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ABSTRACT

This paper presents both experimental results and model calculations concerning polymer membranes
used for carbon dioxide separation. Experiments on a laboratory stand provided a reference for the
modeling process and were then used to verify the results obtained from computational simulations.
In the analyses, a 2-component gas mixture consisting of CO, and N, and a 3-component mixture
containing additionally oxygen were used. Experimental work was conducted for commercial mod-
ules for air separation. Dimensionless parameters of the membrane module model such as pressure
ratio, permeation number, ideal selectivity coefficients were used and determined in the model
computations. The experimental results obtained for one of the studied modules were adapted for
the other membrane module, differing in membrane surface area. The investigations allowed us to
determine the effectiveness of a commercial polymeric membrane designed for air separation in the

carbon dioxide removal process.
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1. Introduction

Membrane gas separation is based on exploiting the
differences in solubility and diffusivity of different gases in
the specific polymers that make up the membrane. It is a
process in which the driving force is the difference in par-
tial pressures of the removed pollutants on both sides of the
membrane [1-3]. By selecting appropriate types of poly-
meric membranes (research is in progress to find materials)
it is possible to separate virtually any mixture of gaseous
components. In this area membrane technologies are replac-
ing well-known processes such as absorption, adsorption,
or cryogenics [4-6]. Currently, membrane technologies for
gas separation are most widely used in the following appli-
cations: enrichment of biogas with methane, denitrification

* Corresponding author.

of natural gas, enrichment of air with nitrogen, enrichment
of air with oxygen, fractionation of hydrocarbons from nat-
ural gas, dewatering of gas streams [7-15].

The development of membrane technologies is cur-
rently very dynamic. The dynamics of this development
are evidenced by the examples of many scientific publi-
cations [16-19] and advertised technological solutions.
However, a certain regularity can be observed in scientific
publications, which is closely related to the fact that sev-
eral hundreds of membrane materials are being described,
most of the currently applied industrial solutions are
based on less than ten polymers, which have been known
for a long time [20,21].

Indeed materials with better separation properties have
already been synthesized and studied, but these materials
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have not yet achieved commercial success. A new membrane
still has to meet many conditions from development to full
implementation of a commercial product with industrial
value, and this requires research and time. In addition to high
separation capacity, the material must also be robust and, just
as importantly, cost-effective. On the other hand, commercial
membranes manufactured today have better selectivity and
permeability than those created at the dawn of this tech-
nology [22,23]. In addition, the technologies in question are
under continuous development and there is no doubt that
their use will continue to grow.

Membrane installations for biofuel dehydration and
separation of gaseous mixtures of organic compounds are
currently at the initial stage of implementation. Materials
with very promising separation properties, including new
polymeric materials, metal-organic networks, and graphene
membranes, are in the research phase [21-27].

Due to the high demand for new processes for the
separation of gaseous mixtures, the application of mature
membrane materials is sought. However, designing such
processes, conducting simulation computations, cost and
parametric optimization require the availability of funda-
mental data such as membrane permeability to the com-
ponents of the mixture to be separated and membrane
thickness and surface area. For research tests conducted
using commercial modules, these parameters, especially
the last two, are usually not available and are covered by
trade secrets. Attempting to determine these quantities
independently leads to the destruction of the membrane
module. On the other hand, from the point of view of mod-
eling the separation process being analyzed and/or scaling
up, the product of the permeance and the membrane area
may be the parameter used.

This paper presents a method for evaluating the sep-
aration efficiency of commercial membranes in a new
gas separation process under development and for the
acquisition of the data necessary for its design. Using the
example of the process of carbon dioxide separation from
CO,/N, and CO,/N,/O, mixtures in commercial modules
[2,5,6,28-31], the results of comprehensive experimental
and theoretical studies leading to the determination of the
permeation of mixture components and the verification
of the mathematical model as a tool for process design
are discussed. These studies, which used UBE modules
UMS-A2 and UMS-AS5, from one series, designed for air
separation, included: determination of permeance of
pure mixture components in UMS-A5 module, experi-
mental studies of mixture separation for different process
parameters in both modules, determination of membrane
surface area in modules, and development and verifica-
tion of membrane model.

2. Test methodology
2.1. Membrane modules

Two hollow fiber modules were used for this study:
UMS-A2 and UMS-AS5, supplied by UBE. The modules,
mainly designed for air separation, used a polyimide
membrane. The parameters used in the experiments were
within the pressure and temperature ranges recommended

by the manufacturers. The suppliers did not disclose data
on membrane area and thickness. The technical parameters
of the modules are shown in Table 1 [2,32].

2.2. Measuring systems and feed gases

Research on gas separation processes was conducted
on two different laboratory stands (research was con-
ducted at two independent research centers). At one of
the stands, the UMS-A2 module was used, while at the
other stand the tests were conducted using the UMS-A5
module. The conditions and measurement parameters for
both installations were identical or similar in many tests;
any differences between the parameters did not affect the
comparative results. Therefore, it was possible to make
a comparative analysis of the experimental results from
both measurement installations.

A generalized scheme of the measurement installation
for comparative tests is shown in Fig. 1 [2,6,28,29]. The feed
gas stream, after measuring its parameters, that is, com-
position, pressure, temperature, and flow rate, is directed
to the membrane module, where it is separated into two
streams: the stream permeating the membrane and the
stream stopped on the membrane. On the receiving line
of both gas streams, we have controlled their main param-
eters, that is, flow rate, gas composition, and pressure.
In such a plant the parameters of the separation process
of both pure gases and their mixtures were determined.

It was assumed that both membrane modules belong
to the same series, so the membrane is made of the same
modified polyimide and has the same thickness. The
same diameter of the modules allows us to assume the
same number of fibers. The tested modules differ only in
length. Therefore, for the simulation calculations of the UMS-
A2 module, the (AQ')s (AQ' — the product of membrane
area and permeance) obtained for the UMS-A5 module were
used, which were proportionally reduced by the amount
related to the lengths of the working parts of the individual
modules. These results are presented later in this paper.

The maximum content of CO, in power exhaust gases
depends on the type of fuel [33,34] and for hard coal
is: 18.6%-19.2% CO, max., for lignite 8.7%-19.5% CO,
max., for heavy oil (mazut) 15.5% CO, max., for light oil:
15.3%-15.4% CO, max., and for natural gas: 9.5%-12.5%
(15)% CO, max. Therefore, in the UBE UMS-A2 study, the
membrane module was fed with two-component mix-
tures with compositions: 20% CO,, 80% N,, followed by
50% CO,, 50% N,, and three-component mixtures with
the compositions: 15% CO,, 81% N,, 4% O,; 15% CO,, 70%
N,, 15% O,; and 57% CO,, 20% N,, 23% O,. In contrast, in
the UBE UMS-AS5 study, the membrane module was fed
with two-component mixtures with the compositions:
40% CO,, 60% N,; 70% CO,, 30% N,, and three-component
mixtures with the compositions: 70% CO,, 28% N,, 2% O,
and 70% CO,, 25% N,, 5% O, (synthetic exhaust gas after
first-stage concentration, for example, in a hybrid system).
For the UMS-A2 module, laboratory-prepared standard
gas mixtures in cylinders were used. For UMS-A5, we
used gas mixtures prepared in a gas mixer from stan-
dard gases. The concentration of the mixture components
was measured in three gas streams with an accuracy of
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Table 1
Comparison of modules

Module type UMS-A2 UMS-A5

Manufacturer UBE UBE

Housing material Stainless steel Stainless steel

Membrane material Modified polyimide = Modified polyimide

Length, mm 430 680

Length of the working part of the module, mm 213 465

Diameter of the wider part of the module/diameter of the working part, mm/mm  47/29* 47/29*

Weight, kg 1.9 22

Maximum inlet temperature, °C 40 40

Maximum inlet pressure, bar(g) 9.9 9.9

Maximum particle size in the feed gas, um 0.01 0.01

Maximum oil content in the feed gas, ppm 0.001 0.001

To atmosfere
The gas analyzer
Permeate The gas analyzer —

Feed @
Safety valve |

Rotameter Q
@ Membrane

module

The gas analyzer —

Laboratory gas mixtures
from the cylinder

f Retentate @

Fig. 1. Generalized schematic diagram of the installation for comparative study of CO, separation parameters [2,6,28,29].

0.01 vol.%. Flow meters with an accuracy of 0.1 I/min were
used to measure the feed gas, retentate, and permeate flow
rates. The pressure was measured with an accuracy of
0.01 bar. The temperature measurement was used, which
provided an accuracy of 0.1°C.

2.3. Methodology for evaluating the effectiveness of the
separation process

The most important parameters that describe the effi-
ciency of a separation process are selectivity and permea-
bility. Permeability determines how much of a component
will pass through a membrane, while selectivity determines
which components will pass through a membrane better
or worse [1,2,30,35]. The feed is defined as the feed flow to

the membrane, which is then separated into two streams:
permeate (the flow that penetrates the membrane) and
retentate (the flow that is retained by the membrane).

Most often, two quantities are used to evaluate the effi-
ciency of the CO, separation process from exhaust gases.
The first one is the molar or volume fraction of CO, in the
permeate (y., ), which determines the purity of the per-
meate; the second one is the CO, recovery (1) which indi-
cates what portion of CO, from the exhaust gas is contained
in the separated stream and is expressed by the formula:

n= MIOO% (1)

(F Xco, 3
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A recovery of n = 1 means that all carbon dioxide has
been separated from the exhaust gas. It is stated that the
molar fraction of CO, in the permeate (v ,) and the CO,
recovery rate should not reach values below 0.9 or even
0.95. The higher these values are the lower the carbon
dioxide pollution of the atmosphere [2,10].

The permeability P; of a given component “i” through
membranes is described as the product of sorption
coefficient S, and diffusion coefficient D

D, S =P )

The classical equation of gas transport (Fick’s equation)
through a solid membrane - the fundamental equation
of the solubility-diffusion model that describes the trans-
port of a single component and through a compact
membrane [2,10] is as follows:

de.
=-D 3
=D, ®)

where ] is the gas flow through the membrane, mol/s; c, is
the concentration of the “i’” - ingredient that permeates
the membrane; x is the membrane thickness, um.

The integral of Eq. (3) after the membrane thickness,
adopting some simplifications and taking into account
the design features of the capillary membrane under study
and the membrane modules [2,10] results in the relationship:

’

A
Ji= (pi(x _pim) 4)

i
X

From Egs. (3) and (4) for the two gas components (CO,
and N,), an equation describing the ratio of elementary flows
permeating the membrane can be obtained. The ideal selec-
tivity coefficient a* is proportional to the ratio of pure gas
permeability P, and F{ is expressed by the formula:

’

P
= (5)
NZ

It is often difficult or impossible to determine the ele-
mental flows that permeate a membrane. This is usually
the case with commercial membrane modules, whose man-
ufacturers are reluctant to disclose details of the materials
used and their properties, which is also the case here.

Therefore, an important aspect is to determine the
actual selectivity coefficient o, expressed as the ratio of the
shares of individual components in the permeate to their
shares in the feed, which was also done in this work using

Eq. (6):

o=—"-<° (6)
Xco,
{ N, ]

The efficiency of the separation process was evaluated
by comparing both the product purity, that is, the molar
fraction of CO, in the separated stream (y, ,), and the CO,
recovery rate coefficient () for both membrane modules
tested, as illustrated graphically later in this paper.

The values of process parameters were determined by
direct measurements of temperature, flow rates, and con-
centrations (volume proportions) of gases supplied to and
removed from the membrane. The measurements consisted
in establishing a constant flow rate of the feed using a gas
regulator and control valves placed in the feed and retentate
process lines (Fig. 1), and for constant pressure, after the
process had stabilized, process parameters were recorded.
During the measurements, minimal fluctuations of the flow
rates were observed (recorded) at the level of about +1%,
which resulted, among other things, from the accuracy
of the applied measuring devices and the manual control
method.

2.4. Methodology of numerical comparative tests

Mathematical modeling has become an essential tool
in the design process, as the availability of reliable mathe-
matical models eliminates the need for time-consuming and
expensive experimental studies. To verify the transferabil-
ity of experimentally determined permeation coefficients
from one module to another module but belonging to the
same series, simulation calculations were carried out for the
UMS-A2 module using the permeation coefficients obtained
for the UMS-A5 module. Considering the flow pattern of
this membrane unit, plug flow is assumed on the feed side
and locally unhindered flow (locally undisturbed, free-flow-
ing permeate) on the permeate side. It is also assumed that
there are no interactions between permeating components
(therefore permeances are the same as for pure compo-
nents), pressure drop and axial dispersion are negligible
on both sides of the membrane, the process is isothermal,
and concentration polarization is negligible on both sides
of the membrane. The gas flow scheme in the membrane
module and the model equations along with the boundary
conditions are given in [5]. The model was implemented in
the gPROMS modeling environment (PSE, UK). The model
consists of ordinary and algebraic differential equations,
and the fourth-order finite difference method (CFDM) with
100 discretization intervals was used to discretize the axial
domain. The resulting system of algebraic equations was
solved using the general DASOLV code. The computations
were performed on a desktop workstation equipped with
two 14-core 2.4 GHz INTEL Xeon processors and 128 GB
of RAM. A schematic of the solution procedure is shown
in Fig. 2a and the gas flow distribution in the membrane
module is shown in Fig. 2b.

We input data into the model (additionally, new des-
ignations are introduced) such as flow rate (F ), composi-
tion (x, ) and pressure of the feed gas (p,), pressure on the
permeate side (p,), and the product of membrane area and
permeance of each component of the input mixture (AQ).
The dimensionless model parameters such as pressure ratio
(3), permeation number (R), and ideal selectivity coefficient
(a*) are then calculated. The calculations result in the fol-
lowing output parameters: flow rate and composition of
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Input parameters

(F(Z sy Pa; Xia; Pos A Q:)

!

Calculation of dimensionless model parameters
(3; R; o)

I

Solution of the system of equations of the model with
boundary conditions

|

Computation of flow rate and mole fractions on
the retentate side

I

Computation of flow rate and mole fractions on
the permeate side

!

Output parameters

(Fw y Pw s Xig 5 yfﬁ))

Fig. 2. (a) Solution procedure and (b) gaseous streams in a
membrane module for the plug flow on the feed side and
unhindered flow on the permeate side [5].

both permeate (P, y, ) and retentate (F , x, ). The equations
used in the model are presented in the following section.
Mathematical model equations and boundary condi-
tions [5].
Local mole fraction of component 1 on the permeate side:

N
N X,

O Y 7
Y S x, - dy; (1-o,) @

Local mole fractions of the other permeate components
(i=2,...,N):

+ O(‘ilxinr
V= (8)
X = 53/1 (1 - (xu)
Gas composition on the feed side (i=1, ..., N-1):
B _ghTh | (x.—ﬁy.*)—x.ioc. (x, - 8y;) )
dZ yl _ xlu il i i zj:l j1 j j

Mole fraction of component N on the feed side:
xy=1-»x, (10)

Mole fraction of component 1 in the permeate:

_ N
W _ RO (3, =5y, )=, Yor, (3, -0 (11)
j=1

dz X, — X

Mole fractions of the other permeate components
(i=2,...,N-1)

yizxi(yl_xla)_xia(yl_xl) (12)

X~ X

Mole fraction of component N on the permeate side:

Yy =1-2%; 13)

X, =X, (14)

Y=Y (15)

Retentate flow rate:

E =F Yio = %1a (16)
ylm - xlu)

Permeate flow rate:

P =F -F 17)

(o) o (o)

3. Experimental results and simulation calculations
3.1. The pure gases

Permeation research of pure gases (CO, O, N,) was
performed in an experimental installation, the detailed
description of which is presented by the study of Janusz-
Cygan et al. [29]. A polymeric membrane module of UBE
type UMS-A5 was used in the research. The flow rate,
pressure, and temperature in the feed flow, retentate and
permeate were measured and controlled during the pure
gas permeation tests. For each pure component and tem-
perature, the average values of the product of permeance
and module area were determined (for pure gases the
product of permeation and the area of the module (AQ’)
was determined), which was called module permeance [29].

Based on the data of Li et al. [36], the methodology
presented by the study of Kotowicz et al. [2], and the ideal
CO,/N, and CO,/O, selectivity coefficients obtained in the
UMS-A5 module [29], it was estimated that the effective
working area for the UMS-A2 module is 76 cm? and for the
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UMS-A5 module is 167 cm® On this basis, the average per-
meance values of carbon dioxide, nitrogen, and oxygen in the
membrane material (polyimide) were determined for three
gas temperatures.

Li et al. [36], it is reported that the CO, perme-
ance for new “cardo-type polyimide” membranes is
Qfo, = 1.3 x 107 em*(STP)/(cm? s em Hg) and CO,/N, = 41 for
298 K. Kotowicz et al. [2], the methodology to obtain the CO,
permeance for the UMS-A2 module was presented and it
was Qf, =3.8413 m® /(m? h bar). Comparing the two coeffi-
cients (réducing to common units) gives the same value, so
we know the Q{, . We assume that the membranes in UMS-
A2 and UMS-A5 modules are made of the same polymer.
This is confirmed by the value of CO,/N, selectivity coeffi-
cient = 45 (close to 41 - literature) obtained for UMS-A5 at
298 K. Knowing the product of permeance and membrane
area (AQ'), determined for pure gas in UMS — A5 mod-
ule Janusz-Cygan et al. [29] and Q[, [2,36] we determine
the area of the UMS-A5 module. Usirzlg the conversion fac-
tor associated with the length of the working parts of the
studied modules, we also determine the surface area of the
UMS-A2 module.

It can be observed that the best permeating gas through
this membrane is carbon dioxide and the least permeating
is nitrogen. The ideal CO,/N, selectivity coefficient is 50.3 at
a temperature equal to 288 K. A 10 K increase in tempera-
ture results in a decrease in CO,/N, of about 10%. The per-
meance values from Table 2 were used in the simulation
calculations for both the UMS-A5 and UMS-A2 modules.

3.2. Two-component mixture

The separation results of gas mixtures containing 40 or
70 vol.% CO, in N,, for a feed gas flow rate of 900 L/h and a
temperature of 295 K is shown in Fig. 3. Although these data
were already presented by the study of Janusz-Cygan et al.
[29], they are presented again for better clarity of the article.

From the figure shown, it can be seen that nearly 99 vol.%
CO, purity can be achieved in the UMS-A5 membrane mod-
ule for a feed mixture containing 70 vol.% CO,. On the other
hand, more than 94 vol.% CO, purity can be achieved for
a feed mixture containing 40 vol.% CO,. It is important to
note that the concentration of carbon dioxide in the perme-
ate is virtually constant, independent of the pressure ratio.
CO, recovery, on the other hand, strongly depends on the
pressure ratio; as the pressure ratio increases, the CO, recov-
ery efficiency increases. Thus, for a feed mixture containing
70 vol.% CO, and a pressure ratio of 7, we obtain 98.6 vol.%
CO, in the permeate at 28% efficiency of CO, recovery.
The figure also shows very good agreement between
experimental results and numerical simulations.

Table 2

Gas permeation research for the UBE UMS-A2 mod-
ule is presented in detail in the paper [2,6,28,30,31], where
a description of the installation and measurement system is
also included. The results of membrane separation tests for
mixtures containing 20 or 50 vol.% CO, in N, are shown in
Figs. 4 and 5. In this case, the ratio of feed pressure to per-
meate pressure was constant and was about 7, while the flow
rates of the feed gas were changed.

From the presented figures, it can be seen that the
CO, concentration in the permeate initially increases and
then stabilizes at: 75 vol.% for a feed mixture containing

P+dP
¥i yitdy;

dP% Yi
Fu F F+dF Fu
o e e E—
ik Xi I 2 Xitdx; Xiw
z=0 dz z=1

Fig. 3. The efficiency of the separation process for mixtures
containing 40 and 70 vol.% CO, in N,; (symbols — experiments;
lines — computations).
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Fig. 4. The efficiency of the separation process for a mixture
containing 20 vol.% CO, in N,; (symbols — experiments; lines —
computations).

The permeance of carbon dioxide, nitrogen, and oxygen in UBE UMS-A5 and UMS-A2

Q’, GPU Feed pressure, bar(a) 288 K 293 K 298 K
CO2 1.8-7.5 1,174 £ 132 1,222 +120 1,299 + 96
O2 2.0-7.5 210+6.0 228 £ 6.0 269 £ 6.0
N, 3.0-75 234+0.6 263+1.2 28.7 £ 0.6
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Fig. 5. The efficiency of the separation process for a mixture
containing 50 vol.% CO, in N,; (symbols — experiments; lines —
computations).

20 vol.% CO, and almost 99 vol.% for a feed mixture con-
taining 50 vol.% CO,. The carbon dioxide recovery effi-
ciency decreases as the feed gas flow rate increases. For
example, for a mixture containing 50 vol.% CO, and for a
flow rate of 185 1/h, a 97.5 vol.% purity of CO, was obtained
with an almost 37% recovery rate of the desired compo-
nent. In the case of gas permeation processes, the efficiency
of the separation process is determined by both the purity
of the product and its recovery efficiency. Therefore, for
the UMS-A2 module, the most efficient separation pro-
cess is for feed gas flow rates in the range of 50-100 L/h
for a feed mixture containing 20 vol.% CO,, and from
100-300 L/h for a feed mixture containing 50 vol.% CO,,.

It is also interesting to notice that good compatibility
between experimental tests and numerical simulations was
obtained, although the calculations were performed using
data obtained for another membrane module located in the
same series of this company.

3.3. Three-component mixture

Separation experiments for three-component mix-
tures were performed in both the UMS-A2 and UMS-A5
modules. In the UMS-A5 module, tests were conducted
for mixtures containing 70 vol.% CO,, oxygen with a con-
centration in the range of 0-5 vol.%, and nitrogen. The
feed gas flow rate was 900 1/h and the feed gas pressure
was varied in the range of 1.2-7.5 bar(a) using a gas regu-
lator. The obtained results are shown in the graphic form
in Fig. 6.

The figure shows that the presence of oxygen in the
feed mixture has little effect on the purity of the perme-
ate. An increase in the concentration of oxygen in the feed
mixture limits from 0 to 5 vol.% resulted in a decrease in
the CO, concentration in the permeate by 1.3 percentage
points. Furthermore, it can be concluded that the addition
of O, in the feed mixture has virtually no effect on CO,
recovery efficiency.

The UMS-A2 module was tested for mixtures contain-
ing 15 vol.% CO,, oxygen with a concentration in the range
of 4-15 vol.%, and nitrogen. The feed gas pressure was

UMS-A2
100 - r 100
R A A
- 80
® 2
g L 60 =
e :
*g‘_ Acozpurity §
o) ocozrecnvery r 40 o)
O o
F 20
________ p—
[e] o — TD
90 0

0 200 400 600 800 1000 1200 1400 1600
Feed flow, I’h

Fig. 6. The efficiency of the separation process for mixtures
containing CO,, N,, and O, (symbols — experiments; lines —
computations).

6 bar(a) and the feed gas flow rate was varied in the range
of 60-1,600 L/h. The results obtained are shown in Figs. 7
and 8.

Also for three-component mixtures, a similar pattern
of curves as for two-component mixtures was obtained.
Thus, an increase in the feed gas flow rate causes, after
an initial increase in CO, purity, some stabilization, with
a decrease in CO, recovery efficiency. These figures also
show very good compatibility between experimental
results and numerical simulations. Therefore, it can be
concluded that the proposed solution, that is, the use of
modified module permeances obtained for one module can
be applied to numerical computations of another module,
but belonging to the same series of types. Confirmation
of this hypothesis is perfectly seen in Fig. 9, where both
studied modules are shown in one figure. Because the
average relative error between experimental results and
numerical simulations for CO, purity is for the UMS-A5
module, 0.28%, for the UMS-A2 module only 2.4% for the
three-component mixture, it can be concluded that the same
type of membrane was used in both compared modules.

4. Summary

In the presented work, the applicability of two com-
mercial UBE modules (UMS-A2 and UMS-A5) designed
for air separation, in the process of CO, separation from
two and three-component mixtures with nitrogen and oxy-
gen, was positively verified. Based on experimental and
theoretical research conducted independently in two lab-
oratories, the membrane area in both modules was esti-
mated and the permeance of carbon dioxide, nitrogen, and
oxygen in the membrane material (polyimide) was deter-
mined for three gas temperatures. A model with the plug
flow on the feed side and unhindered flow on the perme-
ate side was used for the mathematical description of the
mixture separation. The model, as a tool for process design
and scale transfer, has been comprehensively verified for a
wide range of operating parameters (pressure, composition,
and flow rate of the feed mixture) based on the results of
experimental research on mixture separation.



114

G. Wiciak et al. / Desalination and Water Treatment 243 (2021) 107-115

UMS-A5
100 - r 30
09-
/’_,_A———h——»‘"—i 25
98 |
\Q
% " S8 L 20 =
o %
> . L 0,27 E‘
2
T 96 Pl F15 8§
3 7 n @
(=% 4‘ -
o) 4 g
© &5 4.0, purity for x,= 70%C0,, 30%N, r10o
94 4 Va ®CO, purity for x = 70%CO,, 28%N,, 2%0,
WCO, purity for x,= 70%CO,, 25%N,, 5%0, 5
ACO, recovery for x,= 70%CO,, 30%N,
0CO,recovery for x,= 70%CO,, 28%N,, 2%0,
92 0 CO, recovery for xg= 70%C03, 25% N5, 5%0, 0

2 3 4 5 6 7 8 9
Feed gas pressure / Permeate pressure

Fig. 7. The efficiency of the separation process for a mixture
containing 15 vol.% CO,, 81 vol.% N,, 4 vol.% O,; (symbols -
experiments; lines — computations).
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Fig. 8. The efficiency of the separation process for a mixture con-
taining 15 vol.% CO,, 70 vol.% N,, 15 vol.% O,; (symbols — exper-
iments; lines — computations).
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Fig. 9. Separation of ternary mixtures in UMS-A2 and UMS-A5
modules; (symbols — experiments; lines — computations).

Symbols

A —  Membrane area, m?

AQ' — Product of membrane area and permeance (con-
stant for a given membrane module and a given
gas)

C. —  Concentration of the

ates the membrane

Diffusion coefficient, m?/s

— Feed flow rate on the module inlet, kmol/h or

mol/s

—  Retentate flow rate, kmol/h or mol/s

Gas flow through the membrane, mol/s

—  Membrane module length, m

Number of components

—  Permeate flow rate, kmol/h or mol/s

—  Permeability, mol/(m s Pa)

Permeability to reference components — it is the

permeability of the fastest permeating Component

—  Pressure on the module inlet, bar or Pa

—  Pressure on the permeate side, bar or Pa

—  Permeance (=P'/x), mol/(m?* s Pa) or kmol/

(m?h bar)

Permeation number (=AQ’p /F )

—  Sorption coefficient, mol/(m? Pa)

— Membrane thickness, um or m

—  Mole fraction on the feed side

—  Mole fraction on the retentate side

Local mole fraction of the permeate side

Mole fraction on the permeate side

Linear coordinate in the membrane model, m

— Dimensionless module length coordinate in the

membrane module (=Z/L,,;)

—  Ideal selectivity coefficient (=P'/P;)

—  Actual selectivity coefficient

Pressure ratio (=p_/p,)

—  CO, recovery, %
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Subscripts and superscripts

N — Number of components

o —  Module inlet

® — Module outlet

i,j — Component “i”, “j”

1 — Reference component (component with the
highest permeability)

+ —  Local values
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