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Abstract

The equilibrium selective adsorption and fluxes of oxygen/nitrogen binary gas mixtures through carbon membranes are investigated a
303K, respectively, using a grand canonical Monte Carlo simulation and a dual control volume grand canonical molecular dynamics method
The carbon membrane pores are modeled as slit-like pores with a two-dimensional structure where carbon atoms are placed according to t
structure of graphite layers. The effect of the membrane thickness, bulk pressure, and pore width on the equilibrium selective adsorption an
dynamic separation factor is discussed. Meanwhile a new iteration approach to calculate the flux and dynamic separation factor of binan
gas mixtures through membranes is proposed, by which we can simulate the permeation and fluxes of gases through the membranes in t
presence of pressure gradient and consider the effect of pressure and composition of low-pressure side in the meantime. The simulated rest
show that bulk pressure and membrane thickness have no effect on the equilibrium selectivity, but they have a great effect on the fluxes an
dynamic separation factors of gases. The pore width impacts the equilibrium selectivity and dynamic separation factors strongly, especially
when the pore width is very small. Molecular sieving dominates the separation of oxygen/nitrogen in non-equilibrium simulations. But due
to the comparable molecular size of oxygen and nitrogen, we have to modify the carbon membranes in order to improve dynamic separatio
of atmosphere.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ing as promising candidates for air separation applications
due to not only their stable thermodynamic and mechan-
Membrane technology is one of the most competitive ical properties but also their uniform porosity distribution
supporting-technologies boosting the chemical engineering.and easily controllable pore size. In this paper, we mainly
Gas separation, as one of the most important membranefocus on the characters of adsorption and permeation of
processes, has been currently of fundamental and practi-N2/O2 gas mixture in carbon membranes under the various
cal interest. Since the air is the cheapest, easily available,conditions.
and unexhausted source of obtaining both the nitrogen and Up to date, many recent molecular simulation studies have
oxygen as the basic feed gas for industrial applications, air carried out onthe adsorptigh 2] and transport of some fluids
separation using membranes has been well known as theor their mixtures in various inorganic membranes (e.g. carbon
creating-resource technology. Carbon membranes are emergf3—7], zeolite[8] and silica ge[9-12]), resulting in a better
understanding of the effect of confinements (including pres-
* Corresponding author. Tel.: +86 10 62782558; fax: +86 10 62770304, SUre, temperature, membrane model, and pore size and shape,
E-mail address: yangxyu@mail.tsinghua.edu.cn (Y.-X. Yu). etc.) on the behavior of the fluids. Generally, grand canonical
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Monte Carlo (GCMC) is adopted to simulate the equilib- 2. Membrane model and simulation methods

rium adsorption, while molecular dynamics simulation (MD)

is more preferable to study the non-equilibrium transport 2.1. Membrane model and simulation box

properties[13]. Recently some non-equilibrium molecular

dynamics (NEMD) methods have also been developed, such In a simulation system, we investigate the equilibrium

as the grand canonical molecular dynamics (GCMD) method selective adsorption and non-equilibrium transport and sep-

[4,3,14,15]and the dual-volume GCMD technique (DCV- aration of N/O», gas mixture in a carbon membrane with

GCMD)[16,4,17-19] These work provide us valuable clues slit-like pores. A schematic representation of the system

to insight into the transport and separation of fluids through used in our simulations is shown Fig. 1(a) and (b), in

a porous medium. However, there are still many difficul- which the origin of the coordinates is at the center of sim-

ties that need to be overcome in order to further approachulation box and transport takes place along thgirection

to the truth of transport and adsorption of fluids in mem- in the non-equilibrium simulations. In the equilibrium sim-

branes. The first attempt in this aspect is that we use a novelulations, the box as shown Fig. 1(a) is employed, whose

two-dimensional slit pore instead of one-dimensional pore size is set as 85.20 nm4.92 nmx (1.675 +W) nm in x-, y-

for carbon membranes comparing with the previous work , andz-directions, respectively, whe® is the pore width,

[20—22] in which the classic 10-4-3 potential of Stef8] i.e. the separation distance between the centers of carbon

was used. The 10-4-3 potential of Steele recognizes the poreatoms on the two layers forming a slit pore. The simula-

walls as the infinite planes and neglects its longitudinal struc- tion box is divided into three regions where the chemical

ture in the meantime. It may be reasonable for the study on potential for each component is the same. The middle region

equilibrium characters of fluids in porous materials, such (M-region) represents the membrane with slit pores. The

as selective-adsorption, and dynamical characters in a sin-membrane thickness if..c (wheren is an integer and.cc

gle nanopordg20-22] but it is unsuitable for those studies equal to 0.142 nm). In our simulations we use8, 11, 14,

on non-equilibrium properties of fluids through a membrane 21, 23, 29, 35, and 44 to investigate the effect of the mem-

because of the finite membrane thickness and its crucialbrane thickness on the selective adsorption of mixture. Period

effect on the transport and separation properties of fluids in boundary conditions are employed in all three directions.

the membrane pores. In addition, 10-4-3 potential of Steele In the non-equilibrium molecular dynamics simulations in

cannot probe into those phenomena occurring near the mem-

branes surface, which also strongly influence on membrane

performance. In fact, some studies on equilibrium adsorp-

tion and transport of gases in nanoporous matej22kand }h
y

especially silicate membranga4,25] with the structure of
two-dimensional pores have been made. The second attempt 1@
is to try to introduce a novel iteration method in membrane }
fields, which will be described in detail in Secti@of this : A
paper. In the previous worR6,5,10,27] those particles in } '
the permeate side were usually removed as soon as they per- ' 677&:;"‘;&"’“7’1""’"_
: e /
meated through membranes, i.e. zero presslre Q) for ’ / ’
the permeate side. It should be pointed out that this method / /
is very smart and stable in saving computer time. But it _42.6nm 12 L2 42.6nm
neglects the effect of the permeate side pressure and com-

position on the transport of gas mixtures, which are very
y¥

important factors for membrane processes in fact. However
| | | I |
I | I |
| / I | | 3.69nm
I I ] 1
[ []1.676nm+ W | I

the iteration method in this paper can solve this problem well.
Another advantage of the iteration method is its flexible, by [(b)
which we can simulate the transport and separation of binary

|
gas mixtures in membranes under various real experimental i
conditions. O 1 s Y P S R
In the present work, we investigate adsorption and trans- H M|,/ L M| B/ /
port of O,/N> binary gas mixture in a carbon membrane with S W Y v
slit-like pores of the finite length and width at 303 K. The feed  -100-L  -50-L  -50 50  S0+L 100+L

mixture is modeled as air, i.e. mole fraction of oxygenis 0.21

and that of nitrogen is 0.79. Comparing with previous work, Fig. 1. Schematic representation of the simulation boxes. The H-, L- and

we improve the membrane model and develop an iteration M-areas correspond to the high and low chemical potential contrglvqlumes,
. . ... and membrane, respectively. Transport takes place alongdivection in

meth_Od in membrane f'e"?'s- We h0pe_ all of these_ e_fforts will the non-equilibrium simulations. (a) Equilibrium adsorption simulations and

contribute to the exploration of the higher selectivity mem- () non-equilibrium transport simulationisis the membrane thickness and

brane materials for air separation. W is the pore width.
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4] Table 1

3- Values of the LJ parameters used in the simulations

G 2

I 1 Gas o (nm) elk (K) References
2 0] Ny 0.3798 71.4 [31]

i ] 0; 0.3467 106.7 [32]

] c 0.34 28.2 2]

44

4 64 -2 02 4 6 8 used, i.eg;; = /€€, andoj; = (0; +0;)/2. The interaction

X i i
between a gas molecule and a membrane is obtained by sum-

Fig. 2. Planform of one graphic layér. is the separation distance between ming over all carbon atoms in the membrane.

two adjacent carbon atoms and have a value of 0.142 nm.
2.2. Equilibrium simulation

order to use period boundary conditions in three directions,
we have to divide the system into five regions as shown in A standard grand canonical Monte Carlo (GCNIG])
Fig. 1(b). The H-regions at the two ends and the L-regions in simulation is employed in the equilibrium study. Initially,
the middle of the box represent the control volumes (CVs), nitrogen and oxygen molecules are randomly placed in
which correspond to the bulk phase at high and low chemical the simulation box but the membrane region. Three types
potential, respectively. The carbon membranes (M-regions) of moves are involved in the GCMC simulation: dis-
are placed between the two control volumes, i.e. H- and L- placement, creation, and deletion. The probabilities of
regions. The simulated box described above was ever usednaking a displacement, a creation, and a deletion are
by Furukawa and Nitt§5]. In non-equilibrium simulations,  equal. The chemical potentials, volume and temperature
five pore widths =24, 34, 44, 5A and 64) and four are fixed throughout a whole simulation. The proba-
membrane thickness. € 8Lcc, 11Lcc, 14Lcc and 17.cc) are bility of inserting a particle of component is given
selectedtoinvestigate the transport and separation of gas mixpy fD;L = min[Z;V exp(~AE/kT)/(N; + 1), 1], whereZ; =
tures through carbon membranes, whieggis the separation  exp(u;/kT)/A? is the absolute activity at temperatdren, is
distance between two adjacent carbon atoms centers in thehe de Broglie wavelengtl,is the Boltzmann’s constant,
same graphite layeL{. = 0.142 nm) andA is the separation s the chemical potential of componenAE is the potential
distance between carbon atom centers of two graphite layersenergy change resulting from inserting, deleting or displacing
(A=0.335nm). a particle,V is the volume, andv; is the number of parti-

The membrane consists of 2232-7380 carbon atoms,cle i. The probability of deleting a particle of component
which are placed according to the structure of graphite layersis 131.— = min[N; exp(~AE/kT)/Z;V, 1] and that of displac-
(seeFig. 2). There exist six graphite layers between any two ing a particle of components 7; = min[exp(—AE/kT), 1].
slit pores. All the membrane atoms are fixed throughout the Five million configurations are used to reach equilibrium and
simulation process. It is worth to point out that although the another 10 million configurations are summed up to get the
pore model used is highly idealized, it is more reasonable ensemble average.
to compare with the previous work because besides the pore  For a binary system, the equilibrium separation factor is
width, the membrane thickness is considered in our simula- defined as
tions.

We study adsorption and flux of binary mixtures aff 5. S = =
The gas molecules are modeled as Lennard—Jones (LJ) fluid X2/Y2  PevaPbi
and the interactions between the gas—gas and the gas-carbofherex refers to the adsorption mole fractionis the bulk
atom are modeled with the standard cut-and-shifted LJ 6-12mole fraction,pf; is the bulk reduced density ang, is the

_ x1/y1 _ nglpéz (3)

potential, where the cutoff distanog)was taken to bedp,, average equilibrium density. The subscripts 1 and 2 refer to
and long-range corrections are not applied, i.e., oxygen and nitrogen, respectively. The average equilibrium
- densitypg, in the slit and on the membrane surface is, respec-
Vs(r,',') _ @(rij) — (re) rij <rc ) tively, given by
' 0 rij > re 1
* _ *
wherer;; is the distance between two particles, @) is Pev="4 /A P, 2)dA (4a)
the full LJ 12-6 potential 1
= *(x) dx (4b)
o 12 o\ 6 Pev L / p"(x)
B0)) = 4ei [(;’) - (%) } @ * I
whereA is the integrating area of the porkg, is the inte-
The values of size parameterand energy parameterfor grating length inx-direction. Egs(4a) and (4bjare used to

gases and carbon atom are listedable 1 For all the cross-  calculate the equilibrium separation factors in the pore and on
term LJ parameters the Lorentz—Berthelot combining rule is the membrane surface, respectively. The equilibrium separa-



S.-M. Wang et al. / Journal of Membrane Science 271 (2006) 140-150 143

tion factor is one of the important parameters to describe the expression for separation factor from its definition, i.e.,
selectivity of membrane. The membrane-surface phenomena

S . J.
are as significant as those in the pores for a membrane pro- P T;
; i S12= o = ——w o (6)
cess. If the membrane surface has a high selectivity for a P> Al
certain species, the component will enter membrane pores prd=x)=p-(1=)

more easily under a given driving gradient. The study on the whereP; and P, are the permeability of gas 1 and gas 2,
surface separation factor will give us insights into the mod- respectively, and; andJ; are the fluxes of gas 1 and gas 2,
ification of membrane surface and membrane materials. Werespectively. Comparing Eq&) with (6), we can obtain the
class the separation factor into surface separation factor andollowing equation:
that in the pore in the equilibrium simulations although this

classification has no significance for a dynamic membrane Y o_ U
separation process. 1=y 2

This expression indicates that a certaimas a pair of corre-
sponding/1 andJs. If they are introduced into Eq$5) and
(6), the separation factor fromshould be equal to that from

. . JiandJs.
gatzhp()areesscul\:leD dr:;\?ézzdngiﬁerri?f;}t:)yo tii(taigl lijsrlievctjséog:;vtf Ztrlls But in all of the previous work about separation of binary
i _ _ § ‘mixtures through membran hemical ntial gradien
portthrough porous inorganic membrdhé,5,4,12] GCMD tures through membranes, a chemical potential gradient

. ) : is directly given to calculate the flux of components and then
combines molecular dynamics (MD) with GCMC methods. . . . -
. o i . toobtainthed tion factor f bility. A
The unitcell usedin this study is showrFig. 1(b). Inthe MD oobtainthe cynamic separation factor from permeabiiity. AS

imulati th locity Verlet alaorithm i dtoint ¢ we know, chemical potentials of gas mixture are correlated
simulations the velocity VEriet aigorntnm s used (o Integrate -, i, 1 qjr composition at given temperature and pressure,
the equations of motion, for which an adjustable (dimen-

. ) _ . and it is very difficult to measure their values in engineer-
SflOﬂ|ESS?I time step of ;fQ._OO?t(forb;IVI_der porei or 0'?:)31_ ing applications. Therefore results simulated by this way are
(or_sm_a er po_res_) IS sutlicient to obtain accurate resuits. 10 hardly compared with experimental results. Althoughin some
maintain iso-kinetic conditions, the velocity is rescaled inde-

. L 7. X revious paper ressure gradient is also used as driven
pendently in all the three directions. To maintain the chemical P paperis] p 9

7 g . force of components transport in membranes, no one gives
potentials in the H- and L-regions the GCMC cycles in CVs, the method to deal with the relation afs andJ/Js.

e maves o stk s o rder o sove 1 ifculy, in s paper e at s

regions. Here probabilities of inserting and deleting a particle obtain the relation of c_h_emlcal poter_mals of specles and total
) ; h those in equilibrium simu- pressure and corr_1p05|f[|on by _the Widom test particle method

gti%%?p\c/)vnhin: :rpeatrti(ca:ls?g]iﬁsa:rted na C\? it is assigned a that will be described in detglls as foIIovys. And thgn area-
: ' sonable value of or separation factor will be obtained by

th.em_‘a' velocny_selected from the ngweII—BoItzmann dis- an iteration method. The iterative processes are described as
tribution at the given temperatufe An important parameter follows:

of the simulations is the rati® of the number of GCMC
cycles in each CV to the number of MD steps. This ratio (i) Give an initial value ofy.
must be chosen appropriately in order to maintain the correct (ii) Carry out some certain GCMD steps to obtain the cor-

()

2.3. Non-equilibrium simulation

density and chemical potentials in the CVs, and also reason- responding/1/Jz.
able transport rates. In the simulations reported here, the ratiq(iii) Introduce the value of/1/J> into Eq.(7) to calculate a
R =40:1 for the binary mixtures is adopted. newy’.

It should be pointed out that in the industrial membrane (iv) Judge whethey is equal toy'. If not, renewy and the
process the composition in the permeate side is different from program will start again from the step (ii). The program
that in the feed side and also changes with operating condi- will stop until difference betweenandy’ is less than a
tions, namely, the purity of permeated gas is a function of certain number value.
the total pressure ratip/p-, dynamic separation facte;
and composition in feed side. This simple expres§&®j is
given by:

For each componentve calculate its fluy; by measuring
the net number of its particles in the CYS]:

H L
7 N;"— N;
l

H L =
y pix—p-y
-5 (5) 2A . nsAt
1-y pHA-x)—-pt@-y)

(8)

where N* and N+ are the net number of speciesdded
wherex andy are the mole fractions of component 1 in the in control volumes. The superscripts H and L represent the
high and low pressure sides, respectivélys the separa-  high and low pressure sides, respectivaly,is the effective
tion factor, angp™ andpl are the pressures in the high and area,Ar is the MD time step, ands is the number of the
low pressure sides, respectively. We can also deduce anotheMD steps over which the average is taken (we typically use
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ns=25000). The factor 2 in the denominator of this equation
is due to the fact that since a single mover from the high -30 A
pressure side to the low pressure side of the flux plane counts
both as a deletion on the high pressure side and a creation
in the low pressure side, subtracting the net creations of the
high pressure side from the low pressure side will result in 51
a double counting of the corresponding flux. The dynamic 50
separation factor is calculated by Ef) as described above.

2.4. Estimation of chemical potentials

Before either GCMC or GCMD simulations, Widom test
particle method inVVT ensemble is employed to determine  rig 3 Reduced chemical potential as a function of the reduced bulk pressure
the relationship of chemical potentials of the two components for N»/O, mixture at 303 K. In the bulk phase, the mole fraction of oxygen
with the bulk pressure when fixing composition of mixtures, is fixed at 0.21.
and with composition of mixtures when fixing bulk pres-
sure at given temperature (heéfe 303 K). Simulations start

— 3 iviti
with face centered cubic (FCC) structure, which involves 500 #4/€0z: P* = Pog,/€0,. The relativities of the above two
molecules, for the former we fix 105 oxygen molecules and equations are larger than 0.999. Butwe must pointout thatata

395 nitrogen molecules and then change their densities, while"ather higher pressure, alarger discrepancy will be observed if
for the latter we fix their densitys{ =0.01) and then change ~ & logarithmic expression is still used to represent the relation
the ratios of oxygen to nitrogen. Five million configurations Pe&tween the reduced chemical potential and pressure. There-
are used to reach equilibrium and another five million config- fore if we want to obtain the results of membrane processes at

urations are summed up to get the system average. Three tedf'€ higher pressure, we need to use cubic interpolating spline
insertions of oxygen and nitrogen molecules are performed Method by MATLAB software to obtain the corresponding

with the equal probability in each configuration to calculate Chemical potentials of specigsat given bulk pressure and
the corresponding excess chemical potentials. temperature. Fortunately the air is fed through the adsorbent

at operating pressure of between 0.4 and 0.8 MPa at ambi-
ent temperature in the industrial process of oxygen/nitrogen
recovery. Therefore it is unnecessary to use cubic interpolat-
ing spline method in this work.

We first present the results simulated by Widom test par- 1€ refationship of reduced chemical potentials of com-
ticle method, and then discuss those for the binary mixtures POnents with mixture composition is also achieved, which

by the GCMC and GCMD methods. As described above, the will be used to calculate the potential of species at the per-
mole fraction of oxygen in the feed mixture is 0.21. " meate side, and the results are plotteig 4. In this case,
the reduced total density is fixed at 0.01 and the tempera-

ture is 303 K. The average system pressure at the permeate
side is about 1.0501 MPa. The analytic expression of chem-
ical potentials can be obtained by fitting the NVT ensemble

3. Result and discussion

3.1. Chemical potentials

Through Widom test particle method, the relationship
of the chemical potentials of the two components with the

total system pressures can be obtained. Here the tempera-
ture is 303 K and the mole fraction of oxygen is fixed at 0.21
(i.e. xo, = 0.21). The results are plotted fRig. 3. Gener-

ally speaking, the two chemical potential curves are similar.
When the pressures approach to zero, they approach to nega-
tive infinite. However, the increase of the chemical potentials
becomes slower and slower at high pressure. When the sys-
tem pressure is lower than 15 MPa, these two curves can be
expressed well by a logarithmic function given, respectively,

by
1h, = —32.7426+ 2.8058 In(p*)
15, = —28.2016+ 2.8492In(p*)

(9a)
(9b)

-36

-38 4

40 4

-44 4

-46

—0— ():
—O0— Ns

0.0

0.2

0.4 0.6 0.8

y (mole fraction of 0_,)

1.0

h h h ical ial d d db Fig. 4. Reduced chemical potential of specias a function of the compo-
where the chemical potentials and pressure are reduce %ition for No/O, mixture at 303 K. The pressure of permeate side is fixed at

the Lennard—Jones potential parameters of oxygemi.es

1.0501 MPa.
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6 - the membrane thickness is2@ (about 4.118 nm) and the
. 1@ i ‘,:,":{,‘j;}}f‘;;‘,}[f“‘“ e pore width is 21, 34, 4A (about 0.67, 1.005, and 1.34 nm),
54 respectively. The mole fraction of oxygen in the bulk phase
is set at 0.21. The pore width iig. Xa) is 34. We compare
*1 the selectivity on the membrane surface with that in the slit
pore and find the selectivity in the pore has a slight enhance
with the increase of the bulk pressure, while that out of the
pore is unchanged. This indicates that rather high pressure is
of no benefit to the separation of oxygen from air, especially
when the pore width is rather largéiig. 5b) presents the
0.2 04 0.6 08 1.0 effect of the bulk pressure on the selectivity in the slit pore
p/MPa under the condition of different pore widths. Results show
that when the slit-like pore is very small, e}y.=0.67 nm,
®) — S172 will slightly increases with the increase of the bulk pres-
:::&jji sure. This is because that when pore width is large enough,
16 for eye auidance both oxygen and nitrogen molecules can be available to the
pore easily and supply the enough sources for the compet-
'2"_/4"””-'/—.\k itive adsorption between them on the pore wall. But when
7 we reduce the pore width, molecules preferentially adsorbed
8 onto the wall will have a stronger resistance to the adsorp-
tion of another kind of gas molecules. Since oxygen has a
H o s s ™ higher value of LJ energy parameter, it will preferentially be
. - . adsorbed. In the meantime, to increase the bulk pressure is to
02 0 09 05 Le increase the opportunity of the pore wall adsorbing oxygen
p/MPa molecules.
Fig. 5. Equilibrium selectivity of @/N, as a function of the pressure at Since the values of equilibrium selectivity are larger than
303K. (a) Selectivity in the pore and on the membrane surface, where the UNit both on the membrane surface and in the pores as
membrane thickness and the pore width are.2@nd 34, respectively. (b) shown inFig. 5 oxygen should be adsorbed on the mem-

Equilibrium selectivity (S” )

Equilibrium Selectivity (S )

The selectivity in the pore, whose width changes framta 4A. brane wall more easily than nitrogen. To prove our guess, we
) ) o also investigate the density distributions of oxygen/nitrogen
simulation data irFig. 4 near the membrane surface and in the slit-like pore, respec-

tively. The density distributions of oxygen and nitrogen along
&, = —38.3532+ 2.8104In 10a A .
o, + tFo,) (102) x-direction out of the pores are plotted kig. 6(a). Both
M?(Jz = —37.7478+ 2.8268 In(1- xo,) (10b) oxygen and nitrogen have a strong adsorption on the mem-

brane surface. In addition, the oxygen density is still much
Egs.(10a) and (10byepresent the reduced chemical poten- |ower than that of nitrogen near the membrane surface par-
tials as a function of the composition for nitrogen and oxygen, tially due to that nitrogen has a higher mole fraction in the
respectively. The main purpose of this work is to obtain the pylk phase. We must mention that a little progress has been
more reasonable fluxes and dynamics separation factors. Dif-made in the equilibrium adsorption and transport of mix-
ferent purity of product will be achieved when membranes tyres through membranes since we consider the membrane
with different pore sizes are used. As discussed above, Eq+thickness as an important factor, which has a strong effect
(5) shows that product purity is directly related to membrane on the adsorption characters and permeability. As shown in
selectivity. The separation factors from product purity must Fig. gb) and (c), the equilibrium density profiles of mix-
be consistent with those from permeability and the results tyres we have obtained are two-dimensional, which is the
simulated by this way can directly compared with those from mgst different from previous worlg,29,14,30] We can find

experiments. from Fig. 6b) and (c) that the effect of the pore entrance
on the density distribution of components is manifest. We
3.2. Equilibrium adsorption and selectivity only calculate the quarter of the density distribution since

the density distribution of components is symmetrical in
After obtaining the relation between chemical potential the slit pore and in order to make the program finish more
and the bulk pressure for each comporiefthe gas mixture,  quickly.
we carry out the GCMC simulation to calculate the equi- The pore width is a vital factor for membrane separa-
librium adsorption selectivity of oxygen/nitrogen according tion processes. We investigate the effect of pore width on
to Eqg. (3). Fig. 5a) and (b) present the effect of the bulk S1/, at 303K and 1 MPa. Here the membrane thickness is
pressurg” on the equilibrium adsorption selectivity of oxy- set at 23, (about 4.118 nm) and the pore width changes
gen/nitrogenfo,,n,) in their binary mixtures at 303 K. Here  from 24 to 6A. The simulation results are plottedFig. 7,
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Fig. 6. Density distribution inr andx— directions for b and G at 303K
and 1 MPa: (a) oxygen and nitrogen alangirection near the membrane
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a0 O on the membrane surface

w
>
>
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=)
n
1

Equilibrium selectivity (S”z)

]
1

1 2 3 4 5 6 7
Membrane thickness (L/nm)

Fig. 8. Effect of the membrane thickness on the equilibrium selectivity of
02/N> at 303K and 1 MPa. The pore width ig\5and the solid lines are for
eye guidance.

it enhances apparently when the pore width is smaller than
1.0nm. This is because all molecules are considered as soft
spheres with an effective hard-core diameter in the simula-
tions. When the pore is very small, el =0.67 nm, it can
easily hold the smaller molecules like oxygen but hardly for
the bigger nitrogen molecules. Subsequently most of oxy-
gen molecules enter the slit pore and the selectivity becomes
high. But when the pore is wider, e.§/=1.005-2.01 hm,
molecules of two species can easily enter the pore. We
can conclude that molecular sieving plays a more important
role than adsorption in the efficient separation ef\} gas
mixture.

We also study the effect of the membrane thickness on
the equilibrium selectivity of @N> both on the membrane
surface and in the slit pore at 303K and 1 MPa. Here the
membrane is with a width of & (about 1.675nm). The
results are plotted ifrig. 8 In fact, the true thickness of

surface, (b) oxygen in the pore and (c) nitrogen in the pore. The membraneth€ membranes is difficult to measure or even to define

thickness and the pore width arel29and 34, respectively.

since there are supported membranes and thus the defini-
tion of their true thickness is ambiguous. In the separation

indicating that the smaller the pore size is, the higher the process the dense layer coated is effective, which is named
selectivity in the pore. Itis also clearly shown that when the separation layer, and contains the main resistance of mem-
pore width is larger than 1.0 nm, the equilibrium selectivity brane. Therefore the membranes simulated here refer to
in the pore improves little as pore width decreases, while the dense layers coated and the thickness here is effective

304

20

104

Equilibrium Selectivity (S ,)

T
0.6 0.8

Fig. 7. Effect of the pore width on the equilibrium selectivity of/N, at
303K and 1 MPa. The membrane thickness i6R9

1.0 1.2 1.4
Pore Width (W/nm)

1.6

1.8

thickness.

Fig. 8 reveals that the membrane thickness has a slight
effect on the equilibrium selectivity of £N> gas mix-
tures. When the membrane thickness increases from 1.136
to 6.248 nmSy1/2 on the surface is almost unchanged, while
thatin the pore increases a little from 3.31 to 3.59. Because in
the steele’s 10-4-3 potential model, pore walls are considered
as two infinite smooth flats, simulation results will show that
the membrane thickness has no effect on the selectivity of
gas mixture. Therefore when we study the equilibrium char-
acters of fluids, the steele’s potential model may be applied to
accelerate calculations because the effect of membrane thick-
ness is little. But when we study the dynamical characters of
fluids, there will be an discrepancy if the steele’s potential
model is employed.
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3.3. Flux and dynamic separation factor 0.5 e 12
Yo,

Equilibrium properties of fluids can give us insight
into the deeply understanding membrane process, but non-
equilibrium dynamic characters are more significant for the
membrane separation. Consequently, we investigate the flux
and dynamic separation factor of gas mixture using DCV-
GCMD developed by Heffelfinger and Swab] in this work.

Just as the described in Sect®@# of this work, we think
the composition in the permeate side is different from that in 09 12 15 18
the feed side and has an unnegligible effect on the transport Pore width (W/nm)
properties of fluids. Therefore, we obtain the flux of fluids

through membranes using iteration method. In the previous':ig- 10. Product purity and dynamic separation factor vs. the pore width for
i N2/O2 gas mixtures at 303 K. The membrane thicknessisd4he pressure

work [5’10]’ the pressure in the permgate s;de,ls us'ually gradient is 1 MPa, and the permeate side pressure is fixed at 1.0501 MPa.
set at zero to calculate the permeability and dynamic separa-

tion factor. InFig. Yb) we present what happens in the flux of
fluids when the iteration method is not applied. Here mem- the iteration method is used, showing that the condition in
brane thickness is T4, the pore width is ranging fromA2 the permeate side has a great effect on the fluid permeation.
to 64, the pressure gradient is 1 MPa, and the pressure inthe The product purity and dynamic separation factor as func-
permeate side is 1.0501 MPa by iteration method and zero bytions of the pore width is plotted iRig. 10 The simulation
non-iteration method. The simulated results using the itera- conditions in this figure are the same as thos€&im 9a).
tion and non-iteration methods are showirig. %a) and (b), Fig. 10shows that the pore width has an important effect on
respectively. From the two figures one can see that the trendghe oxygen concentration in the permeate side of membranes
of the flux as a function of pore width are similar in the two y; and their dynamic separation factf,. Bothy; andSy/,
cases, but the absolute values of fluxes of both oxygen anddecrease with the increase of the pore width. When the pore
nitrogen are different. The fluxes decrease apparently whenwidth is up to &, the oxygen concentration is almost equal
to that in the feed side, e.g. the membrane lost its separa-
R ey tion function. In addition, the dynamic separation factors are
—A-N, rather lower than the equilibrium separation factors, espe-
cially when the pore is very small. For example, when the
pore width is down to 2, the equilibrium selectivity is up
to 29.62 while the dynamic separation factor is only 9.85.
This indicates that the selective adsorption does not play
a dominant role in the non-equilibrium transport properties
of oxygen/nitrogen gas mixture through carbon membranes.

(22/4—/\. It should be pointed out that since our membrane model is

T T T T highly idealized, even the dynamic separation factors will not
0.6 0.9 1.2 1.5 1.8 2.1
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15 centration polarization and surface flow phenomena.
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Fig. 9. Effect of the pore width on the fluxes of oxygen/nitrogen through 06 08 1O 12 14 16 18
membranes from (a) the iteration method and (b) the non-iteration method. Pressure gradient (Ap/MPa)

The membrane thickness isll4, and the pressure gradient is 1 MPa. The

permeate side pressurgs are 0 and 1.0501 MPa in the non-iteration and  Fig. 11. Fluxes of oxygen and nitrogen through membrades1@Lc,
iteration calculations, respectively. W=3A) vs. the pressure gradient at 303 K.
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4. Conclusions

T
w2

We have described the simulations on the permeation and
adsorption selectivity of @N2 binary gas mixture through
the carbon membranes with slit-like pores at 303 K. In our
study the mole fraction of oxygen in the feed side is fixed
at 0.21, and the classic GCMC and DCV-GCMD methods
developed by Heffelfinger and Swidl6] are employed.

. _ . . . . ) In addition, we have proposed a new approach with itera-
12 14 16 18 20 22 24 tions to calculate the flux of species and the dynamic separa-
Membrane thickness (L/nm) tion factors for binary gas mixtures. The greatest advantage

, _ , of this method is its ability of directly corresponding to real
Fig. 12, Effect of membrane thickness on the transport and separation of o yerimental conditions. And the results by his method are
oxygen/nitrogen in carbon membranes. The pore widthvistBe temper-

ature is 303K, and the feed and permeate side pressures are 2.0501 anfnore rgasonable due to deducmg of exa(_:t expression ITOI‘

1.0501 MPa, respectively. separation factors. The shortcomings of this method are its
time-consuming comparing with that method without itera-
tions, and its stability also needs to be improved further.

Fig. 11 shows the effect of the pressure gradient on the ~ Although the membrane model used in this work is
flux of oxygen and nitrogen through carbon membranes still hlgh'y idealized, Considering the pore wall as the pure
at 303K, where the membrane thickness and pore width graphite layers, it makes some advances compared with pre-
are 14 and 34, respectively. The permeate side pres- Viouswork because ofthe consideration of longitudinal struc-
sure is fixed at 1.0501 MPa and the feed pressure changedure and the thickness of carbon membranes. The simulation
ranging from 1.6501 to 2.8501 MPa. From the simulation results indicate that for &N gas mixture in carbon mem-
results we can conclude that the increase of the pres-branes both theirdynamic separation factors and equilibrium
sure gradient results in the improvement of the fluxes of selectivity are not mainly dependent on the selective adsorp-
both oxygen and nitrogen in consistence with that in real tion of gases but molecular sieving. As pore width increases,
experiments. the fluxes of both oxygen and nitrogen increase but the

Just as described above, one advance in this work is thatoXygen concentration of low-pressure side gases decreases.
we use a novel two-dimensional slit pore instead of one- Especially for the rather small pores, this trend becomes
dimensional pore for carbon membranes, which makes it more obvious. The membrane thickness and the bulk pressure
possible to study the effect of membrane thickness on the affectslightly on the equilibrium selectivity but greatly on the
fluid characters in carbon membranes, and now we discussflux and dynamic separation factor of binary gas mixtures. In
the effect of membrane thickness on the transport and sepathis work we also find that the highest purity of oxygen in
ration of oxygen and nitrogen in carbon membrarﬁég_ 12 permeate side at 303 K and 1 MPa for the pressure gradient is
displays thatit manifestly impacts on the fluxes of two species less than 0.4, where the pore width has been dowmtol2
and the dynamic separation factors. Here the pore width isthe higher purity oxygen is expected, the carbon membranes
set at 3\, temperature is 303K, the feed pressure and the should be modified with some functional groups.
permeate side pressure are 2.0501 and 1.0501 MPa, respec-
tively. The fluxes of both oxygen and nitrogen go down
with the increase of the membrane thickness, and that of Acknowledgement
nitrogen descends more sharply than that of oxygen. This
is easily explained by the knowledge of membrane resis- The research is supported by the National Basic Research
tance. An alternative expressifj for the permeation rate ~ Program of China under Grant No. 2003CB615700.
may be a function of the permeation resistance and a driving

T
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force:
. Nomenclature
flux — driven-force
resistance A area (m)
AE change of energy
Where the driving force can be the difference of density, pres-| J permeation flux (mol/rhs)
sure or chemical potential, the resistance is consisting of the| & Boltzmann’s constant (J/K)
sum of resistances of the other fluid molecules and mem-| L membrane thickness (m)
brane, the pore entrance, the inside diffusion and the pore| Lcc separation distance between two nearest car-
exit. The membrane resistance is directly related with the bon in the same graphite layer (m)
membrane thickness, especially with the effective thickness| N number of gas molecule
of the dense layer coated.
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X TS

N%kg<ﬂ>%

pressure (Pa)

permeance (mol/fs Pa)

accepted probability in GCMC simulations
ratio of the number of GCMC in control vol-
umes to the number of MD

separation factor

time step (s)

absolute temperature (K)

volume (n¥)

pore width (nm)

mole fraction of gas in feed side

mole fraction of gas in permeate side
absolute activity (m?®)

Greek letters

A distance between two nearest graphite lay
(nm)

3 Lennard-Jones energy parameter (J)

A de Broglie thermal wavelength (m)

N chemical potential (3/mol)

0 number density (nm?)

o Lennard-Jones size parameter (nm)

Subscripts

b bulk

ev ensemble average

i,j component and;

S step

1 oxygen

2 nitrogen

Superscripts

H high pressure region of simulation box

L low pressure region of simulation box

* reduced unit

+ insertion in GCMC simulation

— deletion in GCMC simulation
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