
Mathematical Modeling of Diffusive Potentials
Within Carbon Molecular Sieves

M. B. Rao, R.  G. Jenkins,  aad I l .  A.  Steele*

Departnent of Materlals Sclence and Eogineerlng
The Penasylvanla State Unlverslty, Unfverslty Park, PA 16802

*I),epartnent of Chenlstry
The PenosylvanLa State Unlverslty, Unlverslty Pa¡k, PA 16802

Molecular  s leve oater la ls are used ln large-
scale induscr la l  processes for  gas separat ion.
These uacerlals have pores of oolecular dlnenslons
that glve rlse !o selectlve adaorpclon; lhe selec-
t lv f ty  fe a resulE of  the dl f ferent  rates of  act l -
vated dl f fus lon lnto the pore structure.  I t  1s be-
lleved thac che dlffuslng ¡¡olecule experfences a
nec repulsive lnteractlon upon entering very narrort
pores and lhua ouat. paaa over an energy barrler to
galn adnlECsnce to the adsorpClon volune. The dlf-
ferences 1n nagnllude of these energy barriers for
var lous specLes glvee r lse co dl f ferent  d i f fus lon
reces and lhug eauses sepa-l-atlon.

A fundanentally luportant paraoecer in che
study of molecular sleves for separatlona processes
1s the crltlcal pore dinenslon (cpd) below which
df f fuslon for  a part lcular  specles becomes acl lvat-
ed. Ar che cpd, the nlnlntru potentlal for dlffuelon
fs zero. Prevlous attenpts at calculatirig the cpd
froo 1n¡eractlon potentlale have been lfufced to
slnple gases (Ee,  Ar,  Ne,  Kr)  ( I ) .  In th ls paper,
the cpdrs and dlffusfon actlvatlon energles are cal-
culated for a number of nonapherlcal uolecules ln
carbon uolecular ELeves.

An ap€rtule-cavtty pore syateE exlsts 1n car-
bon uolecular stevee (2). Tt¡us, diffuslon through
the pore structure ls rate-llnlted by passage
through sllt-shaped apeltureg. For nonepherlcal
nolecules, dlffueLon lnvolves sooe losg of rotatlon-
al freedou. Ttrls phenonena 1s explfcltly lncluded
1n the oodel preeented belos.

The uodel applted here rras described by Steele
(3)  for  the lnterect lon of  gases wl th sol j .d sur-
faces. It ls based on the su@at1on of the atoe
atom lnteractlons over the eutlre solld; the inter-
actlon 1s descrlbed by Lennard-Jonee (12-6) func-
clons nlth para¡leters glven by applylng the Lorentz-
Berthelot (L-B) conbtnlng ru1es. Steele applled
thls approach to the lnteractlon of N2 with the
basel plane of graphlte (4). The lnceractloo func-
clon for polyatonlc specles ís the sue of the ator
atom loteractlons of each aton ln the adsorbate r¡l.th
the surface. The pocentlal functloo fs siupllfled
by expresslng lt a6 a Fourier se¡:ies and taklng che
f f rst  lno terms. Detai ls  are glven elsewhere (3) .
f'l¡e interactlon potentlal for a 1lnear nolecule is
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r¡here r ls the length of che poslElon vector of the
oolecular center-of-syu¡etry relative to rhe surface
unit cell; a ls lhe ln-plaoe orientatlon angle be-
tween Ehe prrjectlon of che oolecular axls onlo che
surface eod the surface lat t lce vector ;  y  fs  Ehe
polar  angle between the posl t lon vector  to the
center of  symeEry and lhe surface unl t  cel l ;  B. ls
the angle betr¡een the molecular axls and che normal
co the surface;  g 1s the lengch of  che soal lesE non-
zero reclprocal  lat t ice vector  for  the graphl te ba-
sal  p lane,  and z1 1s Ehe distance of  the i rh aton
fron t .he surface.  The Eerms w.r  w1, and f  in eqn
(1) are descr ibed elser¡here (5) .  the f l rsc ceru on
the r .h.s.  of  eqn (1)  decernlnes the groes changes
Ln the lnteractlon potentlal as the ¡oolecule ooves
away from ¡he surface. The second term deleruines
the chatrge 1n potentlal ae the oolecule noves ¡rith-
ln the uolt cell.

Thls approach allowed ue to characterlze the
di f fueloo of  CO, CO2, N2r O2, Ar and He along the
pore centerllne of sllt-shaped pores whose walls are
couposed of basal plaoes. The parameiers for che
(L-B) conblni.ng rules are provided elsewhere (5).
F1rBt, changea 1n potentlal upon lnsertlon of a
uolecule 1n lhe pore were deter¡¡lned by consldering
only the no telils and superlnposing the pocential
froo each s¡all. lte pore width at r¡hlch the nlni-
rrlr¡m Potentfal energy becoues zero was ¡aken aa the
cpd. Final ly ,  the energy be¡r ier  for  d l f fus lon Ln
the <1121> and <1101> crysral lographic d l rect fons
nere computed by calculatlnt the u1 terEs e1ch1n a
pore lrith the cpd.

Resul¡s and Dlscusslon

Itle valldlty of the above nodel was predlcated
on the abfllty to predlct the heat of adsorptl.on at
zero coverage on the graphlte basal p1ane. Conparl-
son of lhe calculated and experlmentally estlluted
heats of adsorpEion for the varlous species aglee
to w1thln 0.15 kcal/nol. the cpd were computed by
su@1ng the potential fron each r¡a1l for a series of
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pore nldths. Sl1t sidths uhfch gave zero lnterac_
tlon energy are glven in Table l. The preferred
or lentat lon of  the l inear nolecules 1s paral le l  to
the pore wall. The order of effectlve oolecular
slze for unactivated entraoce inEo the pores Ee <
C O , C O 2 . 0 2 . E 2 < N 2 < A r .

Table 1. g.m¡¡y of Calculated Crltlcal pore
Dlmenslone

Table 2.  Energy Barr ier  to Dff fusion in Ehe <I IOI>
<1121> Direct lons

The order of effectlve uolecular size shoss
that C02 should be smaller, and therefore ¡Dore ac-
cesslb le to pores than N2. Thls is  precfsely what
is observed exper imental ly  (1,6) .  To date,  est i_
¡nates baeed on gaa-phaee klnetlc dlaueters or tllnl-
¡¡uu dlneneione have predicted regults ln dlrect con-
t radfct ion to exper luental  f lndlngs (ó, / ) .  To the
authorar knowledge this is the first tlDe that the
anooaly betseen experi¡¡ent and theory h¿e been re-
solved.

Experlnencal data on 02 and N, adsorptlon ratea
on carbone show that O2 can penetráte Ehe pore
strucCure uore easl ly  Chan N2 (6,8) .  The present
model  shows rhar 02 fs snal lór  chan N2 by abouc 0.3
A, about cr¡lce that predfcted frou n1ñirnun dÍnensLon
es¡ i Í tates.  Thls 1s ref lected 1n a dl f ference in ac_
l ivat lon energy of  5.6 kcal , /nol  for  df f fus lon
L h r o u g h  a 5 . 4 4  A p o r e .

The dlffuslon barrler for movement wlthln the
aperture can be estir¡¿ted by exanining the wr cer¡a
of  eqn ( l ) .  Thls barr ier  is  due ro changes in po-
tentÍal as the ¡¡olecule ltoves across the surfecá
unl t  ce11.  Dl f fuglonal  barr lers r .ére calculated in
the <1121> and <1101> directions. Llnear uolecules
have some rotatlonal freedon in the basal plane and,
thus,  lhe df f fuslon barrLer is  dependent on che a_
angle, at each posi!1on. Mexluuu and nlnlnr¡u dif-
fusfon barr lers have been calculated for  paseage of
each specfee through an aperture of che cpd (sÁe
Tab le  2 ) .

l\¡o berriers to dlffuslon through apertures
exlsts. F1rst, the ¡olecule Dust enter lh. 

"p"r_ture from a large cavlty and then oust dlffus¿ ulth_
1n the aperture; eÍther lerrlgr nay be rate
lfnlting. For exanplél Eor eó2 and N2 dfffuslng
through a 5.42 A pore,  the ueañ dt f fuáion barr ter
wi th ln rhe pore 1s 1.5 kcal /uol ,  1.e. ,  once chey
enter rhe pore both CO2 and N2 diffuse at slmilar
rates.  The energy barr j .er_foi  pore entry for  CO2 is
zero whereas for  N2 1t  1s 5.9 kcal /nol .  

'Thus,  
t f re

rafe l iu Í t lng process for  N2 di f fus lon is  apercure
entry.

llydrogen has b€en sho¡¡n to have a sllghtly
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992: The barrier for aperuure enrry
ror  n2 lnto a 5.42 A aperture is  0.5 kcal /ool  and fs
zero for CO2. Ilowever, the barrier for di.ffuslon
wlth ln rh ls aperture.1s only 0.5 kcal /nol  for  i2
courpared co 1.5 keal /uol  for  CO2. therefore,  even
though 1r is  s l ighcly nore di f f iculC for  H2 to enter
the aperture,  l t  l r i l l  d t f fuse nuch fascer once i t  is
wi th in Ehe aperture.

- 
fAe cpd can only be used as a first approxi¡oa_

t lon to eat l tute the separat lon ef f lc lency of  a
oolecular sleve. Ttre rate of dlffusion r¡ithtn the
Pores as well as fhe cpd r¡ust be teken fnto account
uhen deten¡1n1ng the gccessibllity of I specfes to
the pore scruccure.
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