¢ 10° C700
-
mol m™3
€600
2+ C500 -
Fic. 2
Adsorption isotherms of carbon dioxide
0 ‘ ‘ for carbonizates C500, C600, and C70
0 50 100 kpa 150 curves calculated from Eq7)(
Prs
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wherelL is the plate half thickness.

The boundary conditions will be based on the assumption that the gas sorption
surface is much faster than the subsequent diffusion into the bulk. Hence, the s
concentration will be in equilibrium with the ambient presspyad@ring whole process:

cOLy=ce? t>0, S}

whereC, is the corresponding isotherm.
The condition forx = 0 is obviously

cho
Po°5 =0 0
09 Geo

The following equation can be derived for the instantaneous pressure in the a
tion vessel:

. RT.., —
p® =pi + V2 [QV+V(CP -CO) (10)
whereC® is the mean concentration, given by the integral
co=1(co
() i
cO=1 joc dx . (11)

The diffusion equation@) was solved numerically by the network method. T
modified Dubinin—Radushkevich isotherrb) (was chosen as the boundary conditic
The diffusion coefficient, were determined by nonlinear regression based on
minimization of squares of differences between the observed and calculated pre
for each injection cycle separately. A typical time development of pressure (respo
dose addition) for the carbonizate C600 is shown in Fig. 1. The experimental poir
fitted by the calculateg(i) = f(t) curves.

The calculated diffusivities are given in Tables II-IV. The optimized diffusion c
ficients are identical for all the injection cycles within an error not exceeding
Thus theDg value can be regarded as pressure independent for all the carbon
tested. The diffusivity attains its maximum at HTT = 6@) whereas the porosity o
the carbonizates increases with increasing carbonization temperature as far as
700°C. This is consistent with the results published for the diffusion of water va
in carbonizates This apparent anomaly (decrease in diffusivity with increasing po
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ity) can be explained in terms of the pore openings being closed. The porosity |
micropores corresponds to the volume of the pore cavities, while the diffusion is
trolled by the diameter of the pore openings.

Equation 8) was used to calculate the diffusion coefficients for the model of di
sion in poresPy, for all injection cycles (see Tables II-1V). Thg values are seen tc
decrease with increasing pressure. In Fig. 3Dealues are plotted against the me:
pressure in the injection cycfe= (Pt P/2, Wherep,,.«is the pressure corresponc
ing to the dose injected. The points are fitted by the fun®iodC, /dp, whereC,(p) are
the corresponding Dubinin sorption isotherms. The results suggest that the occlud
model fits the experimental data better than the model of diffusion in pores, as
case with polymeric membrartés®and zeolite molecular sievédgthe so-called solu-

TaBLE Il
Diffusion characteristics of carbonizate C500

Cycle No. p,, kPa Prmaxe KPa Ds. 10, st Dy. 10, P st
1 7.20 31.05 0.90 5.25
2 16.67 38.20 1.05 5.07
3 28.13 47.60 0.99 3.97
4 41.33 58.98 0.89 2.98
5 56.26 72.09 1.24 3.51
6 72.79 86.91 1.07 2.59
7 90.52 103.32 1.16 2.42

Do=1.04.10°+9.89 . 10’ m’ s

4 i
3|t
Il
Dy 107 |
m2 S—l \‘
v
\.
% C600
'\\‘
2+ N _
A
Fic. 3
0 - e ey DECrease of the diffusion coefficied
0 70 P, kPa 140 with increasing pressure
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tion-diffusion mechanism). Koresh and Séferlso applied the occluded gas model
the description of the steady-state permeation data for microporous carbon mate

The gas transport through the membrane is also related to the rate of diffusiol
migration comprises its sorption on the membrane surface, diffusion through the
brane, and desorption on the other side of the membrane. In the steady state,
flow through the membrané\] can be described by means of permeabiitys

__(Po—py)
N=P 12

TasLe Il
Diffusion characteristics of carbonizate C600

Cycle No. p,, kPa Prmaxe KPa Ds. 10, st Dy. 10, P st
1 6.13 30.89 2.00 16.55
2 13.60 36.92 2.03 14.30
3 22.80 44.32 1.80 10.82
4 33.60 53.44 2.30 11.78
5 46.00 64.16 2.30 10.08
6 59.99 76.46 2.27 8.56
7 75.19 90.34 2.28 7.45
8 91.72 105.42 2.27 6.48
9 110.26 121.81 2.32 5.82

Dg=217.10°+ 154 . 10° m? s

p.10°

FG. 4
Permeability of the carbonizates in de-
pendence on the pressure in front of the
membrane
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wherepg,andp, are the pressures in front of and behind the membrane.

The rate of permeation is governed by the slowest step, which is diffusion, whil
sorption on the membrane surface and desorption from it are much faster. The f
ing relation between the permeability and diffusivity can be easily derived:

b Ci(po) = Ci(p)

P=
S Po—p1

, (€3S)

whereC,(py) andC,(p,) are the surface concentrations on the front and rear sides ¢
membrane, respectively, determined by the corresponding isotherm.

Hence, as well as on the pressure difference on the two ends of the membra
permeability also depends on the shape of the sorption isotherm. For the c
Dubinin—Radushkevich isotherm, which describes the adsorption ginG@e carboni-
zates very wefll the permeability attains its maximum at a pressure near to zerc
then decreases monotonically. For permeation of @@ugh the membrane into
vacuum p; = 0), the dependences Bfon the pressure in front of the membrapg (
calculated from Eq.13) are shown in Fig. 4. A decrease in permeability with incre
ing pressure has been observed, for instance, foy @d@ CH, (ref.!’), whereas for
gases with small molecules, such asadd He, permeability has been found to
pressure independent. This is consistent with the fact that the latter gases give &
isotherm over the pressure region applied.

TaBLE IV
Diffusion characteristics of carbonizate C700

Cycle No. p,, kPa Prmaxe KPa Ds. 10, st Dy. 10, P st
2 8.27 31.00 2.50 2.68
3 13.73 34.70 2.13 2.02
4 20.26 39.21 3.25 2.72
5 28.00 44.63 2.50 1.84
6 36.93 51.11 3.05 1.98
7 47.06 58.79 2.51 1.43
8 58.26 67.66 2.60 1.31
9 70.66 77.72 2.80 1.25

10 82.93 88.84 2.40 0.96
11 97.19 101.15 2.40 0.86
12 113.19 127.49 2.40 0.77
13 129.99 127.49 2.40 0.69

Dg=258.10°+2.31 .10’ m’ s™.
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SYMBOLS
C gas concentration with respect to the body bulk
C mean gas concentration
Cy gas concentration with respect to the micropore volume
cf) preexponential factor in Eg5)
Ds diffusion coefficient in the in the occluded gas model
Dy diffusion coefficient in the model of diffusion in pores
E characteristic energy — parameter in E5j. (
f gas fugacity
fr fugacity corresponding to the saturated gas pressure
N gas flow
L membrane half thickness
Q gas dose
P permeability
p gas pressure
Po, P1 gas pressures in front of and behind the membrane
R universal gas constant
r mean pore diameter

most probable pore diameter
micropore surface area

absolute temperature

time

gas volume in the adsorption vessel

<740
g8
)

Vs sample volume

€ porosity

Y fugacity coefficient

Pb bulk density
Superscript

0] injection serial number
Subscript

r equilibrium value
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