A New Liquid Membrane Technique

for Gas Separation

A new liquid membrane separation technique for gas mixtures has
been developed: feed and sweep gases flow through the lumen of two
different sets of hydrophobic microporous hollow fibers while a liquid on
the shell side acts as the membrane. This membrane is identified as the
contained liquid membrane (CLM). Major shortcomings of immobilized
liquid membrane techniques are eliminated. The novel separation de-
vice is identified as the hollow fiber contained liquid membrane (HFCLM)
permeator. Experimental studies are made with different CO,-N, feed
mixiures and a pure helium sweep stream, with special emphasis on
model landfill gas purification. Either pure water or an aqueous solution
of K,CO, is used as membrane. The effects of several variables on the
performance of the HFCLM permeator have been studied. A three-com-
ponent permeation model, incorporating axial pressure drop, is devel-
oped for binary mixture separation in a HFCLM permeator having a
sweep gas stream. The experimental data show good agreement with
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the theoretical predictions.

Introduction

Polymeric membranes used for gas separation suffer in gen-
eral from low values of selectivities and permeabilities (Matson
et al.,, 1983; Sengupta and Sirkar, 1986). Liquid membranes,
however, possess high species permeability and high selectivity.
Very high values of the latter can be obtained if facilitated
transport with suitable carrier species can be implemented
(Bhave and Sirkar, 1986; Hughes et al., 1986; Jain and Schultz,
1982; Kimura et al., 1979; Kimura and Walmet, 1980; Leblanc
et al., 1980; Matson et al., 1977; Meldon et al., 1986; Otto and
Quinn, 1971; Smith and Quinn, 1980; Suchdeo and Schultz,
1974; Ward and Robb, 1967; Way et al., 1982).

Such liquid membranes are conventionally utilized as immo-
bilized liquid membranes (ILM) (Ward, 1972). The liquid used
as a membrane is immobilized in the pores of 4 microporous sup-
port, spontancously wetted by the liquid. Thus aqueous electro-

lytic solutions are immobilized in hydrophilic microporous sup- -

ports holding the liquid by capillary action.

This ILM technique and other variations, however, have
major shortcomings. Renewal or replacement of the liquid
membrane, if poisoned or otherwise, poses severe problems
(Matson et al., 1983). Secondly, the criticality of humidity con-
trol in permeators with significant gas removal makes operation
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of a practical ILM system very difficult (Kimura and Walmet,
1980) if ILM flooding by condensation is to be avoided. In addi-
tion, existing ILM’s for positive pressure difference (A P) appli-
cations employ a costly flat sandwiched configuration having a
low membrane surface area per unit permeator volume. The
study by Hughes et al. (1986) utilizing dense ceilulose acetate
hollow fibers suffered from very low flux levels and had to be
operated with no positive A P.

A new hollow fiber contained liquid membrane (HFCLM)
technique for gas separation is introduced here. Using the mem-
brane liquid in the shell side between feed-gas-carrying and
sweep-gas-carrying fibers, this technique bypasses the short-
comings of ILM techniques. We present the separation results
for CO,—N, mixtures in HFCLM permeators containing micro-
porous hydrophobic hollow fibers. The extent of feed gas separa-
tion with helium as the sweep gas has primarily been studied,
using water as the membrane; the facilitated transport separa-
tion results of an N,~CO, mixture through a 30 wt. % aqueous
K,CO; solution will also be briefly indicated. A ternary perme-
ation model has been developed to describe the observed separa-
tion behavior in the novel permeator provided with a sweep gas
stream.

Most experiments were carried out with a 60% N,—-40% CO,
gas mixture representing a typical landfill gas (60% CH—40%
CO,) since N, is a model replacement for CH,. The permeabil-
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ity of nitrogen and the separation factor for the CO,—N, system
in aqueous liquid membranes are quite similar to those for
methane and the CO,~CH, system. Thus, various CO,—N,
mixtures of this study simulated acid gas removal from hydro-
carbons in general. The operating parameters were chosen to
illustrate the process rather than to optimize the separation.

Hollow Fiber Contained Liquid
Membrane Technique

Figure 1 shows a dense population of hydrophobic micropor-
ous hollow fibers of small outside diameter in a permeator shell.
Water and aqueous electrolytic solutions do not penetrate the
pores in these hydrophobic fibers unless the liquid pressure
exceeds 10-15 atm.

In such a hollow-fiber assembly, the space between the adja-
cent fibers is filled with an aqueous liquid chosen to function as a
liquid membrane. The hollow fibers identified by F in Figure 1
carry the high-pressure feed gas whereas those identified by S
carry a sweep gas, usually at a pressure considerably lower than
the feed pressure. Ideally, the fiber bundle should be arranged in
such a way that a feed-gas-carrying fiber is immediately adja-
cent to a sweep-gas-carrying fiber. Since the fibers contain the
aqueous liquid membrane, we identify this as a contained liquid
membrane (CLM), as compared to an immobilized liquid mem-
brane (ILM).

The feed gas species contact the membrane liquid at the pore
mouths of the feed fiber outside surface. They dissolve at this
feed gas-membrane liquid interface and diffuse through the lig-
uid membrane to the open pores of the nearest sweep fiber,
where they desorb. The desorbed gases are carried away
through the sweep fiber lumina by an inert sweep gas. Otherwise
the desorbed gases themselves generate the permeate gas stream
flowing through the bore of S hollow fibers.

The aqueous liquid membrane, generally maintained at a
pressure higher than the feed gas and permeate gas pressures,
prevents physical mixing of the feed gas or the sweep (or perme-
ate) gas. The aqueous liquid is introduced to the permeator shell
side from a membrane liquid reservoir under pressure, Figure 2.
The two sets of hollow fibers, tightly packed together in the per-
meator shell, provide a very high ratio of membrane surface area
to volume. It is preferable to avoid the densest possible packing
unless fibers with composite wetting characteristics are utilized,
since fiber contact points without membrane liquid in between
will allow mixing of the feed gas with the permeate gas.
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HOLLOW FIBERS
Figure 1. Configuration of hollow fiber contained liquid

membrane (HFCLM).

The membrane liquid between the fibers is usually stationary.
The shell port for discharging membrane liquid, Figure 2, may
be used with a backpressure regulator to replace membrane lig-
uid with fresh liquid. Otherwise this port is kept closed. For pure
membrane liquid lost by evaporation into dry gas streams, there
is an automatic and continuous supply of membrane liquid from
the reservoir due to its higher pressure. Under such conditions
the liquid would not be truly stationary. Such a hollow fiber con-
tained liquid membrane (HFCLM) permeator has some distinct
advantages:

1. Fiber wall defects lead only to a loss of membrane liquid
through the fiber lumen. Unlike ILM systems and polymeric
membrane permeators, feed does not leak into the permeate
gas.

2. Gas humidification is unnecessary for a pure liquid.

3. The membrane is stable. Membrane liquid replenishment
is easy.

4. The hollow fiber porosity and the pore tortuosity do not
influence the gas flux in general.

5. Hydrophobic fibers prevent membrane flooding from
moisture condensation in the fiber bore. Condensed moisture is
mostly swept away by the gas stream.

6. The use of hollow fine fibers leads to a high membrane sur-
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Figure 2. HFCLM permeator with membrane liquid reservoir and pressure source.
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face area per unit permeator volume and low effective liquid
membrane thickness.

7. The technique can be used with all four modes of permeate
side operation: sweep gas, sweep liquid, vacuum, and conven-
tional permeation (polymeric membranes). The sweep liquid
with an aqueous liquid membrane can be either aqueous or
organic. Aqueous sweep liquid will not enter the hollow fiber
pores and contaminate the liquid membrane. Organic sweep lig-
uid, if it wets the microporous support membrane, will do no
harm as long as it is immiscible with the agueous membrane.

Studies of permeation separation for other modes will be com-
municated elsewhere.

Theory

The following assumptions are used to analyze the gas perme-
ation and separation of a binary feed gas mixture in an HFCLM
permeator having a countercurrent sweep gas stream:

1. The feed and the sweep gas streams at any location consist
of only three species, all being permeable

2. The permeability coefficient of each gas component is the
same as that of the pure gas, and is independent of gas pressure
(facilitated transport membranes with partial pressure-depen-
dent permeability are considered later)

3. No mass transfer resistance exists in the gas phases

4. Diffusion along the gas flow path is insignificant com-
pared to the bulk gas flow

5. A plug flow model can be used for both gas streams

6. The Hagen-Poiseuille equation governs fiber lumen pres-
sure drop

7. The gas mixture viscosity is independent of pressure but
depends on composition

8. The end effects inside the permeator are negligible

9. The deformation of the hollow fibers is negligible

10. Axial diffusion in the stationary membrane liquid is
insignificant compared to the radial diffusion

11. The effect of a small movement of the membrane liquid
(due to replenishment of membrane liquid lost by evaporation
and/or leakage through defective fibers) on separation or pres-
sure drop is negligible

12. An effective liquid membrane thickness, 4, is assumed to
exist along the permeator length as well as at all radial locations
in the fiber bundle

A diagram of an HFCLM permeator having an effective lig-
uid membrane thickness 4 is shown in Figure 3. Considering an
equal number of feed and sweep fibers of identical dimensions in
a permeator, the overall and component material balances
between the feed iniet end of the permeator and any location at a
distance / from the sweep inlet end can be written as

Overal: L—-V=L,—V; (1a)

COyx Lx — Vy=L;x,— V;y, (1b)
Ny L(d—-x—-—uw)—- V(1 -y -
He: Lu — Vv = Liu,— Vyo, (1d)

Only three of the above equations are independent. If the
treated feed gas end is the initial point for calculation (/ = 0),
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Figure 3. HFCLM permeator with countercurrent flow
pattern.

the governing differential equations for permeation are

CO,: d(Vy)/dl = wD(Q./d)[Px — py] 2

Ny d[V(l —y - v)]/dl
=7D(Q/d)[P(1 —x —u) —p(1 -y —-2)] (3)

He: d(Vv)/dl = =D, (Q./d)[Pu — pv] 4)

The differential equations governing the pressure drop in the
two gas streams in the two sets of fiber lumina are

Feed gas: dP/dl = 128 RTLu;/[7PD}] )
Sweep gas:  dp/dl = —128RTVyug [[7pD]] (6)

Equations 24 along with Egs. 1a—1d can be manipulated to
yield six differential equations for each of the following depen-
dent variables L, V, x, y, u, and v. Then, for each fiber set, we
have one overall gas permeation equation, two species perme-
ation equations, and one pressure drop equation. These equa-
tions constitute a set of eight nonlinear coupled ordinary differ-
ential equations (ODE) whose simultaneous solution subject to
proper boundary and initial conditions will yield the profile of L,
V, x, y, 4, v, P, and p along the permeator. The boundary condi-
tions for the ODE’s are given by
[=0—~V=1V,,

y=0(=p.); v=1(=v,) @)

I=L=L=L; x=x;5 u=0(=u);

P=P; p=ps 3

There are no published solutions for permeation separation
with a sweep gas where the latter permeates to the feed and both
streams encounter substantial pressure drop. Pan and Habgood
(1974) analyzed binary mixture permeation in a flat membrane
permeator with an impermeable sweep gas and no pressure drop
in either gas stream. Stern and Leone (1980) treated the perme-
ation separation of a quaternary mixture without any sweep gas
or flow pressure drop. Further, although we have two sets of hol-
low fibers in the permeator, their function is radically different
from multimembrane gas permeators studied by Perrin and
Stern (1985, 1986) for binary separation and by Sengupta and
Sirkar (1984, 1987) for ternary separations.

The set of eight coupled ODE’s were solved numerically in
dimensionless form (Majumdar, 1986) on a DEC 10 mainframe
computer using standard IMSL subroutines. The complex
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boundary-value problem of countercurrent ternary permeation
with sweep flow and pressure drop in each stream was solved by
using the IMSL routine DVCPR based on a finite-difference
algorithm. The detailed solution procedure and computer pro-
gram are available in Majumdar (1986).

Effective Liquid Membrane Thickness

To numerically solve the set of equations, the value of effec-
tive liquid membrane thickness d is necessary. There are three
possible approaches. In one, assume various values of d and solve
the system of equations. The value that brings the numerical
results to closest agreement with experimental results is the
effective d. Alternately, consider the volume of membrane lig-
uid in a unit cell to exist around a feed fiber and determine its
thickness. In the more rigorous third method, solve the diffusion
equation in two dimensions in a unit cell to estimate the effective
membrane thickness from the permeation rate and the perme-
ability coefficient. We adopt the first two approaches here. The
third method is studied elsewhere.

Of immediate interest is a simple geometrical method of
determining the effective d. This value can be compared with
the value of d that brings the numerical solution of the governing
ODE’s to the closest agreement with the observed permeator
performance. '

Figure 4a shows the cross section of the hollow fiber popula-
tion in the permeator. The hollow fibers are assumed to be
located on the circumference of hypothetical concentric circles.
Assume further that only one kind of fibers (feed or sweep)
exists along the circumference of a given concentric circle. If ail
the fibers are arranged in a triangular pitch, ¢, then

1= {(Db - Da)/[lz(nf + ns)]}
- 3r 4+ 1977 + 284Ba(n + n))} 9)

Define D, to be the equivalent diameter of a circle containing the
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Figure 4. Unit cell configurations in a hollow-fiber bun-
dle.
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liquid around any feed fiber in a unit cell; one way of defining
the effective liquid membrane thickness d is

d- (De - Da)/2 (10)

Figures 4b and 4c indicate that there are two types of triangu-
lar cells, formed by two adjacent rows of feed and sweep fibers.
They occur with equal frequency and remain next to each other
in a fiber bundle. The corresponding equivalent diameters are

D, - /(332 /x — D/2)

D, = /(6 \3/x — 2D?) (1

Two different values of membrane thickness are obtained for the
two different configurations. However, the equivalent mem-
brane thickness for triangular pitch can be calculated from Eq.
10 using the mean of the two D, values.

The true cell in Figure 4a is a rhombus, shown in Figure 4d.
To simplify, we replace the rhombus by a square, Figure 4e. The
changed equations are (Majumdar, 1986)

t = {(Dy = D)/ [4(n; + n)IHw + VIx* + dn(n + n)]} (12)
D, = 82/ — DY) (13)
Using the above D,, d can be determined from Eq. 10.

Experimental Method

The hydrophobic microporous hollow fibers used in this study
were Celgard X-10 (Celanese Separations Products, Charlotte,
NC) polypropylene fibers of 100 um ID with 25 pm wall thick-
ness. Their reported bubble point pressure is 1,034 kPa; their
estimated mean pore size is 0.03 um. The wall porosity is 20%.

A permeator was prepared using 600 such fibers in a 152.4
cm long, 1.27 cm dia. schedule 40 stainless steel (SS) 316 pipe,
serving as the pressure vessel. The permeator fabrication con-
sisted first of preparing a tight 600-fiber bundle with each bun-
dle end being split into two separate bundles, each containing
300 fibers. To define D, for the whole 600-fiber bundle, Figure
4, eight thin polyethylene (PE) tubes, each 19.68 cm long and
0.635 cm ID, were used as sleeves. These tubes, with 10-15
small holes on their surfaces, were sleeved over the fiber bundle
to contain the fibers in a defined volume for two permeators,
nos. 1 and 3. The whole assembly was inserted into the SS pipe.
The two bundle ends, each containing 300 fibers, were taken out
through two separate openings of a 1.27 cm cross-connector
attached to the pipe. The third opening was used as the shell-
side liquid inlet or outlet. Each fiber bundle end was potted in
polyurethane (58:42 ratio of Polycin 1670 to Vorite 1701, Cas-
chem Inc., Bayonne, NJ) and cured for seven days for full
strength. The permeator was then pressure-tested with water for
any leakage. For details, see the thesis by Majumdar (1986).

The fiber bundle for permeator 1 was assembled by preparing
two separate mats each containing 300 fibers and placing one
mat on top of the other. For permeators 3 and 4, only one mat of
300 feed fibers was prepared. Next, 300 sweep fibers were
placed between feed fibers so that each sweep fiber remained
next to a feed fiber. The mat was then rolled to prepare the bun-
dle in each case (Majumdar, 1986).
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In permeators 1 and 3 the membrane liquid contained
between the pipe and the sleeves could communicate with the
liquid inside the sleeves through the punched holes. Thus mem-
brane liquid could be replaced radially as well as axially from
one end of the bundle.

This radial liquid membrane replacement was eliminated in
permeator 4 where a 0.61 cm ID and 1.03 cm OD Teflon pipe
(Cole-Parmer, Chicago, IL) was inserted centrally in the 1.27
cm SS pipe. The annular gap between the SS and Teflon pipes
was sealed by epoxy. The 600-fiber bundle was inserted through
the Teflon pipe bore. Membrane liquid replacement could take
place only axially from one permeator end. The fibers in the
bundle were relatively free whether inside the PE sleeves or
inside the Teflon pipe. We show a diagram of permeator 1 (or 3)
in Figure 5.

The apparatus shown in Figure 6 had three components: feed
line, sweep line, and membrane liquid line ail tied to the
HFCLM permeator, kept in an insulated water bath. The feed
gas from a primary standard mixture cylinder (Matheson,
E. Rutherford, NJ), was passed in succession through an oil fil-
ter, a feed humidifier, and an electronic flow controller (Mathe-
son, model 8141-0452). The feed pressure at the permeator inlet
was measured by a Heise pressure gauge (Dresser Industries,
Newton, CT). A check valve before the permeator prevented
accidental injection of membrane liquid into the flow control-
ler.

The purified feed gas was passed successively through a test
pressure gauge (Matheson) and an electronic flowmeter (Ma-
theson, model 8141-0452). A liquid trap prevented carryover of
droplets (from condensation or fiber leakage, or both) from
fibers into the measuring instruments. Feed gas pressure was
controlled by a Fairchild backpressure regulator (Epec Sales,
Towaco, NJ). Gas compositions were determined by a Varian
3700 GC (gas chromatograph) containing a Porapak N 80/100
mesh column using He as the carrier gas. The instrumentation
in the helium sweep gas line was essentially similar to that in the
feed gas line.

A Matheson digital readout/control module (model 8249)
was used to control the gas flow rates at the feed and sweep
inlets and monitor flows through four transducers. The humidity
and temperature of the two gas streams entering the permeator
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Figure 6. Purification loop.

were continuously displayed on a digital indicator (model HMI
32, Vaisala Inc., Woburn, MA).

The permeator shell-side inlet was connected to the mem-
brane liquid storage tank, which was pressurized by a separate
gas cylinder. The storage tank pressure, indicated by a Mathe-
son test gauge, was always higher than that of the feed and
sweep streams. The permeator shell-side outlet was opened only
for draining membrane liquid.

The GC column was calibrated using a series of primary stan-
dard CO,-N, gas mixtures. An average absolute area was calcu-
lated for each gas species. In an experimental run, the He con-
tent in the feed or sweep stream was determined by subtracting
the combined CO,~N, percentage from 100. This procedure was
independently verified by injecting primary standard He-CO,-
N, mixtures into the GC.

For runs with humidified gas streams, the feed and sweep
humidifiers were maintained at a higher pressure (~446 kPa)
for at least three days. The membrane storage tank was also
maintained at a pressure (~239.2 kPa) for 12 h to equilibrate
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Figure 5. HFCLM permeator assembly with polyethylene sleeves, permeators 1 and 3.
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the membrane liquid with the pressurizing gas, usually helium
or the feed gas mixture. For each gas stream, flow rates and
pressures at permeator inlets and outlets were measured along
with incoming humidity, temperature, and outlet gas composi-
tion at 1 h intervals. Steady state was attained in 4-8 h.

Results and Discussion

All experiments utilized a feed gas mixture of 40% CO,—60%
N, at 25°C unless otherwise stated. The feed inlet and sweep
outlet pressures were maintained at 411.5 kPa and 115.1 kPa
respectively. The membrane liquid pressure was kept constant
at 446 kPa except for the shell liquid pressure variation studies.

Estimation of pure-component gas permeabilities

The permeability of a gas species / through a pure water film
0., may be estimated from the following product

in=Diw X Hiw (14)

Table | summarizes the permeability values of CO,, N,, and He
through pure water at different temperatures. The diffusivity
and the solubility vatues were obtained from the references cited
in Table 1.

Bhave and Sirkar (1987) have studied the permeation and
separation behavior of CO,~N, mixtures through fully ex-
changed Ceigard 2400 ILM containing aqueous 30 wt. %
K,CO; solution. The permeability of N, for such a carbonate
solution was found to be 2.28 x 107 mol - m/m? . s - Pa. The
permeability of helium was estimated to be 3.98 x 107"° mol .
m/m? - s - Pa. The measured permeability of CO, through
aqueous K,CO, solution varied strongly with the applied partial
pressure difference of CO, due to facilitated CO, transport. The
existing theoretical models for CQ, transport through aqueous
electrolytic solutions (Otto and Quinn, 1971; Meldon et al.,
1982; Jain and Schultz, 1982) were applied so far only to low
carrier concentrations and at low partial pressures of CO,. Table
2 shows that these models considerably underpredicted the
observed CO,—N, separation factor in 30 wt. % K,CO; solution.
Work is in progress to develop a better theoretical description.
For the immediate objective of modeling the permeator behav-
ior, the data of Bhave and Sirkar {(1987) were correlated by the

Table 1. Permeabilities of Pure Gases Through Water at
Various Temperatures
Temp. D,, x 10° H,, x 10° Q.. x 10"
°C Gas m?/s mol/m® . Pa mol - m/m®. s . Pa
15 COo, 1.4 445.73 62.40
N, 2.2 7.43 1.63
He 6.2 4.35 2.69
25 CO, 1.92 365.76 70.23
N, 3.0 6.22 1.86
He 7.4 4.40 3.26
35 CO, 24 261.69 62.81
N, 3.9 5.59 2.18
He 8.4 448 3.76

D,, data: CO,, Thomas and Adams (1965); N, He, Wise and Houghton
(1966). .
H,, data: Perry and Chilton (1973).
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Table 2. Observed and Predicted CO,-N, Separation Factor in
30 wt. % K,CO, Solution at Various Partial Pressures of CO,

Dimensionless* Predictedt Separ. Factor
Partial Press. Observed**

Difference of CO, Separ. Factor Model | Model 2
0.09193 303.11 183.46 180.38
0.22343 227.33 139.60 136.57
0.73868 174.46 99.91 96.81
1.12106 160.07 90.97 87.87
1.52184 138.99 85.35 82.16
1.91091 129.28 81.92 78.68

*Reference pressure: 101.325 kPa.

**Bhave and Sirkar (1987).

+$Model 1: Otto and Quinn (1971).

Model 2: Jain and Schultz (1982); Meldon et al. (1982).

following equation

o = 393.46 — 1,190.7(v,x — v,»)
+ 2,480.88(v,x — v,0)* — 2,432.75(v,x — v,»)°

+ 1,104.25(yx — 1,0)* — 188.27(yx — 12)° (15)

where

a=0./0; Mi=P/Py; Y1=p/Pu (16)

The facilitated CO, transport through a 30 wt. % K,COj; solu-
tion is influenced by both diffusion and reaction rates (Kimura
et al., 1979). Extensive studies of this effect are yet to be made.
The experimental CO, permeability data of Bhave and Sirkar
(1987) are valid for 2 membrane thickness of 0.0127 cm. Due to
lack of any other data, the present results were considered to be
valid for our case as long as the effective liquid membrane thick-
ness was close to 0.0127 cm.

Estimation of liquid membrane thickness
in HFCLM permeator

The fiber arrangement in one permeator would not be the
same as that in another permeator; it would depend solely on the
bundle preparation procedure if we disregard random variations
for the time being. Therefore, a different arrangement of the
fibers would lead to different liquid membrane thicknesses even
though other physical parameters remained the same for all per-
meators. The geometrical method of determining d, valid only
for the regular fiber arrangements, Figure 4, does not, however,
predict different membrane thicknesses for different permea-
tors. Calculations for a fiber bundle (D, = 0.635 cm) containing
600 fibers (0.015 cm OD) yielded for the triangular arrange-
ment a value of d = 0.0108 c¢m, and d = 0.0095 cm for the
square arrangement.

The effective d was also determined by solving the three-com-
ponent permeation model for several assumed values. The cor-
rect value of d should give a good agreement between calculated
values and observed data. The effective membrane thicknesses
for permeators 1 and 3, thus determined, were 0.01524 and
0.01115 cm, respectively. Since the fiber bundle for permeator 4
was also prepared in the same manner as for permeator 3, we
assume the effective membrane thickness in permeator 4 to be
also 0.01115 cm.
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Figure 7. Feed flow variation studies in permeator 1.

Model landfill gas purification:
pure water liquid membrane

Purification studies with pure water liquid membrane were
carried out with dry as well as completely humidified gas
streams in two different permeators having different estimated
d values. The data and the simulation results for feed gas flow
variation are shown in Figure 7 for permeator 1 and Figure 8 for
permeator 3; those for sweep flow variation are shown in Figure
9 for permeator 1 and Figure 10 for permeator 3. (In these and
subsequent figures, gas compositions in feed and sweep outlet
streams are identified by F and S, respectively. For example,
N,/F signifies N, mole fraction at the feed outlet and CO,/S
signifies CO, mole fraction at the sweep outlet.) Since the three-
component permeation model does not distinguish between hu-
midified and nonhumidified gas streams, the simulation results
are applicable to both cases. Observe that at low and moderate
feed flow rates, the treated gas had almost no CO, in it. As
expected, the CO, content in the purified model landfill gas
increased with an increase in feed flow rate, Figures 7 and 8.
The same effect was also observed when the sweep flow rate
decreased, Figures 9 and 10. '

These performances suggest very little effect of the gas
stream humidities on the separation. The minor effect, if any,
can be attributed to a fourth component (moisture) present in
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Figure 8. Feed flow variation studies in permeator 3.
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Figure 9. Sweep flow variation studies in permeator 1.

the inlet gas streams (for humidified runs) and/or variation in
room temperature affecting the inlet gas temperatures.

It is evident from Figures 7 and 8 (or Figures 9 and 10) that
the separation performances of permeator 3 were better than
those of permeator 1. For a given set of feed and sweep flow
rates, the CO, content in the purified modetl landfill gas was sig-
nificantly lower in permeator 3. Further, the sweep outlet N,
content was higher. Since both permeators contained identical
numbers and lengths of fibers, the better performance of perme-
ator 3 was most likely due to a reduced liquid membrane thick-
ness. Such a reduction in its effective d has more to do with the
manner in which the two sets of fibers were put together in per-
meator 3.

In all four cases, the simulation results described the observed
behavior quite well. For permeator 3 the agreement is better
than that obtained in permeator 1. The model also predicted the
pressure drop behavior of feed and sweep streams quite well.

Influence of feed gas composition

To determine the effect of feed composition, experiments
were carried out with a 10% CO,-90% N, feed gas mixture with
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Figure 10. Sweep flow variation studies in permeator 3.
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nonhumidified gas streams only. The feed flow and the sweep
flow variation studies, shown in Figures 11 and 12 respectively,
indicate a behavior generally similar to those presented earlier.
A much smaller amount of CO, has to be removed here from the
feed since it had much less CO,. Therefore, the sweep outlet
CO, content would be lower, as can be observed from its mea-
sured CO, content. The purified feed gas had very little CO,
even at a high feed flow rate.

Figures 11 and 12 also indicate that the simulation results
compare quite well with the experimental data. To test the
applicability of the model further, experiments were done using
a high CO, feed gas mixture (85.626% CO,~14.374% N,). The
data and simulation results were in good agreement. Therefore,
the three-component permeation model is valid over a wide
range of feed compositions for pure liquid membranes without
any chemical reactions.

Bath temperature variation

The results of separations carried out at four bath tempera-
tures with dry feed and sweep streams are shown in Figure 13.
Helium in the feed outlet increased with an increase in bath
temperature. The CO, permeation rate remained more or less
constant. Feed gas purification with respect to N, content
improved considerably as the temperature was lowered.

Although species diffusion coefficient D, of gases in water
increases with temperature, the solubility decreases. Due to
these two opposing effects, the permeability value passes
through a weak maximum. Table 1 shows such a behavior for
CO,. Since He diffusivity changes much more rapidly with tem-
perature than does its solubility in water, the permeability
increases monotonically for the experimental range of tempera-
tures. So does the helium permeation rate. Table 1 also shows
that N, permeability decreases with a decrease in temperature.
At lower temperatures the N, permeation rate decreases. There-
fore, the feed outlet shows an increase in N,.

Shell-side pressure variation

Due to higher shell liquid pressure, the polypropylene hollow
fibers in an HFCLM permeator are compressed. This deforma-
tion was neglected in the three-component permeation model.
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Figure 11. Effect of feed composition, feed flow varia-
tion studies.
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tion studies.

When pressurized externally, single hollow fibers undergo both
radial and axial deformation (Stern et al., 1977; Thorman and
Hwang, 1978): the fiber cross section decreases and fiber length
increases. This should increase the gas stream pressure drop.
We have observed such an increase in permeator 3 as the shell-
side pressure increased from 411.5 to 515.0 kPa for dry gas
streams at high flow rates.

The magnitude of the external pressure, however, did not
have any significant effect on the permeation rate of CO,and N,
for the following reason. Radial and axial deformations have
opposite effects. The former reduces the gas permeation rate by
cross-sectional area reduction whereas the latter increases the
permeation rate by providing more permeation area (Stern et
al., 1977). We have therefore neglected here the influence of the
shell-side pressure, if any, on the permeation process. That the
total pressure is constant along the liquid membrane thickness
has also been ignored here.

Gas sources for pressurizing membrane liquid

A separate feed gas mixture cylinder was always utilized to
pressurize the water membrane. To determine the effect of com-
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Figure 13. Effect of bath temperature variation on per-
meator performance.
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position of this pressurizing gas on purification, the shell pres-
surizing gas cylinder (40% CO,-60% N,) was replaced by an He
cylinder. We observed that the feed outlet helium content was
essentially independent of the nature of the pressurizing gas.
The sweep outlet CO, content in both cases also was almost the
same. The results suggest that the membrane liquid within the
permeator fiber bundle was locally in equilibrium with the feed
and the sweep gas streams, and this phenomenon controlled the
separation. The pressurizing gas, in equilibrium with the mem-
brane liquid in the storage tank, does not affect the separation as
long as the membrane liquid is free of any reactive species.

Stability of HFCLM

Some of the data reported earlier were obtained by operating
the system continuously for as long as four days at a stretch,
without any difficulty. This demonstrates that such a liquid
membrane based process is very stable. The experimental data
mentioned above were taken at various feed and sweep flow
rates. The results for one experimental run, continued for over
24 h, are shown in Figure 14. This particular experiment was
carried out at a feed inlet pressure of 377.1 kPa. Although the
gas streams introduced were dry, a stable permeator perfor-
mance was achieved, as shown. Without the continuous and
automatic regeneration of liquid membrane from reservoir, such
conditions would lead to instability and a quick disappearance of
the membrane altogether. This is a major distinction between
the present and earlier liquid membrane techniques. It is
obvious that the HFCLM permeator can be used for long-term
runs when a pure liquid is used as the membrane.

Model landfill gas purification:
aqueous 30 wt. % K,CO,

Although pure water has separation characteristics compara-
ble to or somewhat better than synthetic polymeric membranes
commercially utilized for CO,~CH, separation, its selectivity is
not very high. To increase the selectivity as well as recovery,
aqueous 30 wt. % K,CO; solution was also used as a liquid
membrane with both incoming gas streams being completely
humidified to prevent localized drying or precipitation of salt.
However, humidity control inside the permeator is not required.
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Condensed moisture in hydrophobic fiber bores would not lead
to membrane flooding.

Separation experiments with K,CO, solution as a liquid mem-
brane were carried out in permeator 4. Unlike permeators 1 and
3, permeator 4 does not have an extra shell space around the
fiber bundle. This drastically reduces the membrane liquid
inventory in the permeator. The membrane liquid was pressur-
ized by a pure He gas cylinder. An essentially steady gas compo-
sition was achieved within 6 h. The treated gas had almost no
CO, in it and 90% of the feed N, was recovered during purifica-
tion. However, sweep-side pressure increased slowly due to mi-
nute leakages of highly viscous membrane liquid into the sweep
fibers. The results demonstrated that highly efficient purifica-
tion and recovery of model landfill gas is possible using aqueous
30 wt. % K,CO, solution as a liquid membrane.

In the above experiment, the sweep gas stream was intro-
duced through the fiber set undergoing a 90° bend at the perme-
ator ends, whereas the feed stream was introduced through the
straight set of fibers. The sharp bends in the fibers might have
caused some defects and membrane liquid leakage. Therefore,
in the next experiment the feed gas was introduced through the
fiber set with bends and the sweep stream was introduced
through the straight fibers. Since the pressure difference
between the shell liquid and the feed stream was very low, it was
expected that the extent of membrane liquid leakage to the feed
fibers, if any, would be very small.

With this arrangement, a stable and excellent performance of
permeator 4 was achieved. Results of purification studies car-
ried out at two different feed flow rates, as well as results of
numerical simulations, are plotted in Figure 15. The general
conclusions are similar to those obtained with pure water as the
liquid membrane except that much higher purification was
achieved. The sweep outlet N, composition is less than 5%,
showing a higher recovery of N, in this case. As expected, the
CO, percentage in the treated gas as well as in the sweep outlet
stream increased with an increase in feed flow rate.

Although the numerical model for a reactive liquid mem-
brane is an empirical one, the resuits appeared to describe the
observed behavior fairly well. However, prediction of gas com-
positions at the feed outlet needs improvement.
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Figure 15. Permeator performances with aqueous potas-
sium carbonate solution as membrane liguid.
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Comparison of HFCLM with Other Membrane and
Membrane-Based Processes

The permeation rates and separation factors of the liquid
membrane systems are compared now with those of polymeric
membrane systems used for CO, separation. Monsanto’s Prism
separator, which uses polysulfone membrane, has the following
value for CO, permeation rate (Kulkarni et al., 1983):
[0/ 4] potysuitone = 1.4 x 107° mol/m” . s - Pa, the separation
factor for the CO,—N, system being around 38.

For d = 0.01115 cm in permeator 3, the CO, permeation rate
through pure water is [Q,/d]|ue = 0.63 x 107% mol/
m?.s . Pa. The separation factor for the CO,-N, system
through pure water is about 37.7. Thus, the CO, permeation
rate through pure water in the HFCLM permeator is margin-
ally lower than that of commercial polymeric membranes while
the separation factor is comparable. Using smaller hollow fibers,
membrane thickness d could be reduced two to three times and
the liquid membrane permeation rate would be comparable to or
higher than that of polysulfone membrane.

With aqueous 30 wt. % K,CO; solution as liquid membrane,
the overall permeation rate of CO, for the given HFCLM per-
meator was estimated to be [Q,/d]|yeran = 0.37 x 107% mol/
m? . s . Pa; the overall separation factor for the CO,—N, system
was calculated to be 180. The prism process uses two permeation
stages and high recycle to produce a CH, recovery of 81%
(Early et al., 1983; Hilliard and Kilgour, 1983). With the pres-
ent single-stage liquid membrane system, 80% N, was recovered
when pure water was used as the liquid membrane and about
95% N, was recovered when aqueous carbonate solution was
used. Note that the amount of CH, yield in such a permeator
would be somewhat less than that of N, due to a higher perme-
ability of CH, in water and aqueous carbonate solution. Still,
extremely high recovery of methane is possible without any
recycle (the results will be reported elsewhere). This will lead to
a substantial saving in compression energy. In addition, the
amount of feed gas to be processed, for a given amount of
methane product, will be considerably less. Note further that
the permeation rate of CO, through carbonate solution can be
considerably increased by incorporating a suitable catalyst for
CO, hydrolysis, such as TeO,~ or AsO,” (Kimura et al., 1979).

In an HFCLM permeator, it is conceivable to have contact
points between a feed fiber and a sweep fiber without any mem-
brane liquid in between. This would be equivalent to a defect in
a polymeric membrane. However, since the membrane liquid is
always at a higher pressure, such a situation is highly unlikely.
In fact, we have never encountered this in our experimental
studies. To prevent such a situation from happening, one can
have hollow fibers with composite wetting characteristics: the
outside surface hydrophilic and the rest hydrophobic. This will
ensure an immobilized aqueous liquid membrane in the fiber
pores even at feed and sweep fiber contact points without any
shell-side membrane liquid.

Qi and Cussler (1985) have recently suggested using hydro-
phobic microporous hollow-fiber modules for gas absorption.
One can use two such modules for gas separation, one in sorption
mode and the other in desorption mode. Using the Yang and
Cussler (1986) correlation for water flowing outside the hollow
fibers in parallel flow, the mass transfer coefficient for CO, in
the dense packed module (external void fraction 0.6) is calcu-
lated to be 3.07 x 10™* cm/s. In the present study, the mass
transfer coefficient for CO, in permeator 3 {external void frac-
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tion 0.66) is obtained as 1.72 x 1073 cm/s. Thus, an HFCLM
permeator with stationary liquid has a mass transfer advantage.
This is possibly due to the following. In a well-packed hollow
fine fiber contacting module, there is considerable channeling in
the shell-side liquid when operated in a contacting mode (Yang
and Cussler, 1986). Further, the contiguous sweep fibers in an
HFCLM are likely to result in a sharper concentration profile
than in a simple contactor that is either absorbing or desorbing a
gas. However, a more detailed comparison would be necessary to
evaluate the utility of either concept in an economic framework
that includes the cost of absorbent, modules and pumps.
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Notation

d = liquid membrane thickness
D, = hollow fiber bundle diameter
D, = equivalent diameter of a circle enclosing liquid membrane
around any feed fiber
D,, D, - inside, outside diameters of microporous holiow fibers
D,, = species i diffusion coefficient in pure water
H,, = solubility of gas species i in pure water
I = distance of any permeator location, starting from sweep
inlet end
I, = total length of permeation in a permeator equal to /o,
L, L, L, ~ feed-side gas flow rate per fiber at any location, at feed
inlet end, at feed outlet end of permeator
ng, ng = total number of feed fibers or sweep fibers in a bundle
P> Pr, Pw = Sweep-side pressure at any location, at sweep outlet end, at
sweep inlet end of permeator
P, P;, P, — feed-side pressure at any location, at feed inlet end, at feed
outlet end of permeator
P, = reference pressure
Q., Oy, Q. = permeability of carbon dioxide, nitrogen, helium
Qs = permeability of gas species / in pure water
R = universal gas constant
t = distance between the centers of two adjacent fibers in a
fiber bundle
T = absolute temperature
u, Uy, u, = mole fraction of helium in feed-side gas mixture at any
location, at feed inlet end, at feed outlet end of permeator
v, vy, v, = mole fraction of helium in sweep-side gas mixture at any
location, at sweep outlet end, at sweep inlet end of permea-
tor
V, Vs, V., = sweep-side gas flow rate per fiber at any location, at sweep
outlet end, at sweep inlet end of permeator
X, Xz, x,, = mole fraction of carbon dioxide in feed-side gas mixture at
any location, at feed inlet end, at feed outlet end of perme-
ator
¥» Yr» yu = mole fraction of carbon dioxide in sweep-side gas mixture
at any location, at sweep outlet end, at sweep inlet end of
permeator

Greek letters

a = ideal separation factor, Eq. 16
Y1, ¥2 = dimensionless feed pressure, sweep pressure, Eq. 16
Ky, s — viscosity of feed-side gas mixture, sweep-side gas mixture
at any location of permeator
7 =3.14159 ...
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