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Abstract

Recently, hollow fiber membrane gas—liquid contactor-based processes have gained an increasing attention. Compared to conventional
processes, these processes have numerous advantages. The membrane contactors provide a very high interfacial area per unit volume
independent regulation of gas and liquid flows and are insensitive to module-orientation, which make them very effective in comparison with
conventional equipment for offshore application. However, the research done so far is mainly limited to atmospheric pressures applications
using aqueous absorption solvents. In this study, the use of hollow fiber membrane contactor for gas absorption at elevated pressure is
investigated. C@ absorption in propylene carbonate was used as a model system in combination with polypropylene (PP) hollow fiber
membrane. The absorption experiments were carried out in a semi-batch mode with the solvent continuously flowing through the fiber. The
experiments were carried out in a single hollow fiber membrane contactor at elevated pressures up to 20 bar. Highes@es result in the
increase of the driving force and thus enable higher rates of removal. The study shows that the decrease in the binary gas phase diffusivity and
hence the membrane mass transfer coefficient due to increase in the gas pressures does not have a significant effect on the overall mass transf
coefficient. Thus the overall mass transfer coefficiépnis controlled by the liquid film resistance even at elevated pressures. The overall
mass transfer coefficients, at all pressures investigated, can be given by the Graetz—Leveque solution. The long time duration experiments at
atmospheric pressure suggest that Accurel PP Q3/2 hollow fiber membrane was subject to morphological changes when used with propylene
carbonate as an absorbing solvent. These changes resulted possibly in the wetting of the fiber. It was found that by applying slight over-pressure
on the gas-side wetting of the fiber could be avoided and stability of the operation over the long period of application can be obtained.
© 2004 Published by Elsevier B.V.
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1. Introduction essentially no pressure loss. A large number of natural gas
treating plants around the world are operated with processes
In recent years, gas treating constraints have becomebased on aqueous solutions of amines and alkali-metal salts.
more stringent because of higher fuel cost, environmental As these solvents chemically react with @ regenerate
protection and appearance of £€@s a large volume prod- these solvents, a large amount of heat must be supplied,
uct needed in the enhanced oil recovery. The feed gas isusually in combination with pressure reduction. These pro-
usually obtained directly from gas wells with wide range cesses become economically unattractive when the CO
of pressures (normally 2—7 MPa). Depending on the quality content in the feed gas is high. In the latter cases, usually
of natural gas, it contains varying quantities of £@®@yp- physical solvents such as propylene carbonate are used for
ically 2-50%). The product of such treating process is an the removal of CQ [8]. These physical solvents can be
enriched methane stream, containing less than 2% of CO regenerated by just the pressure reduction methods without
sold as a pipeline fuel. The product stream is produced with excessive heat inputs. These solvents are especially useful
when the partial pressure of G@xceeds 1 MP§L7].
mspon ding author. Tel:31-53-489-3327: Membrane-based' gas separation process using dense
fax: +31-53-489-4774. membrane permeation method are known for their mod-
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permeation methods have been successfully used for thesuccessfully be used in combination with unused polypropy-
CO, removal for enhanced oil recovery at relatively high lene hollow fiber for CQ@ removal[4]. Thus the absorption
pressureq8]. However, at low C@ concentrations, C® of COy in propylene carbonate at elevated pressure is used
partial pressure driving force is reduced and significant as model system in present work. The effects of operating
amount of hydrocarbon (primarily methane) is lost with conditions such as pressure, liquid velocity and long-term
COy-rich permeate. The problem becomes even more severeapplication are analyzed. The measured mass transfer rates
when other impurities such as;H need to be removed as are compared with correlations reported in the literature.
well. The heavy methane loss makes the membrane perme-

ation process economically unattractive in comparison with

conventional absorption processes where the selectivity is2. Theory

primarily determined by the absorption liquid. In addition,

at high partial pressure of GQhe dense membranes used  In order to describe a gas absorption into a liquid flow-

in this process are seriously affected by O@asticization ing through a membrane hollow fiber the resistance in series
phenomenon which results in the reduction of selectivity of model can be use#ig. 1depicts the mass transfer process in
the proces$7]. the hollow fiber membrane gas—liquid contactor. The over-

High separation selectivity (even at low driving force) of all process consists of three steps. First, the transfer of the
the traditional absorption process can be combined with the solute gas from the bulk gas phase to the membrane surface.
flexibility, modularity and compactness of membrane pro- Second, transfer through the membrane pores and last, the
cess to give a membrane gas absorption process. The contransfer from the membrane—liquid interface into the bulk
tactor used in this membrane gas absorption process to carryf the liquid.
out mass transfer operation is generally termed as mem- Combined solving of the momentum and diffusion equa-
brane gas-liquid contactors. This relatively new hybrid pro- tions is necessary to understand the laminar mass transfer
cess offer several advantages such as higher volumetric masgrocess inside the fiber. The concentration profile in the fiber
transfer rates, better selectivity aspects, operational flexibil- and the mass transfer rate can be calculated from the dif-
ity and easy scale up over the conventional absorption andferential mass balance equatidty. (1)describes diffusion
membrane permeation processes. However, Kreulen[8fal. and the forced convection in a hollow fiber membrane. Since
showed that the presence of liquid in membrane pores, i.e.the fiber diameter is usually very small, the flow through the
wetted mode of operation, significantly reduces the overall hollow fiber is laminar. Axial diffusion is neglected in the
mass transfer rate. Therefore it is required that these mod-equation because the convective transport in the axial direc-
ules are operated in the non-wetted mode, i.e. pores filledtion is much higher than the diffusional transport and the

with gases. concentration gradient in axial direction is much smaller
In recent years, significant amount of research is carried

out to use the membrane gas absorption process for remova{)zﬁ =D <}3 <r&)) 1)

of CO; from various feed streams. Since hydrophobic mem- ~ 92 ror o or

branes are not easily wetted by the aqueous solutions, MOsY, i boundary conditions
of the published work is related to use of the aqueous sol-
vents such as aqueous alkali or alkaline salt solutions which /' 3aC|
have limited loading of C@due to the chemical nature of ( Tor
these solvent$5]. In addition, the work done with these
membrane gas—liquid contactors is limited to low pressure
applications. Hence, there is a need of detailed investigation
for the use of membrane gas-liquid contactors at elevated
pressure and using physical organic solvents for the bulk
CO, removal.

The membrane contactors have been successfully applied
at high pressures (>5 MPa) for dense gas extraction and com-
pressed solvent extractid@]. The key aspect to operate
at high pressures using hollow fibers having burst strength
of <500kPa is the careful control of the pressure on ei-
ther side of membrane such that although the system pres-
sure is quite high, the pressure drop across the membrane
(trans-membrane pressure) is low.

In the present study, application of gas-liquid mem-
brane contactors for the removal of g@om natural gas
at elevated pressures is investigated. It was shown earlier
that commercial organic solvent propylene carbonate can Fig. 1. Mass transfer process in membrane G-L contactor.

) = Ko(MCg —CL), 0<z<Z
r=rj
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or =0, 0=z=2Z organic solvents are applied were reported as unstable sys-
_ _ ) tems owing to excessive wetting tendencies of the organic
The fully developed laminar flow in the hollow fiber can be solvent[14]. Such systems result in the liquid-filled pores

< 8C|_> However, membrane contactors for gas absorption in which
r=0

described by and substantial increase in the mass transfer resistance. In
1\ 2 this present study, the absorption of £i@ a commercially
vz(r) = 2v (1 - (—) ) (2) used physical organic solvent for G@emoval (propylene
d carbonate) in a single hollow fiber membrane module at el-

An analytical solution for this set of differential equations evated pressure is investigated. The gas-liquid interface is
can be obtained when the external mass transfer resistance igtabilized at the liquid-side by putting higher pressure on
very small and can be neglected and if equilibrium exists at the gas-side of the fiber. It was found that the wetting of the
the gas—liquid interface. The solution can be derived using membrane can be effectively prevented by trans-membrane
the method suggested by Leveque and Gz The local ~ Pressure balancing.

value of Sherwood number in terms of Graetz solution is

given byEq. (3)and average Sherwood number is given by

Eq. (4) 3. Experimental
_ X24(Bj/2)(dg;/dr) 1 exp(—287/Gz) 31 Materials
C O 2Y°%1(B)/28%)(de /dr¥) 1 exp(—263/Gz,)
Double distilled water and propylene carbonate were used
Sh = 0.5Gz¢ (4) as CQ absorption solvents. The propylene carbonate ob-
where tained was 99.7% pure and @@nd N> had 99.99% of pu-
rity. Owing to highly hydrophobic nature of polypropylene
1= 324 (—4B;/ ) (dp;/dr*) -1 exp(—26%/G2) as a membrane material in combination with its commercial
T 14 Z?il(—ArBj/,B,z-)(dcbj/dr*)r*:l exp(—Zﬁi/Gz)’ availability, it was decided to use Accurel Q3/2 polypropy-
8 lene hollow fibers in all experiments. The Q3/2 fiber has an
Bi=4G -1+ 3 (j=123,...), outside diameter of 1000m and inside diameter of 6Q0m
with maximum pore size of 0.64m.
ol B <%> = 1.012765; /3
ri 2 \dr* ) .4 / 3.2. Method
The series in the equation for local Sherwood number con- . . ] ] .
verges rapidly for small values @z, so that only first term Absorption experiments were carried out in a single hol-
i significant. Under these asymptotic conditions the average!OW fiber membrane contactdfig. 2 shows schematically
and the local Sherwood number is givenby. (5) the ex_perlmental se_tup used for the absorption experlmen_ts.
Two single hollow fiber membrane contactors were used in
Sh=367. Gz<10 ©) the experiments. A glass contactor was used for the pressures

up to 10bar and a stainless steel (SS) contactor for higher
pressures. Both contactors consisted of a jacketed, cylindri-
cal tube with threaded ends as showrkFig. 3a and bThe

two ends of a membrane hollow fiber were passed through
two small stainless steel tubes whose inside diameter was
slightly larger than the outside diameter of the hollow fiber.
The length of the fiber exposed to the gas during the mea-
surements was the distance between these two SS tubes. The
distance between the SS tubes was carefully adjusted and
the fiber was potted using epoxy resin to the SS tubes on
Sh=162G2Y3, Gz>20 (6)  both the ends of the two tubes. The length of the fiber in-

It has been shown by many researchers that for systems usin%ide, t'he SS,’ tube (>0.07m) on the qu.uid e,”“Y side provides
aqueous solutions at atmospheric pressures, Graetz—Levequ ufficient distance (>1d,) for the laminar liquid flow pro-

solution can be used to predict the fiber-side mass transferf|Ie inside the fiber to be fully developed, before it contacts

coefficient. Kreulen et al[10] gave the generalized solu- the gas. The hollow fiber between the SS tubes was placed
tion of Graetz—Leveque equation by curve fittingafs. (5) coaxial to the jacketed tube and the two _SS tubes were fas-
and (6) which is also valid for the transition region not cov- tengd to the gnds OT the threa_deq tube vylthout stretching or
ered byEgs. (5) and (6) putting slack in the fiber. The liquid feed line was connected

' to the SS tube on the feed side of the contactor. Two vertical
Sh= 3678 +1628Gz 10< Gz< 20 @) glass tubes were attached in the upstream and down stream

Another asymptotic solution is given by the Leveque equa-
tion. Leveque’s approximate solution Ex. (1)is of sim-

pler form and obtained by assuming that the concentration
boundary layer is confined to a thin zone near the wall of the
fiber. This approximation is valid in cases of high mass ve-
locities through relatively short fibers in laminar flow. One
important consequence of this assumption is that the Lev-
eque solution is only applicable f@z numbers exceeding
20. The Leveque solution is given as
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Fig. 2. Experimental setup.

of the liquid feed line so that the gas bubble formation in sufficient gas pressure was maintained in the contactor
liquid stream could be observed. before starting the liquid flow. The absence of the gas pres-
A semi-batch mode of gas—liquid contacting operation sure results in the wetting of the fiber. The £@artial
was used during the experiments. The liquid flow through pressure outside the hollow fiber in the contactor was main-
the fiber was continuous. The solvent was fed from a high tained constant by feeding pure g@om a gas supply
pressure pump via a flow controller. The solvent used in vessel, through a pressure regulator. From the drop in the
the experiments was degassed before usage by applyingpressure of C@ in the gas supply vessel, the absorption
vacuum in a separate apparatus. The solvent was passethte and hence average £€ux across the membrane was
through the heat exchanger to maintain the desired tem-calculated:
perature before entering to the single hollow fiber module. 1% 1 Py — P(f)
The upstream solvent pressure was controlled using a high{/) = (ﬁ.) ( ) (7)
precision back pressure controller valve. In all experiments,

nud;l

8)

Fig. 3. (a) Single fiber membrane gas—liquid contactor (glass). (b) Single fiber membrane gas-liquid contactor (SS) with bubble detection tubes.
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Table 1 2.5E-05 ¢ T T T T T T
Operating conditions for experiments 2.3E-05 i
No.  System Operating Temperature Fiber 2.0E-05 £

pressure (bar) (°K) length (M) F
1 PP-water-C® 1 293.16 0.27 o E Y
2 PP—PC-CQ 1 293.16 0.27 E 15E-05 ¢
3  PP-PC-CQ 17 293.16 0.15 ¥ | 3E.05 -
4 PP—PC-CQ 2 293.16 0.15 E ‘ { ! ! !
5 PP-PC-CQ 42 298.16 0.13 1.0E-05 ------ A | "7 o Experiments T
6 PP-PC-CQ 8 298.16 0.13 7506 fmremmmnbmmeeemdmeeeeencbeeeeenes {.....—Leveque solution _____.
7  PP-PC-CQ 10 298.16 0.115 : 1 .‘ : 1 1 !
8 PP-PC-C® 15 298.16 0.135 5.0B-06 —mmmm e e e
9 PP_PC-C@ 20 298.16 0.135 000 005 010 015 020 025 030 035 040
10 PP-PC-C®N; 8 298.16 0.13 Vi(ms’)
1 PP-PC-C&-N, 4 298.16 013 Fig. 5. Effect of liquid velocity on overall mass transfer coefficient for
12 PP—PC-C&-N> 4 298.16 0.13 . . .

the absorption of C®in propylene carbonate at atmospheric pressure

PP: polypropylene hollow fiber, PC: propylene carbonate. using a new fiber.

The theoretical average flux can be calculated by a simple

mass balance of GQover the length of fiber: rate of CQ in water using hollow fiber membrane contac-

tors can be estimated satisfactorily by the Graetz—Leveque
_ OumCe(1 — exp(—Komdil/ Q1)) ©) equation. In the case of physical absorption in hollow fiber
wdil membrane contactors, the controlling resistance for the mass

The measured flux is then equatedHq. (9)to calculate transfer is usually concentrated in the liquid phase. Hence
the overall mass transfer coefficieis. The derivation of by increasing the liquid velocity, the overall mass transfer

Eq. (9)is given inAppendix A The operating experimental cqeffi_cient increases. To check effect of the Iong-t_erm ap-
conditions are given iffable 1 plication, water was allowed to run through the fiber for

two weeks. At the end of 2 weeks the single hollow fiber
contactor showed no decrease in the performance.

(/)

4. Resaults and discussions
4.2. Absorption in propylene carbonate at atmospheric

4.1. Absorption in water pressure

Absorption of pure C@ in degassed water was carried  Initial absorption tests with Cgand propylene carbonate
out in semi-batch mode at atmospheric pressure to testwere carried out at atmospheric pressure. As recommended
the setup. Pure COwas used to minimize the gas-side in the literature a slight over-pressure was maintained on
mass transfer resistance. In these initial test experimentsthe liquid-side to avoid the bubble formation. The initial re-
the liquid-side pressure was maintained higher than that of Sults with virgin membrane are shownfig. 5. The overall
gas-side pressure in order to avoid the bubble formation in mass transfer coefficient in this case also can be estimated
the fiber. The results are shownfiyg. 4. The overall mass ~ Perfectly with the Graetz—Leveque equation.
transfer coefficient is given as a function of the liquid veloc- It is known that the long-term application of the mem-

ity through the fiber. The figure indicates that the absorption brane contactor can affect the morphological characteris-
tics, i.e. hydrophobic nature of the polymeric membranes.
4.5E-05 Therefore the critical time duration for which membrane

Eeoo : 3 ; 1 ; ; contactor can be used without significant decrease in the
4.0E-05 if;‘i’:;‘&egéfunon ------------- o 0-- mass transfer strongly depends on the properties of the
¥ ; ; ; ; ; : ; ; liquid phase in the contact with the membrane and the
8.5E-05 f------- beeoeees e S S R St SR : e .
~ S | ; ; ; | ; ; wetting characteristics of the membrane—-solvent combina-
» r | | ' | ' | ' ' . e . a.
£ 3.0E-05 f--rome-boreones Lo e - N R feeenees N tion. In addition, the operating conditions such as gas- and
N S 7 R T R SR R liquid-side pressure also affect the mass transfer perfor-
- I e S S . mance of the membrane contactor. Li and Téa] ob-
2 OE05 F L S S SR AU SO N served that long-term operation of high pressure on the
' oo | | i i i i i liquid-side resulted into the wetting or partially wetting of
15E05 e o e b e e the membrane pores. To analyze this effect and also to
00 01 02 03 04 05 06 07 08 09 check the long-term application, propylene carbonate was

Vi(ms7) allowed to run through the fiber for 2 weeks continuously.
Fig. 4. Effect of liquid velocity on overall mass transfer coefficient for 1N€ absorption experiments were carried out at the end
the absorption of C@in water at atmospheric pressure. of 2 weeks to check the performance of the membrane
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1.56-05 ¢ : : ; : : of these walls. This displacement of the pore walls of larger
: —Leve:quesolutio:n : | pores results in the decrease in the size of smaller pores
18805 1 o Experiments T P L P and possibly blocking of these pores. Similar observations
R were made by Barbe et dl] in their recent study about
"2 11B05 oo r S T T T the surface morphological changes induced in microporous
2 00506 £ A o . o S membranes due to intrusion of quuid_ in membrane_pores.
: ¢ o g ; ; Another reason could be the contraction of microfibrils due
SN S 3 _______ . SO N to wetting and subsequent drying of the fiber. This effect
: i i : ; b was observed by Kamo et 4b] on wetted-out polyethy-
5.0E-06 Frorisins T T T I U lene membranes after the contact with various organic sol-
0.03 0.05 0.07 0.09 0.1 0.13 0.15 vents. In this case, the pore size was found to increase by
Vi(msT) an amount that was a function of surface tension of the sol-

Fig. 6. Overall mass transfer coefficient for the absorption of, @®© vent. ltwas suggested that the solvent formed a liquid bridge
propylene carbonate at atmospheric pressure after 2 weeks of operation.oetween the microfibrils and that subsequent drying of the
solvent then drew the microfibrils sufficiently close together
for van der Waals’ forces to maintain a more open structure.
contactor. The results are shownFhig. 6. It is clear from Now it seems that the long-term application of high pres-
the figure that the performance of the membrane contac-sure on the liquid-side results in changes in the membrane
tor had decreased substantially, most likely owing to the surface morphology and consequently wetting behavior of
wetting of fiber. As a result the overall mass transfer co- the fiber. In order to avoid the wetting Li and TgdL] ap-
efficient obtained is very low. The overall mass transfer plied a thin dense layer on the liquid-side. However, they
coefficient even decreased slightly with an increase in the lig- found that membrane resistance was considerably increased
uid velocity. This result can be explained by partial wetting resulting into a low absorption flux. Another possible option
of the membrane and indeed the wetting of the membraneto reduce the wetting is to ‘push back’ the liquid from gas-
was observed during the experimentation and also reportecto liquid-side by applying over-pressure on the gas-side. To
in the literature[12]. Because of the small diameter of the verify this idea, experiments were performed using same
fiber, pressure drop of the liquid inside the fiber lumen will hollow fiber contactor and gradually increasing the pres-
be inevitably increased with increasing liquid velocity and sure on the gas-side. The results are showfidgn 8. This
the fiber length according to the Hagen—Poiseuille equation. figure shows the experimentally measured absorption flux
Since propylene carbonate has a high viscosity compared toat various liquid velocities through the fiber. It is clear
water, the pressure drop over the fiber in the case of propy-from the results that with increasing gas-side pressure, the
lene carbonate is significant, leading to membrane wetting experimental data becomes more in line with the results
in the initial part of the fiber due to higher pressure gradient represented by the Graetz—Leveque equation. At 300 mbar
over the fiber. This phenomenon can be observed visually gas-side over-pressure, the experimental values match the
by the presence of liquid droplets at the outer surface of the theoretical values. During these experiments no bubble for-
membrane, especially near the inlet of the fiber. The length mation was observed on the liquid-side. Thus over-pressure
of the wetted part increases with liquid velocity and thus on the gas-side can be used to prevent the wetting of the
the average mass transfer coefficient over the length of fiberfiber. However, it is important to note that in case of a vir-
decreases with the liquid velocity. gin fiber, over-pressure on the gas-side resulted in the bub-
SEM analyses were carried out to study the possible ble formation. Hence, remaining high pressure experiments
changes in the morphology of fiber due to wetting by propy- were carried out with pre-used fiber and applying a slight
lene carbonaterig. 7a and kshows the SEM micrographs over-pressure on the gas-side.
of the inner surface of the hollow fiber membrane before and  Although the wetting effects can be eliminated by apply-
after the use, respectively. Although, the detailed morpho- ing an over-pressure on the gas-side, the controllability and
logical changes are difficult to perceive visually in the mi- the degree of operational freedom is significantly limited.
crographsFig. 7 shows the general roughing of membrane Three different operating conditions can exist depending on
surface after the use. It also can be seen that the number ofhe pressure difference between the gas- and liquid-side and
smaller pores present in the membrane are reduced signifithe critical wetting and/or bubbling pressure. These three
cantly after the use, while the larger pores seemed to havedifference cases are shownkig. 9a—c. The first case (a) is
increased in size slightly. Two possible reasons for these mostly applicable for the aqueous systems where high pres-
observations could be considered. The first is the intrusion sure is applied on the liquid-side to prevent the bubbling.
of solvent into larger pores and subsequent enlargement ofin this case, high pressure on the liquid-side could result
larger pores. The intrusion into the larger pores is easier thaninto wetting of initial part of fiber in long-term application.
that into the smaller pores. Once larger pores are wetted byHence care should be taken that the L—-G trans-membrane
the solvent, the additional intrusion into the larger pores ex- pressureRR.—Pg) should not exceed the critical pressure of
erts lateral force on the pore walls causing the displacementwetting (APy) at the liquid inlet. Second case, explained
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i} EHT = 2.50 kv Signal A= SE2 Date :21 Aug 2002
Mag = 500K X - WD= 7mm Photo No.=4752 Time :13:04:59

g, L
i) EHT = 250KV Signal A= SE2 Date 21 Aug 2002
Mag = 5.00 KX | . WD= 7mm Photo No. = 4760 Time :13:21:28
(b)

Fig. 7. (a) Scanning electron micrograph of Accurel PP Q3/2 fiber before use. (b) Scanning electron micrograph of Accurel PP Q3/2 fiber after use.

in the Fig. 9h is applicable for the non-aqueous system lower than the critical pressure of wetting®,), where as
where high pressure is applied on the gas-side to preventG-L trans-membrane pressufsEP, ) should not exceed
the wetting of fiber. In this case, the liquid pressure drop the critical pressure of bubbling\@y) in the end part of the
over the fiber leads to bubbling of gas in the liquid stream fiber. These limitations of the operating conditions are illus-
at the liquid outlet. Hence care should be taken that the tratedFig. 10 which gives the qualitative indication of pres-
G-L trans-membrane pressuieg(P ) should not exceed  sure drop control over the fiber. In the figure, solid straight
the critical pressure of bubbling\fPp) at the liquid outlet. line indicates thePg = PLayg line and two dotted lines in-

In third case, both phenomena can occur simultaneously, i.e.dicates the two limiting cases of wetting Gyg+ A Py) and
wetting in the initial part of the fiber and bubbling of gas bubbling (PLavg — A Py) of the fiber, respectively. The four

in the end part of the fiber. This situation is illustrated in operating lines (case a, case b, case ¢ and case d) show the
Fig. 9¢ Such case is observed when liquid has intermedi- pressure drop over the fiber, with inlet pressBrg being

ate surface tension as compared to agueous and organic sohigher than the outlet pressuRgqt. In case (a) (applica-
vents. To avoid these conditions, the L—-G trans-membraneble for aqueous system), the high pressure drop over the
pressure R —Pg) in the initial part of the fiber should be fiber results into a higher inlet pressure dfg, crosses the
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2.5E-03 T P. -
E Lin P PG = PLavg
2.3E-03 + 1”7 Lin
E // q
2.0E-03 £ tavg* 4Py 7 g
ol r s
g F s
o 18E-03 e R .
s F PLm e Lout, ~
< 1.5E-03 + L
g [ . PLavg /’, //’
< F a ,
% 1.3E-08 £ - P AP
£ E — Leveque solution © ” Plin 7 Tlavg
1.0E-03 + . gas over pressure 100 mbar P .7
[ Lout Pid
75E.04 £ * 9asoverpressure 200 mbar b PLom
F o gas over pressure 300 mbar pid
5.0E-04 + t t t } t } t t t pmm
0.05 0.06 007 008 009 010 011 042 0.13 0.14 0.15 P
G

Vi(ms™)
) i ) Fig. 10. Operating limitations for membrane G-L contactor.
Fig. 8. Effect of gas-side over pressure on L#bsorption flux through

the hollow fiber in propylene carbonate. . . . .
pressure drop over the fiber results in a higher inlet pressure

as well as a lower outlet pressuf.j, crosses the wetting
wetting line causing wetting in the initial part of the fiber. |ine causing wetting in the initial part of the fiber aRgout
Hence, when high pressure on the liquid-side is applied by crosses the bubbling line causing bubbling in the end part of
controlling liquid outlet pressure, the pressure drop over the the fiber. Case (d) shows the optimum control of the pressure
fiber should be lower than the critical pressure of wetting gyer the fiber. In general, the pressure drop over the fiber
(APy). In case (b) (applicable for the organic systems), the should be always lower that\(Py + A Pp). Thus the degree
high pressure drop over the fiber results into lower outlet of freedom in the operational conditions becomes limited in

pressure andPout crosses the bubbling line causing bub- sych cases and process control turns out to be important.
bling in the end part of the fiber. Hence, when high pressure

on the gas-side is applied by controlling liquid inlet pres- 4.3. Absorption in propylene carbonate at elevated pressure
sure, the pressure drop over the fiber should be lower than

the critical pressure of bubblingAPp). In case (c) (appli- CO, absorption experiments were carried out at ele-
cable liquid having intermediate surface tensions), the high vated partial pressures of GQup to 20bar with slightly

PG< PL
=Y — i
(P -Pg) < AP,

(P.-Pg)> AP,

Wetted fiber (a) Non-wetted fiber

Inlet
—

(Ps -R) > AP,

Non-bubbling fiber (b) bubblingfiber

Inl
et

APw(P -Pg) >AP,| (PgR) > AP,

(P_-Pg) > APy,
bubblingfiber I

s
Wetted fiber ()

Fig. 9. Microporous hollow fiber membrane operated under: (a) partially wetted mode; (b) partially bubbling mode; (c) partially wetted as well as
bubbling mode.
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Fig. 13. Effect of system pressure on the membrane mass transfer coef-
Fig. 11. Measurement of COabsorption flux through the hollow fiber ficient of Q3/2 fiber.

in propylene carbonate at elevated £fressures.

over-pressure on the gas-side. The experiments up t0 10bagjear that with an increase in the system pressure there is
were carried out in a glass contactor whereas experiments, gignificant decrease in the membrane mass transfer coef-
at high pressure were carried out in a stainless steel con<icient, To check this effect of decrease in the membrane
tactor. The results are shown Fig. 11 Measured flux 555 transfer coefficient on the mass transfer performance
and theoretically calculated flux match very well. The flux ¢ ihe fiber experiments were carried out using,Gad No

at a given liquid velocity increases with pressure. This binary mixture. The results are shownFig. 14 It can be
increase in the flux is due to the increased concentrationgeen that there is no influence of the decrease in the mem-
of CO; in the gas phaseFig. 12 shows the measured prane mass transfer coefficient on the overall mass transfer
mass transfer coefficient (in terms of dimensionl&s  erformance. This is because in the case of physical absorp-
number) as function of liquid velocity (in terms of di- {jon the liquid-side mass transfer resistance is much higher
mensionless5z number) for experiments at all pressures. han the membrane mass transfer resistance. The percentage
It is clear the measured mass transfer coefficient can be.qntribution of membrane and gas phase mass transfer re-
predicted using the Graetz-Leveque equation, even at elegjsiances together to the overall mass transfer resistance is

vated pressures. It can be concluded from these figures tha;,ery low (<0.5%), even at the higher pressures. Hence the
there is no effect of pressure on the overall mass transferqniroliing mass transfer resistance still lies in the gas dif-

coefficient. , o fusion into the liquid phase and since the pressure has no
At low to moderate pressures, binary gas diffusion co- gftect on this process, the overall mass transfer coefficient is
efficients vary inversely with pressure or density of a gas jhgependent of the total system pressure. It should be noted
mixture. Thus in case of a binary gas mixture the increase iha¢ in case of mass transfer with chemical reaction, with a
in the pressure results in a decrease in the gas phase diffujgyer |iquid-side mass transfer resistance due to the chem-
sivity and hence a decrease in the gas-side and membrang.5| enhancement, increase in the gas and membrane mass

mass transfer coefficientsig. 13shows the effect of pres-  yansfer resistances at high pressures may significantly af-
sure on the calculated membrane mass transfer coefﬂuenqcect the results.

of the Q3/2 fiber for C@-Ny binary mixture[13]. It is

10T ~20bar 2oR0e ‘ ‘
F + 15 bar [ o 8bar8.6%CO2 ‘ |
% 10 bar 2 {E-03 L... A 4bar103%CO2 R | dees
L+ 8bar [ e 4bar22.5% CO2 ‘ |
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Fig. 12. Measurement of overall mass transfer coefficient for the hollow Fig. 14. Measurement of GQabsorption flux through the hollow fiber in
fiber at elevated pressures. propylene carbonate at elevated pressures for-Glbinary gas mixtures.
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5. Conclusion
T temperature (K)

Absorption of CQ in propylene carbonate, a commer- | V velocity (m/s)
cial physical organic solvent used in the £@moval pro- \ volume (n¥)
cess, is investigated in a hollow fiber membrane contactor.| Z length (m)
The experimental study shows that in the case of physi- _
cal absorption the overall mass transfer is controlled by the| Subscripts
liquid-side mass transfer resistance. Duration experiments b bubbling
at atmospheric pressure suggest that the Accurel PP Q3/2 G gas
hollow fiber membrane seems to be subjected to morpho-| interface/inside
logical changes when used with propylene carbonate as an " |_nle_t
absorbing solvent. These changes eventually result in thel L liquid
wetting of the fiber. The wetting problem in long-term ap- | M membrane
plication can be avoided by applying over-pressure on the| © overall/outside
gas-side. However, in such case the pressure drops over the Out  outlet
fiber length becomes a critical design parameter to ensure W wetting/water
a non-wetted mode of operation. Higher pressure drop over| Z local value

the fiber may lead to wetting in the initial part of the fiber
and too high gas-side pressure may result in to the bubble . o i
formation in the liquid phase. Appendix A. Derivation of flux across the fiber

The experiments carried out at elevated pressure suggest R ) )
that membrane gas—liquid contactors can be applied for high  Since the liquid is continuously flowing through the mem-
pressure applications. The overall mass transfer coefficientPrane, the driving force for mass transfer varies with the po-
is found to be independent of the system pressure. TheSition in the module. The concentration of £@ the inlet
Graetz—Leveque equation can be used to predict the mas®f iquid stream is zero. The concentration of £i@ the gas

transfer coefficient in a single fiber even at elevated pres- Phase is maintained constant by applying constant pressure
sures. on the gas-side. As the liquid flows through the fiber,@O

absorbed into the liquid and liquid gets saturated. Thus the
driving force for the gas absorption drops with the length of
the fiber. An expression for overall flux of G@bsorption

can be derived by mass balance across a small length of the

This research is part of the research program performedflber dz (Fig. 19
yvithin the Cer_ltre for Separation Technology (CST), vyhich 0= OLCLlsrd; — OLCLI, — Jrd; dz,
is a co-operation between The Netherlands Organization for
Applied Scientific Research (TNO) and the University of whereJ = k;(MCq — C1) (A1)
Twente. We would like to thank Wim Leppink and Benno The mass transfer coefficierkt,' is a clubbed local mass
Knaken for the construction of the experimental setup. transfer coefficient, taking into account the contribution of
the gas-, liquid-side and membrane mass transfer coefficients

dCL k,md
Nomenclature —— = ——(mCg — CL) (A.2)
dz oL

Acknowledgements
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Graetz numberyd?/Dz

flux (mol/n? s) Q,
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pressure (Pa)
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— - —_— [
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Fig. 15. Mass balance across the small fiber element.
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ClLout 1 TL’d L
/ 4o =™
0 (mCg — CL) OLJo

IntegratingEq. (A.3) over the entire length of fiber outlet
concentration in the liquid stream can be determined

Clout = MCq(1 — e e/ QUL (A-4)

k; dz (A.3)

The mass transfer coefficienky' is the average clubbed
mass transfer coefficient over the entire length of the fiber.
Using Eq. (A.4) and taking mass balance for liquid phase,
the average flux can be determined:

0L MCg(1 — e komdi/Qu)L)
ndiL

(Jav) = (A-5)

Appendix B. Physical parameters
B.1. Solubility

The solubility of CQ in terms of distribution coefficient
in pure watermy, is taken from Versteeg and van Swaaij
(18]

2044
mw = 3.59 x 10‘7RTexp<T> (B.1)
whereR is the universal gas constant (mot&K—1) and T
is in Kelvin.

The solubility of CQ in terms of mole fraction in pure
propylene carbonate, is taken from solubility data series

28567
Inx = —-36.218+ 8°a

+3.9003In7 (B.2)
whereT is in Kelvin.
B.2. Diffusivity

The diffusivity of the CQ and N in water and propylene

carbonate is calculated using correlation proposed by Diaz

et al.[3]
(18
D12 =6.02x 107° | —5—= (B.3)
Mg‘6lvf.64

whereV; and V> are the molar volume at normal boiling

point temperature for gas solute and liquid solvent, respec-

tively. w is the viscosity of the solvent in cP ailii, is the
diffusivity of solute ‘1’ in solvent ‘2’ in cn¥/s.

The binary diffusion coefficient for the CGON, mixture
is calculated using Fuller equati¢h5]

0.00143%175

Dpg =
PMaa ()R + (C )8 12

(B.5)
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where Mp, Mg are the molecular weights of A and B,
Mag = 2[(1/Mp) + (1/Mg)] 1, P is the pressure in baf,

is the temperature in Kelviry,_, is the summation of atomic
diffusion volumesPag is the binary diffusion coefficient in

cmé/s.
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