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Abstract: The absorption efficiencies of CO; in hollow-fiber membrane contactors using an ethanolamine
(MEA) solvent under both concurrent- and countercurrent-flow operations were investigated theo-
retically and experimentally. Two-dimensional mathematical modeling was developed by Happel’s
free surface model, and the resultant partial differential equations were solved analytically using
the separated variables method with the use of an orthogonal expansion technique. A simplified
expression of Sherwood number variations was reported by employing the relevant operations con-
ditions and expressed in terms of the computed eigenvalues for predicting concentration distribution
and absorption efficiency. It is emphasized that, in comparing various fiber packing configurations,
both theoretical predictions and experimental results should be compared to find the absorption
flux increment accomplished by the CO, /N, stream passing through the fiber cells under the same
mass flow rate. The value of the present mathematical treatment is evident to propose a simplified
expression of the averaged Sherwood number variations, and provides the predictions of the ab-
sorption flux, absorption efficiency, average Sherwood number with the absorbent Graetz number,
inlet CO, concentration, and absorbent flow rates as parameters. The availability of such concise
expressions, as developed directly from the analytical formulations, is the value of the present study.
The experiments of the CO, absorption using MEA with alumina (Al,O3) hollow fiber membranes
are also set up to confirm the accuracy of the theoretical predictions. The accuracy derivations
between the experimental results and theoretical predictions for concurrent- and countercurrent-flow
operations are 4.10 x 1072 < E < 1.50 x 1072 and 1.40 x 1072 < E < 9.0 x 107, respectively. The
operations of the hollow-fiber membrane contactor implementing N =7 fiber cells and N = 19 fiber
cells offer an inexpensive method of improving absorption efficiency by increasing fiber numbers

with consideration of device performance.

Keywords: carbon dioxide absorption; MEA absorbent; hollow-fiber membrane contactor; conjugated
Graetz problem; Sherwood number

1. Introduction

The application of membrane technology to physical/chemical gas absorption is
the most common purification technology for gas separation in removing CO; from fos-
sil fuel combustion to reduce greenhouse gas emissions [1]. Membrane technology has
been extensively applied to liquid/liquid and gas/liquid systems and is widely used in
many separation processes, such as gas absorption and metal ion removal [2], due to
the advantages of lower energy consumption [3], a larger mass transfer area, continuous
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operations, and the flexibility to scale up [4]. Some membrane materials, such as PMSQ
(polymethylsilsesquioxane) and hybrid silica aerogel, were used to be durable and reusable
to enhance the CO; absorption flux considerably [5,6]. The membrane is in contact with
gas/liquid on each side, as solvent absorption is operated with a microporous membrane
module. The distribution coefficient of gas solute in the two-phase system existing a
gradient composition in between plays an important role in the separation efficiency of
the membrane of physical absorption. Chemical absorbents of monoethanolamine (MEA)
solutions on the membrane surface of the liquid phase in the hydrophobic microporous
membrane module as a more efficient absorption process could enhance CO; being selec-
tively absorbed. Currently, chemical absorption by amine solutions is the most advanced
technology for the mechanisms of CO; absorption from gas mixtures, as confirmed by a
previous study [7,8]. The advantage of chemical absorption technology is that it has been
commercialized for many decades with various amines and mixed amines [9] used widely
to enhance CO; capture efficiency and reduce regeneration costs [10]. The most commonly
used hollow fiber membrane contactors were designed in a shell/tube configuration with
the shell side (absorbent) parallel to the fiber cells (CO,), which were either in concurrent-
or countercurrent-flow operations. The microporous hydrophobic membrane device acts
as a gas absorber, while the amine solution flowing on the other side directly contacts the
membrane surface. Rongwong et al. [11] provided a better understanding of membrane
gas-absorption operations than conventional gas-absorption processes, and the separation
efficiency was determined on the distribution coefficient of gas solutes in both gas and
liquid phases [12]. The advantages of combining chemical absorption and membrane
separation techniques in membrane absorption modules with a higher specific area offer
selective absorption of the desired gas mixture component [13]. The alkanolamine-based
CO, absorption processes have been used widely and commercially. Successful process
intensifications for CO, absorption processes have been investigated by employing selec-
tive membrane materials [14] and using MEA as an absorbent. The membrane absorption
efficiency depending on the distribution coefficient was carried out with the properties
of absorbents [15], and thus, was obtained by combining both chemical absorption and
separation techniques simultaneously according to the diffusion-reaction model [13]. The
one-dimensional steady-state modeling equation was successfully applied to predict the
CO; absorption flux under various operational conditions associated with occurring reac-
tions by using amines as absorbents [16]. Moreover, an effective strategy was investigated
to capture CO, in turbulent flow conditions [17] in the one-dimensional steady-state mod-
eling equation [16,18] as compared to considering the laminar flow velocity of the liquid
profile. The implementation of membrane contactors in the gas absorption process aims
to allow the soluble gas mixture components to be selectively absorbed in hollow-fiber
gas/liquid membrane contactors [19,20] by the solvent on the membrane surface of the
liquid phase [11,13]. Experimental studies [21,22] on shell-side mass transfer performance
in hollow-fiber membrane modules were reviewed recently by Lipnizki and Field [23].
The fiber spacing, fiber diameters, and inlet and outlet effects were examined, and the
device performance varied significantly. The fiber distribution and flow distribution in
randomly packed fiber bundles were investigated [24,25], and the analytical solution and
the experimental runs for shell side mass transfer with fluid flowing axially between fiber
cells were studied by Zheng et al. [26].

A two-dimensional mathematical statement was developed theoretically and experi-
mentally in a hollow-fiber membrane gas/liquid absorption module [27], with the gas and
liquid flow rates regulated independently. It is believed that the availability of such a sim-
plified mathematical formulation as developed here for hollow-fiber membrane absorption
module is the value in the present work and will be a significant contribution to design
and model multi-stream separation devices associating mutual conditions at the boundary.
The chemical absorption of CO, by MEA was carried out and illustrated to validate the
theoretical predictions, and theoretical treatment on the assumption based on the shell side
mass transfer of an ordered fiber arrangement was developed in the present study. The
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resultant partial differential equations, referred to as conjugated Graetz problems [28,29],
were solved analytically using the separated variable method associated with an orthogonal
expansion technique [30,31]. The absorption efficiency was evaluated using the absorbent
flow rate (Graetz number) and the inlet CO, concentration in the gas feed as parameters.
The theoretical predictions show that the effect of the inlet CO, concentration in the gas
feed plays an important role in absorption efficiency [32], and the absorption efficiency
improvement of the hollow-fiber membrane contactor is obtained by implementing more
fiber cells under various absorbent flow rates. The influences of operating and design
parameters on absorption flux and absorption efficiency are also delineated.

The primary aims in this study are to develop the two-dimensional mathematical
formulation of a hollow-fiber membrane contactor in an MEA absorbent system and
to obtain the solutions analytically to be validated with experimental data under both
concurrent- and countercurrent-flow operations. The theoretical predictions are presented
graphically with the packing density (¢), absorbent Graetz number (volumetric flow rate),
and flow pattern as parameters. The effects of the MEA absorbent flow rate and inlet
CO; concentration on the averaged Sherwood number, absorption flux, and absorption
efficiency were investigated theoretically and experimentally.

2. Theoretical Formulation

Happel’s free surface appeared in the imaginary outer boundary of the cell [26,33].
A fiber cell model with an imaginary free surface was developed to describe the mass
transport between the shell side with one fiber in each cell of the hollow fiber module. The
model building was assumed to be uniformly packed, with the bundle’s porosity equal to
the fluid’s envelope porosity, no friction on the shell side, and ignoring the velocity profile
across the module radius direction. The outside radius of the fiber cell and free surface are
ro and r, respectively, as shown in Figure 1 for being simplified into a circular-tube module.

\ Free surface /
N _

\_/

Figure 1. A scheme for the free surface model.

The module was assumed to be regularly packed, and the velocity profile in the
radial direction was ignored. Comparing with the radius ¢ of imaginary free surface, the
thickness of the hydrophobic microporous membrane J is negligible (6 <<ry). The overall
mass transfer regions, including (a) CO; gas transfers into the membrane surface from
the fiber cell; (b) CO, diffuses through the membrane pores; (c) CO; transfers into the
liquid stream via the membrane/liquid interface; (d) CO; reacted by MEA liquid solutions.
The mathematical formulations of the transport phenomena of the laminar mass transfer
problem for this small fiber cell belong to the conjugated Graetz problem category, which
was derived at a steady state with negligible axial diffusion. The velocity distributions and
conservation equations were formulated according to the following assumptions:

(1) Steady state and fully developed flow in each flowing channel;
(2) Negligible axial diffusion and conduction, entrance length, and end effects;
(3) Happel’s surface model used to characterize the velocity profile in the fiber cell;
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(4) Isothermal operation and constant physical properties;

(5) The applicability of thermodynamic equilibrium and Henry’s law;

(6) The chemical reaction is very fast and the equilibrium state is reached;

(7) The hollow fiber membrane thickness can be neglected as compared to the hollow
fiber radius.

2.1. Concurrent-Flow Operations

The hollow fiber module can be reduced to a circular-tube module according to
Happel’s free surface model [26,33], as indicated in Figure 2 of the hollow-fiber membrane
contactor. The four regions considered for modeling CO, absorption in hollow-fiber
membrane contactors are shown in Figure 3. The convective velocity in the radial direction
is neglected, and the axial velocity distributions are derived by applying the continuity
equation and Navier-Stokes relations to obtain the hydro-dynamical equation for laminar
flow. Thus, the dimensionless equations derived by the conservation equations of mass
with specified velocities may be written in terms of the dimensionless variables as

va(1a) = 205 [1 - (77‘:)2] 1

0y () = ( 20 ][n3—<1—nb>2+zzn(1"’b)] %)

£ -8) "
and
Uar alpa(ﬁu,g)_ 170 9Ya(1a,§)
o | e = o (™) ©
Ubl" al,bh(ﬂbré() B 1 d a#’b(ﬂb/g)
R = e Gt e | UL

in which r, is the fiber outside radius, r f is the free surface radius, L channel length, and ¢
is the packing density of the hollow fiber module with the following dimensionless groups

7 T _
o = 35 b = 57 ’7i=ﬁ"70:?"/§=%1 rp =,
2 5)
Uﬂ" vbr . 17773 (
Yo = %=, Yy = =, Gza = 5L, Gzp = 1k, m = i

70)

Happel’s free surface

central line

channel a

channel b > ;

Az

Figure 2. Schematic diagram of Happel's free surface in a hollow-fiber gas-liquid membrane module.
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Figure 3. Four regions considered for modeling CO, absorption in hollow-fiber membrane contactors.

The boundary conditions required for solving Equations (3) and (4) are

Pa(1a,0) = Pai (6)
¥u(175,0) = Ppi @)

99a(0,5) _
e 0 (8)

9Pp(0,8) _
o 0 ©)

a a ir K;x
- ¢a(:77aC) = % $a(1i,8) — ?lpb(l —10,C) (10)
- alpﬂ(’?i/ é) — 170Dh alpb(l — Mo, (:) (11)
871[1 771'DH aﬂb

where D, is ordinary diffusion coefficient of CO; in Ny, Dj, is ordinary diffusion coefficient
of CO, in MEA, ¢ is the porosity of membrane, and H = 0.73 is dimensionless Henry’s
law constant [8]. The reduced equilibrium constant K., is derived to fit in the modeling
equation as
/
K, = Kex[MEA]/[H"] (12)

in which the equilibrium constant K., = [MEACOO™ | [H"]|/{[CO,][MEA]} = 1.25 x 10~°
at T = 298 K [34] in the CO, absorption from gas phase by aqueous MEA absorbent, and
can be expressed as follows:

CO, + MEA <+ MEACOO ~ +H™ (13)

The present work is actually the extension of our previous work [35] by following the
similar general solution form except instead of the hollow-fiber membrane contactors, but
the mathematical formulation is more complicated with using the Happel’s free surface
model than that in the parallel-plate module. The analytical solutions of dimensionless
concentration distributions of both phases, {, and ¢}, may be obtained by the use of an
orthogonal expansion technique with the eigenfunction expanding in terms of an extended
power series. By following the same mathematical procedure performed in previous
works [30,36], the variables are separated in the form:

Ya(a,8) = Yo SamFam(17a) G () (14)

Yo(15,8) =Y oSt Fo,m (176) G (8) (15)
Substitution of Equations (14) and (15) into Equations (3) and (4) gives

Gm () = Mt (16)
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; 1 Va(1a)15
Fam(1a) + %Fu,m(nﬂ) - Taf AmFam(17a) =0 (17)
" 1 / Ub(’?b)r]%
Fy . () — mpb,m(ﬂh) | IDac AmFpm(y) — kco,Fpm(p) =0 (18)

and the boundary conditions in Equations (6)—(9) can be rewritten as

/

Fa,m (O) =0 (19)
Fy,(0) =0 (20)
: er K,
= SambFam(1i) = Tf [Sa,mFa,m(m) =47 SomFom(1=110) (21)
/ D /
= SumFom (1) = 25 S Fy (1= 100) 22)
1iDa

where the primes on F, ;;(172) and F, ,, (17, ) denote the differentiations with respect to 77, and
11y, respectively. The eigen-functions Fy ;(#7,) and Fy , (17,) were assumed to be polynomials
to avoid the loss of generality as follows:

Fo (1) =Y o oemn'ly, emo = 1 (selected), ey1 =0 (24)

Equation (21) can be rearranged to acquire the relationship between expansion coeffi-
cients S, and Sy, as

H[‘S F{;,m(ﬂi) +¢€ rfFu,m(ni)}
Sb,m = 7 Sa,m (25)
€ erebu,m(l - 770)

Moreover, rearranging and deleting S, and Sy, ,,, in Equations (21) and (22) to calculate
the eigenvalue Ay, (A1,Az, ... ., Ay, ... .) in the following equation

1K D Eyn (17) Fy (1 — ﬂo)] 26)

’ Erf
—F (1) = =L Eo () + ,
ﬂ,m(nl) 5 [H,M(UZ) H’?ODb Fb,m(l_rlo)

Substituting Equations (23) and (24) into Equations (21) and (22), all the coefficients
dyn and ey, , may be expressed in terms of eigenvalues A, after using Equations (8) and (9).
The term In[(1 — 1) /1,] in velocity distributions of Equation (2) can be approximated
using the six-term Taylor series for acceptable tolerance as follows:

4 5
n n
l”(l_ﬂb):_ﬂb—j—?—%—f—gb (27)

Combining Equations (17)—(20), (23)—(24), and (27), all the coefficients d,,, and ey, »
can be expressed in terms of eigenvalue A, as

Gza A 2Gz A 1
= T, dm 3 = 0, dmn == m dm(n_z) - ?d'rﬂ(ﬂ—ﬁl) , = 4,5, 6,. .. (28)

1

dmz

and
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emp = 3 (kco, + STGzpAm), ems = & (kco, + STGzpAm),
Cmn = lemn l+%(Temn 2_Temn 3+2‘3mn 4+4emn 5 (29)

1
+5emn—6 T ﬁem,n—7 + ﬁem,n—S + §em,n—9) + kco, (emn—2 —emn—3),n=4,5,6,...

1nwh1chS—2/[( 3)+17§},T:;7£2,—21n170—1.

These elgenvah;les A were calculated in Equation (26), resulting in both positive and
negative sets under concurrent and countercurrent-flow operations. Table 1 shows that the
calculation results of the first five eigenvalues and their associated expansion coefficients are
illustrated to meet the convergence requirement within the acceptable truncation error with
the series terms n = 400 for Q, = 3.33 x 107 m3/s and Q;, = 10.0 x 10~® m?/s. The eigen-
functions associated with the corresponding eigenvalues are also well defined by Equations
(23) and (24), once all eigenvalues were obtained from Equation (26). These eigenvalues
Aw include a negative set, which is required for both concurrent- and countercurrent-flow
operations; the eigenvalues indicated in Table 1 are the dominant set in the system.

Table 1. The dimensionless outlet concentrations and the associated eigenvalues and expansion
coefficients under countercurrent-flow operations with 19 fiber cells.

m Ao M Az As Ay As Sa0 San Sa2 Sa3Xx10® S, 4x10% Sa5x10° Pae
n =300

3 00 -0199 —4113 —13.814 - - 0.063 0.021  —0.080 7.06 - - 0.1719

4 00 —0199 —4113 13814 —29.453 - 0.063 0.021  —0.080 7.06 —0.296 - 0.1620

5 00 —0199 —4113 —13814 -29453 —51.063 0.064 0.021  —0.080 7.06 —0.296 —0.927 0.1620
n =400

3 00 —0132 3857 —13.455 - - 0.457 0.106  —0.082 9.98 - - 0.0181

4 00 —0132 3857 —13455 10.206 - 0.457 0.106  —0.082 9.98 -3.11 - 0.0199

5 00 —0132 —3857 —13455 10206 29.023  0.457 0.106  —0.082 9.98 -3.11 —4.20 0.0199

— (% 7'2
1oDa 3" 11a [LD }SMPM%M% + "’DbK” Jo (1 — 1) {LbDi] So,nFonPoidiy

i 1D KEY 11 v 1’2 oo
= 1oDa fo a {LDJ anFan X—o SamFamdna + Tipex L fo b (1—1mp) {[fl)j;} Sb,nFo,n Ln—0 Sb,mFp,md1b

The mathematical treatment is similar to that in the previous works [30,36]. The
orthogonality condition in the double-flow gas-liquid membrane contactor system of the

case with A, # Ay, is verified as follows:
varfz

LD,

niDy [
H Jo

Ubi’f
LD,

D/Wi
770a0

S4,iSa,iMaFa,iFajd1a + Sb,iSp,j(1 — 11p) Fy,iFp,jdigpy = 0 (30)

The dimensionless inlet and outlet stream concentrations expanded to the sum of an
infinite series according to Equations (14) and (15) with the use of boundary conditions as

$a(1,0) = ZZZOS“WFH,W!(W) = Pai (31)

$o(1,0) = Y oSoumFon (1) = o (32)
Multiplying both sides of Equations (31) and (32) at § = 0by SanFantfotaDa (var% /LD,)

and S;,Fyn[ni(1— qb)DbKéx/ H](vbrj% /LDy), respectively, and integrating summing to-
gether to obtain the general expression for the expansion coefficients in the following
relationship accordingly

(33)

0al'y
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The summation terms in Equation (33) were dropped out due to using the orthogonal-
ity condition

vﬂrz

2
UoDa fO Na [ :| a, nkFa nlpmdﬁa + meKex fli% (1 - 77b l:Df] Sh,an,nl/Jbide

(34)

2

2
D, Km 1—70
- 770D‘1 fO Na {LD }Sgn an d’7ﬂ + Bpres b f b (1 - nb) {Dj S%,nplindmf

Substitution of Equation (25) to replace Sy ,, into Equation (34) and dividing S .77, D,
result in

o 1Dy |8 Fau(11)-+€ 75 Fan (1) .
fO ! Ha l:LD{;] Fa,nlpaidﬁa + LoDaS Vbe/n(lj:%) ] 01 b (1 - 77b) |: ]Fb nlpbzdﬂb

WDWH 8 Fop () e 1 Fan ()] > (35)
Vg iYb an\'li fran\1i 1-1, vyt

— an{fo 7741|:LD ] d77a » D.K.-e2r2F2 (1=70) 0 U (1—17b) |:LD{,]F§,ndUb}

oalsex f h,n }]0
The expansion coefficient was thus obtained at ¢ = 0 as follows:
i var} 1Dy |6 F,;,,,(m)-&-s reFan(m)|  1—p, 72
3" 1a |:LD£]Fa,anuid77u + iEons Fon ) ] o (1 —1np) [LDi By utppidny
Sun = (36)

ry,-DbH[(S Foo(pi)+e 7 Fan (i )} 1—7,

2
Ubi’f 2
WuDaK;xszr]Zerfn(l_%) 0 (1 a Ub) |:LDh:| Fb'ndﬂb

f()lna|: ”f:|F2 d’?a+

Similarly, the boundary conditions at § = 1 were expressed in terms of infinite series
with the use of Equations (14) and (15)

lPu(’?ar 1) = Z:Z:()Sa,mpa,me/\m (37)

Yo (75, 1) =Y S mFome™ (38)

Manipulating both sides of Equations (37) and (38) at { = 1 and performing the same
procedure at the boundary condition at ¢ = 0 gives the following relationship of the general
expression for the expansion coefficients as

0Dy 6 Ep (i) +e 1 Fan (1) .
:|Funl/]a(77a/ )dna + b,EDDWpr(lf_qD) | 0 (1—’717)[ }th%(ﬂb/ )dny

folﬂa{

d qiDbH{b‘ F;n(m)-i-s rfFa/n(rl )] 11, _vbr}_ 2 4 (39)
w3 Jo' e | 707 Tat = DK er 72, (1-170) o (L=1p) D | Fy 1y
or the expansion coefficient at { = 1 was given by
- [oar 1Dy |8 Fou ()& 1¢Fan(mi)| 11—y, [057% ]
o [LD/;} Fanpa(1a, 1)dna + LoDue FFon (T=170) ] o (1) fi Fyutpy (p, 1)dny
Sa,n =e n [ :| = = (40)
o [ar? NiDyH |0 Fon(i)+e reFan(ni) | 11—y, vpr}
Jo' 1a {Lpi] FZ,d1a + 1o Dac2FL, (1-170) o - (1—=1mp) fﬁ; Findﬂb
Both numerators of the expansion coefficients S;, are equal, and equating
Equations (36) and (40) at both inlet and outlet of the feed stream in the gas-liquid mem-
brane contactor to give
1Dy |6 By () e rpFan(ni)| 1 o 0T
0" a [LD,J Fantpaidiia + r[zoDae Fyu(1=170) | o (1=m) [LDJZ} Fontpoicdy

(41)

Au i Va1 1:DpyH a ;1(771)+€ rfPtl n (1) 1—1, 7
{fon T LDJ;] Paz’ndﬂa * r]ol[)aKexSZr} F2,(1=10) ] Jo (1= m) Tf Findm’



Membranes 2022, 12, 1021 9 of 20

Now, the outlet concentrations on the right-hand side of Equation (41) may be ex-
pressed according to Equations (14) and (15) for concurrent-flow operations as follows:

Pa(n,1) = Y. (SaqFaqe ™ (42)
Pu(1,1) = Y7 SbqFoqe (43)
Substitutions of Equations (42) and (43) into Equation (41) with the use of

Equation (25) give

. [oar? 1D [0 Fan 1)+ reFan(n) |0 1y,
Wi foﬂ Na [LD£:| Fanda + [UuDaﬁ rrFpn(1770) } fo b (1—1) |: ]Fb nd1p

. Vat?
= Zf,io Sa’ququn { fom N [Uﬂ FonFaqd1a (44)
WiDbH[5Fz:,n(7]i)+€rfpu,n(’//i)} PP(;,q(’//i)+ErfFa,q(r/i)} 1—170 Ubr
+ WoDaKéxez"jszb,n(17770)Fb,q(17’70) 0 LDb <1 B T]b)Fb an qdﬂb

The expansion coefficients S, ; are obtained by following the same derivation proce-
dure [37] with integrating Equation (44) with the aid of Equations (14) and (15) once S, ,
was calculated as shown in Equation (25) by acquiring the relationship between S, ;, and
Sp,n as follows:

I) Whenn=0

Gzalf} i + Gzp1iDatppi _ Sa0 Gzan} | GzpyDaH
. =

210Dy 2 2170 DKl
T Sag Aq {F;,q(ﬂi) . DﬂH[JF;,I[;(bUIi);;j;fFu,q(m)] gzg_zg } (45)
(I) Whenn #0,n=gq
Vi leiﬂiDh[ an('?:)+€VfFan(’71)] bn(l 7o)
p Fon (1) XuDaer 1 F, , (1—170)
= 552 Soa{ | 552 00 ) — S () o) (46)

/! 2 /
DyH |0F,, (ni)+ereFan(ni)| | OF, , 9F,
DEK;szr;Fin(l_%) | [af; (1= 170) Fyu (1 = 170) — 53 (1 Wo)an(l—Uo)]}

(IT) Whenn #0,n #q

Yui ( )+ ¥piftiDp [JF;,n(ﬂi)Hrme(’?i)]Pz:/n(lf%)
A i an\Mi AnDaér ¢y, (1=110)
!/ /!
= Dy H [6F, (1) +erfFon (17)] Fp, (1—10)
_ nie F/ ] b { n\'li fra, bn 7o
Sﬂ,O An { u,n(nl)—i_ DaKéfo Fy (1—10)

(47)
55 Sun B [Fon 010 Faa (1) = Fon 1) Fr 1)

 DOH[8E () terFunCnp] 80y (o)-+oryFug ()] [F{,’n(liyo) B F;,qum”

DaKlype2r2 Fyn(1=10)  Fyg(1—10)
f

2.2. Countercurrent-Flow Operations

The governing equations of mass transfer for describing countercurrent-flow opera-
tions are exactly the same as that in concurrent-flow operations of Equations (3) and (4), ex-
cept for the velocity distribution of Equation (2) and the boundary condition of Equation (7)
being replaced by
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—27;, [
& —3)+ ]
p (115, 1) = Ppi (49)

By following the same derivation performed in the previous section of concurrent-
flow operations, the results of the expansion coefficient of S;,, and S ,, can be obtained
as follows:

I) Whenn=0

i = (=) 2 ()| (18)

Ho

vp(p) = [(

Gzalf Yai + Gzp1iDathyi _ s Gzan} | GzyniDaH
2 200Dy 70 T gDy

/ 50)
) ’ M D,H {JSF (n;)+er¢Fy (17)} , (
%} i N € aq\'li f g \Mi .
+ Zq:l Sﬂquq {Fa,q(’ﬁ) DbKéxsrbe,q(l_WO) Fb,q(l ’70)

(I) Whenn #0andn =g

/ /
YDy [ 0F s (1) +er o (1) | By, (1=10)
An Daerbe’n (I—10)

Ay . /
&by (1)

an

/

2
DyH {51:;,;1 (77i)+€”fFa,n(’7i)}

o0 aF!I n aFLI n !
=Y Sa,q’?i{ {a,\'n(ni)Fa,n(ﬂi) - o (Ui)Fa,n(Ui)] T T DKLEAR, ) (51)
DF/ " oF, , /
X [ (L= 10)Fyn(1 = 10) — 5 (1 = 10)F, ,(1 = ’70)} }
(III) Whenn #0and n # g
ey $uifliDy [55;,7, (i) +erfFan (Tli)} F,,(1=10)
An UiF’lr”(m) B )\,,D,,srbe,n(l—ryo)
; / e~*DyH ‘SF/:,n(ﬂi)JrerfFu,n(”/i) /
= Sa,oZn{Fa,n(m) - DﬂK[éxerbem(l%) } F,,(1— 770)}
(52)
551 Su o { [Fon00) o (1) — Fon () o )]
MM D H[OFy (1) +er Fan ()] [0Fwq (i) +ersFagn)] | Fy,(1=m0)  Fpy(1=10)
DaKéx€27% Fb,n(lfﬂo) Fb,q(lfﬂa)
2.3. Absorbent Efficiency in the Gas/Liquid Membrane Absorption System
The local Sherwood number in the absorbent stream is defined by
kpzDeg,p
Shype = D, (53)

in which and D, = 2(rf — 1) is the equivalent diameter of the shell side and the local
mass transfer coefficient kyz of gas stream is defined by

b :& aiph(l_?]o,g)/jﬂb (54)
C T (1= 10,8) — $u(€)

The final expression of the local Sherwood number is obtained in Equation (55)

kpzDegp 2(1 —10) X1 Sb,mFy (1 = 170)e™¢
- 1) 21, 4
Dy Y1 Sb,m [Fb,m(l - 770) - %Fb,m(l - 770)} ermé

Shye = (55)
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Therefore, the average Sherwood number can be obtained as
__ 1 2(1— © G F (1—1n,)etnt
Shy = / Shyd = / - (1 —10) Xon=1 Sb,m 1;;;:( , o) - de (56)
0 O X5t Som | Fom(1 = o) = G5 Fy (1= 1) e

Inlet CO2/Nz2 -

Inlet MEA -

- sz)Lm b

The absorption flux | and absorption efficiency Ij; are defined by the total amount of
the CO; transferred from the fiber cell to the shell side per unit area, and the percentage
of the initial CO, left in the initial gas phase, respectively, which can be determined using
Equations (57) and (58) as follows

J = Qa(Cai — Cae) /N(27troLy) (57)

Iy = Coi = Cae 1009, (58)

ai

3. Membrane Modularization and Experimental Setup

The experimental results were monitored to validate the theoretical predictions derived
from the mathematical models derived in previous section. A photo of a more detailed
configuration of the concentric-tube membrane contactor module is presented in Figure 4.
A gas mixture containing CO, and N, was introduced from the well gas mixing tank,
where N, and CO, feed in through the tube side, while 30 wt% MEA (5.0 x 10~2 mol/ cm®)
solution was chosen and regulated by a flow meter (MB15GH-4-1, Fong-Jei, New Taipei,
Taiwan) between 5.0~10.0 cm®/s (5.0, 5.67, 8.33, 10.0 cm®/s) to supply the liquid absorbent
flowing into the shell side from the reservoir. The positive pressure difference of the MEA
solution side was kept higher than that of the CO, /N, gas mixture side to avoid bubbling.
The CO, /N, gas feed flow rates introduced from the gas mixing tank (EW-06065-02, Cole
Parmer Company, Vernon Hills, IL, USA) and regulated by using the mass flow controller
(N12031501PC-540, Protec, Brooks Instrument, Hatfield, PA, USA) were controlled at
3.33 cm? /s with three inlet CO, concentrations of 30%, 35%, and 40%, respectively. The CO,
concentration in the inlet and outlet streams was collected and measured for comparisons
using gas chromatography (Model HY 3000 Chromatograp, China Corporation, New Taipei,
Taiwan). The experimental apparatus of the CO, absorption using MEA absorbent flowing
into the hydrophobic alumina hollow-fiber membrane modules with a porosity of € = 0.55,
a thickness of 6 = 250 um, and a nominal pore size of 0.2 um as illustrated in Figure 5.
Figure 5a,b illustrates schematic representations of the hollow-fiber gas-liquid membrane
contactor systems for concurrent- and countercurrent-flow operations, respectively, in
which the MEA solution passes through the shell side and the gas feed flows into the
tube side.

Outlet MEA

Qutlet CO2/Nz

Figure 4. Photo of the experimental setup for the CO, absorption membrane module.
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(b)

Figure 5. Schematic diagram of the experimental setup for CO, absorption with MEA by hollow-
fiber gas-liquid membrane contactors. (a) Concurrent-flow operation; (b) Countercurrent-flow
operation. (A) Hollow fiber membrane module; (B) Flow meter; (C) Pump; (D) Mass flow controller;
(E) Mixer; (F) Gas cylinder; (G) Thermostatic tank; (H) Chromatograph; (I) Beaker; (J) Monitor;
(K) Temperature indicator.

The parameters that include the volumetric flow rate of both the gas feed and liquid
absorbent (Q, and Qj, ), membrane contactor module (s , 7; , 7, , L and N), permeability of
membrane (¢), solute diffusivity both in gas feed and liquid absorbent (D, and Dy, ), and
Henry’s law constant (H ) were provided in this study. The inner radius of the module
shell is of rs = 0.0075 m, and the inner and outer radius of the fiber cell are r; = 0.0004 m
and r, = 0.00065 m, respectively. The inorganic hydrophobic membrane was used in the
experiments r, = 0.00065 m for its superior chemical resistance and thermal stability. The
alumina hollow fiber membranes were prepared in a combined dry-wet spinning and
phase inversion method followed by a sintering process. The hollow fiber precursors were
fabricated by spinning alumina slurry comprised of alumina powders (0.7 pm, x-Al,O3,
Alfa Aesar, 99.9% metal basis), N-Methyl-2-pyrrolidone (NMP, TEDIA, Echo Chemical,
Taiwan, purity > 99%), polyethersulfone (PES, Veradel A-301, SOLVAY, Trump Chemical,
Taiwan, amber color), and polyethyleneglycol 30-dipolyhydroxystearate (Arlacel P135,
Croda Taiwan, Taiwan, molecular weight: 5000 g mol~1), which are used as the main
ceramic materials, solvent, binder, and dispersant, respectively. The Al,O3:NMP:PES:P135
molar ratio in the slurry was 5:4:1:0.1. Briefly, the P135 paste was first added to the NMP
solution and vigorously stirred until a homogenous solution was formed. Next, the alumina
powder was gradually added to the solution and stirred well. Subsequently, PES pellets
were added to the solution and stirred until the PES was completely dissolved. Finally, a
homogenous spinning slurry was obtained. In our spinning process, deionized water (DI)
was used as a non-solvent for phase inversion purposes.
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The as-prepared slurry and DI water were coextruded through a tube-in-orifice spin-
neret with an inner diameter of 0.7 mm and an outer diameter of 2.0 mm. The orifice side
and tube side were for slurry with a flow rate of 15 mL/min and DI water with a flow
rate of 10 mL/min, respectively. The nascent fiber passed through an air gap of 10 cm and
went into a coagulation bath of DI water for external solvent exchange. The air gap was to
allow the phase inversion to occur first from the inner surface of the nascent fiber. Rapid
precipitation occurs at the inner fiber surface, resulting in long fingers. Usually, the opening
pores of finger-like structures are larger than the voids (pores for ceramic membranes) of
particle packing. Those larger pores were not favored in this study. Thus, by introducing
the air gap, most solvents were exchanged, and the solidification of the slurry phase was
almost done before entering the coagulation bath. This could greatly reduce the formation
of finger-like structures of fibers starting from the outer surface. A coagulation bath was
used to make sure all solvents were exchanged and the precipitation of the polymer of
the slurry was completed. The membrane precursors were obtained after 2-day water
immersion for completed polymer precipitation and were then debinded at 480 °C for 12 h
(ramp rate of 1.6 °C min~') and sintered at 1400 °C for 2 h (ramp rate of 2 °C min 1) to
form porous alumina hollow fiber membranes in a shell-and-tube type glass module. The
as-prepared porous alumina hollow fiber membranes were first cut to 0.17 m in length. The
alumina hollow fiber membrane sets with different packing densities can be obtained by
encapsulating different numbers of fibers. Three membrane sets with implementing 7 fiber
cells and 19 fiber cells, respectively, were fabricated in this work. The fiber cells were fixed
with a particular arrangement in the module by sealing both ends of the tube side using
thermoset epoxy. The pinch clamps and tubing for the membrane module are shown in
Figure 6.

(d)

Figure 6. Details of the configuration of the hollow fiber membrane module. (a) Fiber cell; (b) A bunch
of fiber cells in a circular tube; (¢) Wrapped cap; (d) Circular hollow-fiber module.

4. Results and Discussion
4.1. Outlet Concentration Distributions

Following the mathematical treatment performed in the previous works [26,36], the
procedure for calculating the theoretical values of the dimensionless outlet average con-
centration, absorption rate, and absorption efficiency are described as follows. First, for
concurrent-flow operations, the eigenvalues A, (A1,Az, ... ., Ay, ... .) in the membrane
contactor are solved from Equation (26), the associated eigen-functions the associated eigen-
functions (Fym(77q) and Fy, (175), m = 0, 1, 2, ... .) obtained from Equations (23) and (24)
with the coefficients in Equations (28) and (29). Next, combined with the expansion co-
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efficients (S, and S, m = 0, 1, 2, ... .), as shown in Equations (40) and (45)-(47),
the concentration distribution of gas feed or liquid absorbent, ¥, (#,, &) and ¢, (1, §), are
readily obtained in Equations (14) and (15). Lastly, the radially averaged concentrations
for absorbent and gas streams of both concurrent- and countercurrent-flow operations are
calculated from Equations (53) and (54), while the absorption rate and absorption efficiency
are calculated from Equations (44), (57), and (58), respectively. Some results for using the
19 fiber cell module under countercurrent-flow operations as well as the dimensionless
outlet concentration are shown in Table 1. Only the first three eigenvalues, as well as
their corresponding eigenfunctions, are necessary to be included during the calculation
procedure due to rapid convergence, as indicated in Table 1. Figure 7a,b shows the dimen-
sionless averaged outlet CO, concentration ¢, profiles for various inlet CO, concentrations
and the mass-transfer Graetz number Gz, of MEA absorbent under both concurrent- and
countercurrent-flow operations with implementing N = 7 fiber cells as an illustration. Note
that the dimensionless averaged outlet concentration distribution increased with the inlet
CO; concentration. The comparison reveals that the higher the absorbent Graetz number
Gz, of MEA absorbent, the lower the averaged outlet CO, concentration found in both
calculation and measurement, as predicted. The results show that a higher driving-force
concentration gradient is kept between two phases under a larger inlet CO, concentration,
leading to a higher absorption rate for both flow patterns. One can find that the dimen-
sionless average outlet concentration of the countercurrent-flow operations is lower than
that of concurrent-flow operations. Thus, the descending absorption flux along the flowing
channel for the concurrent-flow operations is thus confirmed compared to a higher total
absorption rate in the countercurrent-flow operations.

0.60 050
i 1 Theo. Exp.
0.55 Theo. Exp. 0.45 4 — ®m  30%COy
0.50 — = 30%COz 0.40 - - - @ 35%COp
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0404  TTteeall 1 A
o] . Tl 0304 ... A .
L0l A T & 025 e e T
c _ A 254 e e Tt
O 0.30 a SN ] s o Tl
0.25 - 0204 T T T T - == - _ °
1 S--__ e ° A 1 Te -~ o
0.20 - ° 0.15 ~ -
0.15 - n S- - 1
1 = - = 0.10 -
0.10 - n ] \_‘
0.05 -] 0.05 - = u [
0.00 __'_//Il T T T T T T 0.00 __'_///I T T T T T T T T
0 700 800 900 1000 1100 1200 1300 1400 1500 0 700 800 900 1000 1100 1200 1300 1400 1500
Gz
b Gzp
(a) (b)

Figure 7. Effects of Gz; and inlet CO, concentration on outlet CO, concentration (Gz, = 710).
(a) Concurrent-flow operations; (b) Countercurrent-flow operations.

Figure 8 presents the dependence of the Sherwood number Sh; on the absorbent
Graetz number Gz;,. The averaged Sherwood number Shy, plays a significant role in deter-
mining the CO; absorption rate when considering mass transfer behavior. The theoretical
average Sherwood numbers with the absorbent Graetz number Gz; in MEA absorbent as a
parameter, as shown in Figure 8.

The theoretical prediction Sh;, increases with an increase in the absorbent Graetz num-
ber for both concurrent- and countercurrent-flow operations, as presented in Figure 8. The
results show that the averaged Sherwood number Sh;, in countercurrent-flow operations is
higher than that in concurrent-flow operations. This result also confirms that the higher
mass-transfer coefficient is obtained in countercurrent-flow operations that come up with a
lower outlet CO, concentration .. The value of the averaged Sherwood number Shj, in
the countercurrent-flow configurations with a larger significant concentration gradient is
higher than that in the concurrent-flow configurations due to utilizing the driving-force
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concentration gradient more effectively. Notably, the implementing fibers significantly
increased the averaged Sherwood number Shj;, and the absorption rate for both modules
with implementing N =7 fiber cells and N = 19 fiber cells, respectively. Despite the effect
on the number of fiber cells, the change in the flow patterns only led to a moderate effect
on the change in the Sherwood number.

20

Concurrent e

18
Countercurrent = - -

16
14 4

5 124

ya /L
0 / T T T T 7/ T T T T

T —T—
0 400 600 800 1000 1200 1400 1600

Gz,

Figure 8. Effects of fiber number, flow pattern and Gz, on theoretical averaged Sherwood number.

4.2. Absorption Flux and Absorption Efficiency

Theoretical predictions for the CO, absorption flux versus the MEA absorbent Graetz
number with inlet CO, concentration and flow pattern as parameters under Q, = 3.33 cm?/s,
as indicated in Figure 9. The experimental results of the absorption flux shown in Figure 9
prove the validity by defining the accuracy deviation E of the theoretical predictions from
the experimental results are within an acceptable range, as indicated in Table 2, with the
definition as follows:

A
Ji— ]i’
E(%) = ijp y el 1 (59)

i

where ]Al indicates the theoretical prediction of | while Ny, and J; are the number of the
experimental measurements and the experimental data of |, respectively. The accuracy
derivations between the experimental results and theoretical predictions for concurrent-
and countercurrent-flow operations in Figure 9 are 4.10 x 1072 < E < 1.50 x 1072 and
140 x 1072 < E < 9.0 x 1071, respectively, as presented in Table 2. Both qualitative
and quantitative agreements were achieved between the theoretical predictions and the
experimental results of this study.

Table 2. The accuracy of the experimental results.

CO; (%) E (%)
N=7 N=19
Concurrent Countercurrent Concurrent Countercurrent
30 1.90 1.30 4.10 0.90
35 2.30 1.00 1.50 1.10

40 1.40 1.40 1.50 0.90
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Figure 9. Effects of inlet CO, concentration, flow pattern and Gz, on CO, absorption flux.

The increase of the absorbent Graetz number creates the positive effect not only en-
hancing the absorption flux but also reducing the outlet CO; concentration in the fiber cells,
as indicated from Figure 9. This absorption flux may be attributed to the increasing MEA
absorbent Graetz number and thus the convective mass-transfer coefficient to suppress
the disadvantage effect of concentration polarization on the membrane surface. A lower
mass-transfer resistance and a larger driving-force concentration gradient between both
sides of the membrane surfaces were achieved.

Comparisons were made on theoretical predictions of absorption efficiencies between
the hollow fiber modules with implementing N =7 fiber cells and N = 19 fiber cells under
both concurrent- and countercurrent-flow operations, respectively, as shown in Figure 10.
The results show that the absorption efficiency increases with the increase of the MEA
absorbent Graetz number but decreases with the inlet CO, concentration, and the extent of
the absorption efficiency increment is more significant in countercurrent-flow operations.
Notice that the effect of the number of fiber cells on absorption efficiency concludes that
there is a larger absorption efficiency with implementing more fiber cells into hollow fiber
modules. The absorption efficiency of gas/liquid contactor is improving when Gz, is
increasing, as confirmed in Figure 10 as well as in the reported gas absorption processes.
The present work extends the existing study, except for using hollow-fiber membrane
contactors instead of parallel-plate membrane contactors [36] under the same inlet CO,
concentrations (30%, 35%, and 40%). The comparison of absorption efficiencies in both
modules indicated that the present design of using hollow-fiber membrane contactors is
preferred. Overall, the performance of the hollow fiber membrane absorption module is
enhanced by implementing fiber cells into the shell tube. In other words, inserting more
fiber cells into the shell tube gives a higher value of absorption efficiency, which reflects
that a more effective device performance in increasing the total absorption rate is expected.
Although the absorption flux of the operations with a 40% inlet CO; concentration in
Figure 9 is higher than that of a 30% inlet CO; concentration, the absorption efficiency with
an inlet CO, concentration is in reverse order. The results also indicate that the absorption
efficiency in the countercurrent-flow configuration with a more significant concentration
gradient is higher than in the concurrent-flow configuration.
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Figure 10. Effects of fiber number, inlet CO, concentration, flow pattern and Gz; on CO, absorption
flux (N =7 and N = 19).

5. Conclusions

A hollow-fiber membrane module for CO, absorption that implemented various
numbers of fiber cells to enhance the absorption flux was investigated theoretically and
experimentally. The theoretical predictions of concentration distributions of CO, absorption
were developed in the form of mathematical formulations by making mass balances of both
gas feed stream and MEA absorbent with the absorbent Greatz number as a parameter.
This study further examines device performance by evaluating the absorption flux | and
absorption efficiency Iy of the hollow fiber module by implementing the fiber cells into the
MEA absorbent stream, which reached a significant achievement under both concurrent-
and countercurrent-flow operations, as demonstrated in Figures 9 and 10, respectively. The
theoretical predictions of the averaged Sherwood number and absorption efficiency accom-
plished in the present study were predicted analytically without the aid of experimental
runs, as shown in Equations (56) and (58), respectively. The comparisons of the absorption
efficiency were drawn to the following conclusions:

The absorption increases with the increase of the MEA absorbent Graetz number.
The absorption efficiency is obtained by implementing fiber cells where the absorption
rate enhancement of N = 19 fiber cells is higher than that of N = 7 fiber cells but
increases with decreasing the inlet CO, concentration.

e  The absorption flux increases with an increase in the number of fiber cells and the
inlet CO, concentration.

e A more considerable absorption flux is achieved in countercurrent-flow operations
than that in concurrent-flow operations due to utilizing the driving-force concentration
gradient more effectively.

e  Fore eigenvalues were used in the calculation procedure, and a good approximation
was obtained, as indicated in Table 1. The results show that the agreement is fairly
good in predicting the theoretical predictions, with an accuracy of 4.10 x 1072 < E <
9.0 x 10! for the absorption flux.

It is worth noting that this theoretical modeling may also be applied to other hollow
fiber modules in membrane separation processes that have not previously been studied
and verified by experimental results.



Membranes 2022, 12, 1021

18 of 20

Author Contributions: Conceptualization & methodology, C.-D.H.; Formal analysis, L.C.; Data
curation, C.-C.H. and Y.-H.C.; Writing—original draft, C.-H.C.; Writing—review & editing, T.L.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by National Science and Technology Council grant number
(MOST 107-2221-E-032 -038 -MY2) and the APC was funded by National Science and Technology
Council grant number (MOST 110-2221-E-032 -024 -MY2).

Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors wish to thank the National Science and Technology Council (NSTC)
of the Republic of China (Taiwan) for the financial support.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations
C concentration in the stream (mol/m?3)
D, ordinary diffusion coefficient of CO, in Nj (m2/s)
Dy, ordinary diffusion coefficient of CO, in MEA (m?2/s)
Deg the equivalent diameter of channel b (m)
Amn coefficients in the eigenfunction F;
E the accuracy of the experimental results
Cmn coefficient in the eigenfunction F, ,,
Fu eigenfunction associated with eigenvalue A,
Gm function defined during the use of orthogonal expansion method
Gz, Graetz number of gas feed stream
Gz absorbent Graetz number
H Henry’s law constant
Ipm absorption efficiency
kpe local mass transfer coefficient for liquid phase (m/s)
L channel length (m)
N the number of fiber cells
Nexp the number of experimental measurements
Q volumetric flow rate (m3/s)
r transversal coordinate (m)
re free surface radius (m)
7 fiber inside radius (m)
To fiber outside radius (m)
Ts shell outside radius (m)
S expansion coefficient associated with eigenvalue A,
Shyg local Sherwood number
Shy, averaged Sherwood number
v velocity distribution of fluid (m/s)
o averaged velocity of fluid (m/s)
z longitudinal coordinate (m)
Greek letters
1 thickness of the porous membrane (m)
€ membrane porosity
packing density
dimensionless transversal coordinate, r/r¢
m eigenvalue

dimensionless longitudinal coordinate, z/L
dimensionless concentration

averaged dimensionless concentration
absorption flux (mol/m? s)

experimental data of | (mol/ m? s)
theoretical prediction of | (mol/ m? s)

TS TS ™ > S .
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Superscripts and Subscripts

a in the gas feed flow channel
b in the liquid absorbent flow channel
i at the inlet
e at the outlet
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