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Control of oxygen concentration in water using a hollow fiber membrane contactor
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Abstract—A novel theoretical analysis was performed to regulate the oxygen concentration in water using a mem-
brane contactor composed of nonporous hollow fibers. The governing ordinary differential equations were derived for
the countercurrent flow of the feed water and the feed gas in a membrane contactor. The governing equations were
regarded as a two point boundary value problem. The nonlinear ordinary differential equations were simultaneously
solved using a finite difference method. The computer program was coded in Fortran language using the Compaq Visual
Fortran Software. It was found that the concentration of oxygen dissolved in water increases from 28.9 to 64.3 ppm
as the area of the membrane increases from 1.24 to 3.73 m? at the given typical operating condition: the flow rate of
the feed gas is kept to be 1.0 L/min; its pressure is maintained to be 4 atm; the flow rate of the water is 15 L/min. It
is observed that the concentration of oxygen increases from 48.2 to 56.2 ppm as the concentration of the feed gas in-
creases from 0.75 to 0.95 mole fraction. As the flow rate of the water increases from 15 to 25 L/min, the concentration
of oxygen decreases from 56.2 to 38.6 ppm with a constant membrane area of 3.11 m’.
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INTRODUCTION

A hollow-fiber membrane contactor might be useful for various
types of separation, including gas/liquid absorption, liquid/liquid
extraction, pervaporation, and degassing of liquids. Recently, the
hollow fiber membrane contactor has been effectively applied to
control the concentration of the dissolved gases [1-3].

In a membrane contactor, the membrane plays the role of an in-
terface between two phases: gas-liquid or liquid-liquid. Since two
phases are separated by a membrane, there are many advantages in
operation over the conventional technology in which two phases
are to be contacted. First, there is no emulsion droplet. Second, the
pressure and the flow rate in each phase are able to be individually
controlled. Third, there is neither channeling nor recirculation. Finally,
the scale up is relatively easily carried out [4]. The membrane may
be either porous or nonporous depending on the application. The
membrane contactor has been applied for diverse separation pur-
poses: adsorptive removal of copper ions [5], recovery of Sb(V)
[6], purification of gelsolin from plasma [7], separation of the en-
antiomer with a porous membrane [8] and a hybrid absorber-heat
exchanger [9], removal of dissolved O, with a nonporous mem-
brane [10]. When a porous membrane is used as an interface, there
are two operating modes: the non-wetted mode and the wetted mode.
For the non-wetted mode, the membrane pores are filled with a gas
since the hydrophobic membrane is normally used. Many research-
ers have pointed out that the non-wetted operation is preferable dur-
ing the absorption because the mass transfer coefficient in the non-
wetted mode is much bigger than that of the wetted mode [11]. So
it can be said that it is always desirable that the absorption process
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is operated in the non-wetted mode. Karoor and Sirkar comprehen-
sively studied the absorption process of CO, and SO, in water from
mixed gases [12]. If the nonporous membrane is utilized for the
gas absorption in a membrane contactor, it is unnecessary to keep
the gas pressure always lower than the liquid pressure. In other words,
the pressures in the feed side and the permeate side can be sepa-
rately controlled and the operation of the membrane contactor is
much easier and safer than with the porous membrane contactor.

In this study, the absorption of O, was theoretically analyzed in
a nonporous membrane contactor that was designed to be operated
in a countercurrent flow mode. The nonlinear ordinary differential
equations were developed and solved using a personal computer.
Several operating variables were considered to find their effects on
the concentration of O, dissolved in water: the O, concentration in
a feed gas, the flow rate of water, the pressure of a feed gas and the
area of a membrane contactor.

NUMERICAL ANALYSIS

1. System Governing Equations

The ordinary differential equations are derived in order to describe
O, absorption into a liquid flowing through the hollow fiber mem-
brane.

Several assumptions were taken into account when the equations
were developed. The gas flows as a plug flow through the shell side.
The water also flows as a plug flow through the lumen side. Since
the water is usually fed as a turbulent flow, the velocity profile seems
to be almost flat along the radius. Therefore, the water flow can be
reasonably assumed to be a plug flow for the purpose modeling the
system. To simplify the system, it was assumed in both the gas flow
and the water flow that there is no mixing along the longitudinal
direction. However, there is a perfect mixing across the radial direc-
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Fig. 1. A schematic of countercurrent flow in hollow fiber membrane contactor.

tion for the water flow so that the O, permeate through the mem-
brane wall is well mixed together with the present O, in water, lead-
ing to the new homogeneous O, concentration. The pressures of
the gas and the water are kept constant.

Fig. 1 shows a schematic of countercurrent flow in a hollow fiber
membrane contactor. The ordinary differential equations can be de-
rived by combining the total mass balance and the mass balance of
O, in a finite membrane length of dl. x and y represent the mole
fraction of O, in the feed gas and in the liquid, respectively. L and
V are the flow rate of the feed gas and the liquid, respectively. P, is
the pressures of the feed gas. D, and D, are the inside and the out-
side diameters of the membrane. / denotes the length from the inlet
point of the liquid and /, represents the total length of the mem-
brane.

The total mass balance of a membrane module for a countercur-
rent flow is represented by

L=L-V(y-y) M
where L, and V; are the molar flow rates of a feed gas and a liquid,
respectively.

Total mass balance of O, is described as
Lex~VyyLx=Vyy @

where X, represents the mole fraction of O, in the feed gas at the
entrance.

The differential mass balance of O, in a finite membrane length
of dl can be described as follows:

d(va-y)=—7I-D_LM'd1'(%) -(P,-x—p3) &)

0,
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where (Q/d),, represents the permeance of oxygen through the
membrane. D,,, represents the logarithmic mean diameter of a hol-
low fiber membrane. p; denotes a partial pressure corresponding to
the molar concentration of oxygen dissolved in water. p, can be
obtained using Henry’s Law. In other words, Henry’s law is applied
to calculate the equivalent partial vapor pressure of O, in water, which
is corresponding to the concentration of O, dissolved in water as in
Eq.(4)

p=Ho,y “

After substituting Eq. (4) into Eq. (3) and dividing each term by
dl, rearranging results in the following Eq. (5):

d‘(\gl——'y) =_ﬂ.m-(%) “(P-x—Ho,y) ©

0,

For the constant V,, Eq. (5) can be reduced to

V,-cclu :_ﬂ-D—LM(%) “(P-x=Ho,"y) ©

The variation of the mole fraction of oxygen dissolved in water
along the length of the membrane fiber is as follows:

dy__ 1 5-(Q) .p.x-H. .
i VfﬂDLM (d)q (P,-x—=Ho,"y) (@)

Differentiating Eq. (1) by dl gives as follows:

Left hand side: L =0

dl
- AL _dVey) d(Vey)
Right hand side: a al + al
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By rearranging the left hand side and the right hand side, the fol-
lowing equation can be obtained:

dL_ dy

a1Vl ®
Substituting Eq. (7) into Eq. (8) results in

L

c:ll —7:D,y (3) -(P,-x=Ho,"y) (C)]

Differentiating Eq. (2) by dl gives as follows:

Left hand side: —Q&’T—L) (_1_(_\_’(_141__2 0

d dL_ d(y)
Right hand side: L-— dl X \Z dl

Rearranging the left hand side and the right hand side, the fol-

lowing equation can be obtained:

dx _1( dL c_lz) 1)

di a YV
Substituting Eq. (8) into Eq. (10) gives

Sl v forv] o

By substituting Eq. (7) into Eq. (11), the variation of oxygen con-
centration in the feed gas along the fiber length is as follows:

‘cll—’l‘z—(l—x)- |:7Z Dy (Q) (P, -x—H,- y)} (12)
Eqgs. (12), (7) and (9) were reananged to be dimensionless:

dx/dl'=—K,(yx—ppy)(1—x)/L" (13)
dy/dI'==K,(3x—1y) (14)
dL/dl'=—K,(%x— p5y) (15)

where [” represents the normalized length from the inlet point of
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the liquid. L" denotes the normalized flow rate of the gas.

The minus sign in the right hand side of Eq. (13) indicates that
the mole fraction of O, in the feed gas decreases as /" increases.
From Eq. (14), the mole fraction of O, in water is expected to in-
crease as [” increases. The flow rate of the gas will decrease propor-
tionally to the difference of the partial vapor pressures of O, be-
tween the gas phase and the liquid phase. There are several param-
eters that appear in Egs. (13)-(15) and they are defined as follows:

¥=P/P, (16)
%=Ho/P; (17)
=i, (18)
L'=LV, (19)
K,=7-Dyy-1,-(Q/d),,-P/V, (20)

The boundary conditions are given by:
at /'=0, x=x, P,=P, L=L, (21)
atl'=1, V=V, y=y, (22)

Since the boundary conditions are given at two end points, these
differential equations are subject to the two point boundary value
problem.

2. Calculations

Table 1 represents the basic characteristics of the nonporous hol-
low fiber membrane used for the computer simulation. Fig. 2 shows
the flow diagram of the Fortran program.

Table 1. Characteristic of the hollow fiber membrane contactor

Permeance of oxygen (mol-Pa™'m™-sec™)  1.1662x107"°

Hollow fiber O.D. (m) 4x107
Hollow fiber I.D. (m) 22x107
Number of hollow fibers (ea) 9,000
Effective thickness (m) 0.1x10°°

Fig. 2. Flow diagram of Fortran program.
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Table 2. Operating conditions for numerical analysis

Flow rate of gas (L/min) 1.0

Flow rate of water (L/min) 15-25
Concentration of oxygen in feed gas (mole fraction) 0.795-0.995
Concentration of oxygen in feed water (ppm) 8

Pressure of feed gas (atm) 2-4

Length of membrane (m) 0.2-0.6
Temperature of water (K) 298.15

A Fortran program for absorption of O, was developed using the
Compaq Visual Fortran 6.6 software. The system governing equa-
tions were thought to be a boundary-value problem and the nonlin-
ear ordinary differential equations were simultaneously solved using
the Runge-Kutta-Verner method. The coupled nonlinear differen-
tial equation could be simultaneously solved using Compaq Visual
Fortran where several subroutines were utilized: IMSL Math/Library.
A numerical analysis was carried out with the typical operating con-
ditions as shown in Table 2.

RESULTS AND DISCUSSION

Fig. 3 shows the typical dimensionless profiles versus the dimen-
sionless distance in a membrane contactor with a countercurrent
flow pattern. The concentration of O, in water increases from 8 ppm
to 56.25 ppm as the normalized length of the membrane increases
fromOto 1.

Fig. 4 shows the O, concentration in water as a function of the
area of the membrane with three different liquid flow rates. The O,
concentration in water is found to increase as the area increases.
Since the contact time of water flowing along the membrane in-
creases as the membrane area increases, it results in the increase of
O, concentration in water. As the liquid flow rate decreases, the O,
concentration increases due to the same reason as the area of the
membrane.

Fig. 5 shows the outlet O, concentration in water versus the O,
concentration in a feed gas with a parameter of the flow rate of the
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Fig. 3. Typical concentration profile of O, in water at different po-
sition in membrane contactor (L,=1.0 L/min, x~=0.995, L=
0.5 m, P=4 atm).
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Fig. 4. Concentration of O, in water at outlet vs. area of membrane
(L,=1.0 L/min, x,=0.995, P,=4 atm).
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feed liquid. If the flow rate of water increases, the contact time of
water with the membrane gets shorter, leading to the lower O, con-
centration in the outlet water. As the O, concentration in a feed gas
increases, the driving force increases. Then the O, flux increases,
resulting in the increase of the O, concentration in water.

Fig. 6 shows the outlet O, concentration in water versus the flow
rate of the feed water with 3 different gas pressure. As expected,
the outlet O, concentration increases as the pressure of the feed gas
increases since the driving force increases. In the meantime, as the
flow rate of the water increases, the O, concentration decreases since
the contact time decreases.

CONCLUSIONS

A novel set of coupled nonlinear ordinary differential equations
were developed so that the concentration of oxygen dissolved in
water was theoretically analyzed. The numerical computer simula-
tion on the O, absorption could be carried out using the Compaq
Visual Fortran software, where the coupled nonlinear ordinary dif-
ferential equations were converted to the coded computer program.
The absorption of O, from the feed gas could be successfully ex-
plored as functions of various parameters. At a higher concentra-
tion of O, in a feed gas, smaller flow rate of water, higher pressure
of the feed gas and larger area of the membrane, a higher absorp-
tion of O, in water can be observed. It can be said that the operation
parameters can be designed to control the concentration of oxygen
dissolved in water by a membrane contactor.
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NOMENCLATURE

: log mean diameter of hollow fiber [m]

: inside diameter of hollow fiber [m]

: outside diameter of hollow fiber [m]

: dimensionless parameter as defined in Eq. (20)
: flow rate of gas stream [L-min™']

: flow rate of feed gas stream [L-min"']

N ~UU
=

- RO

e

L" :dimensionless parameter as defined in Eq. (19)

l : length from the inlet point of the liquid [m]

l,  :total length of the hollow fiber [m]

["  : normalized length from the inlet point of the liquid as defined

in Eq. (18)
P, :pressure of feed gas stream [atm]
P,  :pressure of gas stream [atm]
(Q/d),, : permeance of oxygen gas [mol-m*-s™"-kPa™']
R :gasconstant [m’-Pa-mol"-K™']

T  :temperature [K]
V, :flow rate of water [L-min™']

X : oxygen concentration in gas stream [mole fraction]

X,  :oxygen concentration in feed gas stream [mole fraction]
y : oxygen concentration in feed liquid stream [mole fraction]
y,  :oxygen concentration in feed liquid stream [mole fraction]

Greek Letters

% :dimensionless pressure ratio as defined in Eq. (16)
%  :dimensionless pressure ratio as defined in Eq. (17)
REFERENCES

1. P. S. Kumar, J. A. Hogendoom, P. H. M. Feron and G F. Versteeg,
J. Membr: Sci., 213,231 (2003).
2. M. Mavroudi, S. P. Kaldis and G P. Sakellaropoulos, Fuel, 82,2153
(2003).
3. G B. Kim, S. J. Kim, C. U. Hong, T. K. Kwon and N. G. Kim,
Korean J. Chem. Eng., 22,521 (2005).
4.Y. S.Kim and S. M. Yang, Sep. Purif. Technol., 21, 101 (2000).
5. C. Liu and R. Bai, J. Membr: Sci., 284, 313 (2006).
6. H. Kawakita, K. Uezu, S. Tsuneda, K. Saito, M. Tamada and T.
Sugo, Hydrometallurgy, 81, 190 (2006).
7. K. Hagiwara, S. Yonedu, K. Saito, T. Shiraishi, T. Sugo, T. Tojyo
and E. Katayama, J. Chromatogr: B, 821, 153 (2005).
8. P. Hadik, L. Kotsis, M. Eniszné-Bodogh, L. Szab6 and E. Nagy, Sep.
Purif. Technol., 41, 299 (2005).
9.J. Chen, H. Chang and S. R. Chen, Int. J. Refiigeration, 29, 1043
(2006).
10. A. Ito, K. Yamagiwa, M. Tamura and M. Furusawa, J. Membr: Sci.,
145, 111 (1998).
11. H. Kreulen, C. A. Smolders, G F. Versteeg and W. P. M. Van Swaatij,
Chem. Eng. Sci., 48, 2093 (1993).
12. S. Karoor and K. K. Sirkar, Ind. Eng. Chem. Res., 32, 674 (1993).

Korean J. Chem. Eng.(Vol. 27, No. 3)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


