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Abstract—The chemical absorption of CO, in a monoethanolamine (MEA) solution by a ceramic hollow fiber mem-
brane contactor (HFMC) was investigated experimentally and numerically to obtain the best compromise between the
mass transfer coefficient and structural characteristics such as membrane pore size and porosity. The mathematical
model derived is based on the three resistances in the resistance-in-series model. The accuracy of the numerical simu-
lation was verified quantitatively by the experimental data obtained in this study. A good agreement between experi-
mental and computational results was found with an average absolute deviation (AAD) between observed data and
predicted values of 2.86%. In addition, the effects of the operating condition (i.e., gas and liquid flow rates) on the mass
transfer coefficients for ceramic HFMC systems were also studied, revealing that the membrane and gas-phase mass
transfer resistances were dominant factors in the overall mass transfer. In conclusion, the present study suggests that the
membrane structure plays a very important role in the optimization of HFMC performance. In fact, the best results
were obtained with an intermediate range of the pore size between 10” and 10* nm, corresponding to the best compro-
mise between performance (i.e., overall mass transfer coefficient) and applicability (i.e., breakthrough pressure).
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INTRODUCTION

Carbon dioxide (CO,) is considered as the most important ex-
haust gas, and it potentially plays an important role in the acceler-
ation of global warming. Recently, considerable research attention
has focused on the capture of CO, from a stationary source with
CO, Capture and Storage (CCS) technology [1]. Particularly, the
separation of CO, and N, from flue gases is very important in the
post-combustion CO, capture process because ambient air is com-
monly used for fuel combustion. The different methods of CO,
capture include the absorption column on chemical and physical
solvent, which is a well-known industrial process [2]. However, CO,
capture with a conventional absorption process requires large equip-
ment and high energy. Hence, it is profitable to develop new tech-
nology for CO, capture with lower costs [3]. There is an increasing
interest in the use of membrane contactors for CO, capture from
power-plant flue gas. A gas-liquid hollow fiber membrane contac-
tor (HFMC) process for gas separation has important advantages
when compared with conventional absorption processes such as
increased interfacial area, increases in the capacity factor, and lower
energy consumption [4].

Thus, several researchers have studied polymeric HFMC for CO,
capture [5-11]. However, there are limitations in applying polymeric
membranes for the membrane contactor process due to low chem-
ical and thermal stability properties. Performance degradation of
the polymeric HFMC has been reported due to pore swelling by
the absorbent [12]. In contrast, ceramic materials have little reac-
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tivity with a chemical solvent. To enhance operation stability of the
HFMC system, several authors studied the feasibility of porous
ceramic HFMC and presented comprehensive experimental reports
[13-15]. Although ceramic membrane production cost is typically
higher than the polymeric membrane production cost, research has
examined ceramic HFMC for durability and performance improve-
ment. A recent study involved an experimental analysis of the pos-
sible laboratory-scale applications of a modified hydrophobic alu-
minum oxide hollow fiber membrane for physical absorption of
CO, into H,O [13]. Koonaphapdeelert et al. tested an HFMC strip-
ping process with a porous alumina membrane and verified that
the porous alumina membrane could improve the CO, absorption
properties and process durability when compared with traditional
polymeric membranes for HFMC applications [14]. In addition, the
long-term stability of the ceramic HFMC was experimentally con-
firmed in our previous study [15]. There was a slight performance
decrease after 70 hours of operation, but no pore swelling or loss
of hydrophobic coating layer was observed. [15].

It is very important to improve and optimize the HFMC process
as well as the material of the membrane to enhance the stability
and performance of the process. Specifically, numerical modeling
of the HEMC for CO, capture application is a foundational and cru-
cial point to improve the fundamental understanding of HFMC
and then obtaining an optimal compromise between the system
variables in terms not only of membrane pore size but also of poros-
ity and performance. Furthermore, the process model can be used
as a fundamental tool to build a computer simulation platform in
the field economic evaluation studies. Thus, a large number of exist-
ing studies in the broader literature have examined the HFMC mod-
eling. Ozturk et al. [5] studied mass transfer characteristics of silicone
rubber and polypropylene (PP) HFMC for CO, removal by numeri-
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cal simulation and experiments. Boributh et al. [6] developed a
mathematical model for polyvinylidenefluoride (PVDF) HFMC
and validated the same with experimental results. Hashemifard et
al. [7] performed a numerical simulation to evaluate partial pore
wetting and discussed mass transfer in polyetherimide (PEI) and
polyethersulfone (PES) HFMC. The literature review shows that
several previous investigations examined the modeling of the poly-
meric HEMC. In contrast, to the best of our knowledge, there is
no previously published work that directly investigates the model-
ing and optimization of structural parameters of the ceramic
HFMC system for the chemical absorption of CO,.

From a modeling viewpoint, the main purpose of this study was
to examine the ceramic HEMC performance for CO, separation.
The modeling of the chemical absorption of CO, into an aqueous
monoethanolamine (MEA) solution using porous alumina HFMC
was performed by a numerical method derived from a resistance-
in-series model approach where the overall mass transfer coeffi-
cient is a combination of three different factors like mass transfer
coefficients of gas, membrane, and liquid phase. Subsequently; the
investigated model for ceramic HFMC was validated by quantita-
tively comparing the simulated overall mass transfer coefficient data
with experimental data in a gas velocity range between 1.5x10™*
m/s and 9x10™* m/s. In addition, this study also examined the rela-
tionship between the CO, concentration (5-30% CO,) as well as
the liquid velocity (0.3x10°-5x107> m/s) on the CO, absorption
properties of the HEMC system for chemical absorption of CO,
into the aqueous monoethanolamine (MEA) solution. As far as
we know, no previous research has investigated the role of individ-
ual mass transfer coefficient contributions on the overall mass
transfer coefficient in the case of the ceramic HFMC by a numeri-
cal model validated through comparison with experimental data.

Furthermore, there are key questions that are still not completely
discussed in the literature. In this context, “what morphological con-
ditions are suitable to obtain a high performance (ie., high overall
mass transfer coefficient) as well as high stability (i.e., high break-
through pressure) for a ceramic HFMC?” is arguably an import-
ant question to be addressed. To the best of our knowledge, this
question has never been addressed in depth in case of the ceramic
HFMC:s for chemical absorption of CO, in aqueous monoetha-
nolamine (MEA) solutions. For example, Li et al. [8] studied pore
structure effects on the mass transfer coefficients of a polymeric
membrane as PVDF from both theoretical and practical view-
points. The analysis indicated that a high mass transfer coefficient
of a membrane could be achieved with a large pore size and high
porosity, although significant effects on the performance were not
observed at a pore radius that exceeded approximately 10’ nm [8].
Atchariyawut et al. [9] investigated the influence of the structure of
polymeric membranes, such as microporous PVDF hollow fibers,
on the mass transfer. Specifically, the authors demonstrated that the
contribution of membrane resistance to the overall mass transfer
resistance followed a resistance-in-series model approach in which
the overall mass transfer increased with decreases in the molecu-
lar weight cut-off (MWCO) and the finger-like pores [9]. Finally,
Bakeri et al. [10] observed a strong correlation between CO, absorp-
tion property; pore size, and porosity of the surface-modified poly-
etherimide hollow fiber membrane in which the CO, absorption
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value increased with increases in the pore size of the polymeric
membrane. Interestingly, Korminouri et al. [11] suggested an inverse
relationship between breakthrough pressure and membrane pore
size in a polysulfone (PSf) HFMC. However, modeling studies exclu-
sively focused on polymeric membranes [8-11] and there is a pau-
city of studies examining the modeling and optimization of ceramic
HFMC for the chemical absorption of CO, into MEA solutions.
The model parameters in polymeric HFMC are well known in
previous reports [8-11]. However, to the best of our knowledge, no
model parameters of ceramic HFMC process have been reported.

Hence, to overcome the afore-mentioned gap between polymeric
and ceramic HFMCs and to simultaneously increase knowledge
and understanding of ceramic HFMCs for practical application,
the main objectives of the present study included the following: (1)
Examining a simulation model to identify and evaluate optimal
parameters (e.g., gas or liquid velocity and CO, concentration) to
improve the performance of ceramic HEMC, (2) performing a
detailed analysis of correlations between mass transfer coefficient
and structural characteristics (e.g., membrane pore size and poros-
ity) of ceramic HFMC, and (3) proposing general guidelines to
determine fundamental specifications and to develop a strategy for
the overall CO, capture process.

EXPERIMENTS AND MODELS

1. Experimental Procedures

The preparation of porous ALO; hollow fiber membrane is based
on the phase inversion technique followed by the sintering process
at high temperatures. The formation of a depth finger-like struc-
ture is usually attributed to the nature of a fast interaction between
the spinning suspension - consisting of Al,O; powder, polymer
binder, and solvent - and a non-solvent positioned on the precipi-
tation bath. At the same time, during spinning, an internal precipi-
tant is continuously provided through the central tube of a tube-
in-orifice spinneret. In general, it can be expected that, during the
phase inversion process, the pore structure of final AL,O, hollow
fiber membrane can be controlled by ratio between the compo-
nents of spinning suspension, nature of solvent and non-solvent
type, extrusion rate of the spinning suspension, internal coagulant
flow rate, air gap between spinneret and external precipitation bath,
and so on [13].

In this work, ALO; powder, 1-methyl-2-pyrrolidone (NMP, 99.5%,
Samchun Pure Chemical Co., Ltd., Korea), polyethersulfone (PESf,
Ultrason® E6020P, BASE, Germany), and polyvinylpyrrolidone
(PVP, Sigma-Aldrich, US.A.) were used for preparing a spinning
suspension. The suspension was mixed for 48 hours. The suspen-
sion was mixed for 48 hours and then the iron tank containing the
prepared suspension was pressurized by an inert gas for the spinning
process. The spinning suspension was extruded through a spin-
neret nozzle and, at the same time, a coagulant was fed into the
nozzle. A water bath at room temperature (23 °C) was utilized for
the phase inversion process. The obtained green bodies were dried
and finally sintered at 120°C and 1,300 °C, respectively. A mer-
cury porosimeter (AutoPore IV 9500, Micromeritics Instruments
Corp., US.A.) was used to measure the membrane pore size and
porosity. The membranes were coated with heptadecafluoro-1,1,2,2-
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Fig. 1. A diagram of the absorption HFMC used in the experiment section and details of the mass transfer mechanism.

tetrahydrodecyltrimethoxysilane (FAS, >98%, Sooyang Chemtex
Co., Ltd., Korea) to convert the nature of the surface of the mem-
brane from hydrophilic to hydrophobic. As shown in the scheme
depicted in Fig. 1, CO, absorption tests were performed for hydro-
phobic modified porous alumina HFMC with a monoethanol-
amine (MEA) solution. The lab-scale module consisted of single
AlLO; hollow fiber membranes with a length of 150 mm. Addi-
tionally, gas chromatography (GC-TCD, Master GC, Dani, Italy)
was used in the system to measure the CO, concentration in the
outlet of the gas stream. The operation was performed at atmo-
spheric pressure and room temperature. The experimental config-
uration consisted of a simulated flue gas flow (CO, 15% and N,
balanced) and an absorbent (MEA) flow. Further details are reported
elsewhere [13].
2. Modeling of the Overall Mass Transfer Coefficient (K;) in
HEMC

The local flux of the CO, gas transfer through the membrane at
steady state can be expressed as follows [14]:

]coz = KL(CCQ - C*coz) (n
where Jo, is the mass transfer flux (mol/m™s™), and K; is the over-
all mass transfer coefficient (m/s). Cco, and Cy, is the CO, con-
centrations in the solvent, and equilibrium CO, concentration of
the solvent (mol/m?), respectively.

Fig. 1 shows the mass transfer mechanism in the case of HEMC
by a resistance-in-series model approach. As clearly shown, the
overall process can be considered as occurring through three resis-
tances in serie: gas, membrane, and liquid phase resistances. There-
fore, the overall mass transfer coefficient (K;) for the non-wetted
membranes can be expressed by a resistance-in-series model ap-
proach as follows [14]:

1 1 1 1

K, Hk, "k, K, @
where k,, k,,, and k; are the individual mass transfer coefficients of
gas, membrane, and liquid phase, respectively. H corresponds to

the Henry’s law constant of CO, in the absorbent and E is the
enhancement factor. The following assumptions were used for the
mathematical model proposed in this study: The HEMC system
(1) works in an isothermal condition and (2) in the steady-state
continuous flow mode. In addition, it is supposed that (3) the nat-
ural gas follows the ideal gas law; (4) liquid flows on the lumen
side of the fiber, and (5) gas flows on the shell side of the fiber.
The method used to calculate the contributions of the individual
mass transfer coefficient (k;, k,, and k) to the overall mass trans-
fer coefficient (K;) is discussed in the next section.
2-1. Liquid Phase Mass Transfer Coefficient (k;)

When the solvent was flying in the lumen side in the hollow
fiber membrane, the liquid phase mass transfer coefficient (k;) could
be determined by Leveque correlation [16] as follows:

Sh=3.67, Gz<10 3
Sh=1.615(Gz)"*, Gz>20 ()]

where the Sherwood (Sh) and Graetz (Gz) numbers can be calcu-
lated by the following formulas:

Sh=kd/ Dcoz, MEA ©)
and
Gz=d}vi/ Dco, mea L (6)

Kreulen et al. [17] suggested an available correlation equation
irrespective of the Graetz (Gz) number. Thus, the liquid phase mass
transfer coefficient (k;) could be calculated with this correlation as
follows:

Sh=%/(3.67)’ +(1.615)’Gz 7

D : 2.
k= —-993-94-?-’*—((3.67)3+(1.615)3(—-—91-V—’-ID ®)

i Do, mEa

where Do,y Vi L and d; are the diffusion coefficient of CO, in
the MEA solution (m?/s), liquid velocity (m/s), fiber length (m),
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and fiber inner diameter (m), respectively. Specifically, the diftu-
sion coefficient of CO, in the MEA solution was calculated using
an analogy with N,O, where the correlation between the diffusion
coefficients of CO, (D¢, aea) and N,O (Dy,0,pe4) in @ MEA solu-
tion [18] is represented by the following equation:
D
Dcoz, MEA™ DNZO, MEA% ©
N,0, H,0

The diffusivity of CO, (Do, r1,0) and N,O (Dy,0,1,0) in water could
be calculated by two temperature-dependent functions as follows
[18]:

Do, 1,0=2-35% 10_Gexp(_ 2T1 19) "
Dy,0, 1,0=5.07 % 10'6exp(—213:71j -

where T is the temperature in Kelvin (K). Additionally, Ko et al.
[19] suggested a mathematical correlation between the diffusivity
of N,O in a MEA solution (Dy,, 1) expressed in m’/s and the
MEA concentration in solution. This relation is expressed by the
following equation:

Dy, 0, sza=(5.07x10"°+8.65x 107 Cp +2.78x 10" Cpyp)

—2371-93.4C, 5, (12)
xexp(f)

where Cy, is the molarity of MEA solution (mol/m’). Hence,
based on Eq. (9), it is possible to calculate the D¢g, pa-
2-2. Membrane Phase Mass Transfer Coefficient (k,,)

As reported by previous studies [8], the membrane phase mass
transfer coefficient (k,,) could be expressed as follows:

Deco. mé
k = CO,,

" 0T, (13)

where Do, ,, is the effective membrane diffusion coefficient (m®/
s), €is the membrane porosity, & is membrane thickness (m) and
7, is tortuosity. A tortuosity of 2.5 was used in the calculation of
the mass transfer coefficient, since values of 2-3 were reported in
previous studies [20] and [21]. Table 1 shows the experimental
parameters of the HFMC module for the study.

The diffusion process through the membrane is governed by

Table 1. Properties of the HFMC module

Parameter Value Unit
Fiber inner diameter 1.44x10°° m
Fiber outer diameter 2.22x107° m
Effective length 1.50x10™" m
Module inner diameter 7.53x10°° m
Pore size 3.091x10 nm
Porosity 54.27 %
Tortuosity 2.5 -
Temperature 20 °C
Pressure Atmospheric pressure -

October, 2019

two coefficients, the bulk and the Knudsen diffusion [22]. The math-
ematical relationship between these two coefficients is presented by
by the following formula:
1 __ 1 1

Dcoz, m DCOZ,gus Dy,
where Dcy, o and Dy, denote the bulk diffusion coefficient and
the Knudsen diffusion coefficient, respectively. Both types of diftu-
sion can coexist with an average pore size (d,) between 10° nm
and 10" nm [22]. The region with an average pore size between
10’ nm and 10" nm is termed as a transition region. Regions with
average pore sizes below 10° nm and above 10" nm as Knudsen and
bulk diffusion dominant regions, respectively.

The bulk diffusivity of CO, (D, ¢s) in a gas mixture (CO, and
N,) can be calculated by the Chapman-Enskog equation as follows
[23]:

(14)

0.001858T**[(M o, + My )/ Mo My 12

(15)

CO,, gu:: 2
Pogo, N;QD

where My, and My, denote molecular weight of CO, and N, re-
spectively. P is the pressure (Pa), oo, v, is the arithmetic mean char-
acteristic length (A) of CO, and N,, and €2, is the diffusion colli-
sion integral. It is useful to note that the denominator (o, ,) in
Eq. (15) can be estimated as follows:

Oco,t Oy,
Oco,, N,= —'2 (16)

where oy, (=3.941) and oy, (=3.798) represent the characteristic
length of CO, and N,, respectively. Furthermore, the diffusion col-
lision integral (£2,) (as shown in Eq. (15)) is a function of tem-
perature and can be expressed as follows [23]:

4 a3 a5 a7

2

=—+ =+ Pl T 17)
(1)" exp(a,T) exp(aT) exp(asT)

where a, (=1.06036), a, (=0.15610), a; (=0.19300), a, (=0.47635),

as (=1.03587), a5 (=1.52996), a, (=1.76474), and a4 (=3.89411) denote

constants. Thus, the value of the dimensionless temperature T"

(see Eq. (17)) can be calculated as follows:

« BT

&co, N,

T

(18)

where B is Boltzmann's constant and &, v, is the characteristic
energy determined as follows:

1/2

&co, n,= (8co,* &x) (19)

where &, and &, are the characteristic energies of CO, (g,/B=
195.2K) and N, (&;/B=71.4 K), respectively.

Knudsen diffusion coefficient (Dg,) in the Eq. (14) can be cal-
culated by the following equation [22]:

K:ﬂ 8RT
"3 N aM,

(20)

where r,, is the membrane pore radius (m) and Mco, is the molec-
ular weight of CO, (as shown in Eq. (15)).
2-3. Gas Phase Mass Transfer Coefficient (k)

As shown in Table 2, several experimental and analytical stud-
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Table 2. Shell side mass transfer correlations

Correlations Reynolds number Packing factor Reference
Sh=1 25(Red—e)0‘938c0‘33 0.5<Re<500 @:003 M.C. Yang [24]
=1. 7
Sh=1.38Re"*Sc"¥ 1<Re<25 =07, single fiber M. C. Yang [24]
Sh=0.90Re**’sc"* 1<Re<25 0=0.07, single fiber M. C. Yang [24]
Sh=(0.53—0.58@)Re"**sc"* 21<Re<324 0.32<0<0.76 M.]J. Costello [25]
Sh=0.61Re***’sc"** 0.6<Re<49 ©=0.003 P. Cotel [26]
Sh=5.8(1 (D)(d—e)Reo's NKE 0<Re<500 0.04<@<0.4, hydrophobic R. Prasad [27]
=5, 3
0<Re<500 0.04<@<0.4, hydrophilic R. Prasad [27]

Sh:6.1(1—®)(df)Re°'6Sc°'3

ies focused on the shell side mass transfer of HFMC. Consequently,
the empirical mathematical correlation between all system vari-
ables could be derived directly based on extant research as follows:

Shzf(Q))x(%) xRe’xSc” 1)
where @ is the packing density and d, is the hydraulic diameter
calculated, in turn, as 4A/U, where A is the cross section area of
the module while U is the module wetted perimeter that corre-
sponds to the sum of internal module perimeter and the total perim-
eter of all hollow fibers. &, 3 and yare constants. Re is the Reynolds
number (Re=d,pv, / 1) and Sc is Schmidt number (Sc=£4/0D g, gar)-
pand g [23] are the gas density and viscosity, respectively.

For a given membrane module, &, d,, and L are constant and
well known. In all the cases reported in Table 2, yvalue corresponds
always to 0.33, and thus Eq. (21) could be simplified as follows:

Sh=axRe’xSc™* (22)

According to Table 2, the a and b parameters are functions of
other experimental parameters. In fact, these two parameters are
linked in turn to the structural characteristics and geometry of
membrane as well as type of membrane module and operating
conditions. These parameters can be calculated and applied in a
polymeric HFMC because, as introduced, there have been numer-
ous studies to investigate the polymeric systems [24-27]. However,
to the best of our knowledge, there are no studies that examine
ceramic HFMC from the present point of view and in the sense of
the a and b parameters. It would be of special interest to enhance
these studies in terms of ceramic HFMC. Therefore, one of the
objectives of this work was to determine the optimum (a, b) param-
eters for maximizing not only the performance but also the appli-
cability of the ceramic HEMC.

2-4. Enhancement Factor (E)

DeCoursy et al. [28] suggested an approximation method for esti-

mating the enhancement factor (E) reported in Eq. (2) as follows:

_1yq2 4 E_Ha’
E= Ha S+ Ha S+ w 2 +1 (23)
2(E,-1)" N4E, -1 (Eo-D

where Ha and E_, are the Hatta number and the infinite enhance-

ment factor, respectively. Specifically, Hatta number can be defined
as follows:
_ A DCOZ, MEA(:MEAk
Ha= k (24
where k (m*/mol-s) is the rate constant of the reaction between CO,
and MEA reaction [29] and can be expressed as follows:

logk=10.99—2152/T ©5)
E, = (1 + CauaDuea )(Dcoz, MEA) 26)
VRCCOZ, D CO,, MEA Dz

where vy is the stoichiometric coefficient of the overall reaction,
and Dy, is the MEA diftusivity in an aqueous MEA solution. Addi-
tionally;, D4 can be determined as follows [30]:

Dja=exp(—13.275-2198.3/T—7.8142x10°Cy4) (27)

where C, ; can be determined by a mathematical expression already
previously proposed by Khaisri et al. [29] in the following way:

C _ (Pcoz, g+(kl(di/ d,)E/ ké)ccoz, MEA)
€0 17 1+ (k(d;/d,)E/Hk,)

(28)

where pco, , and Ceo, 4 are the partial pressure of the CO, in the
gas phase and the CO, concentration in a MEA solution, respec-
tively, and kg is determined by the following expression [29]:

k,/RT

ke= 1+ (k,/k,)(d,/d,) @)

where d, and d,, are hollow fiber outer and log mean diameters,
respectively.
2-5. Henry's Constant (H)

In the case in the present study, Henry’s law constant (H) of CO,
in MEA solution can be calculated from Henry’s law constant of
N,O by using the following equation [32]:

H
CO,, H,0

H= Hcoz, MEA-sol — HNZO, MEA-sol
N,0, H,0

(30)

Henry’s law constants of N,O (Hy, 11,0) and CO, (Heo, 1,0) in
water as a function of temperature (T) are reported as follows:

Korean J. Chem. Eng.(Vol. 36, No. 10)
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~20.860InT — 0.00252T) 31)

Hy.0,1,0= exp(158.245 - %596

—19.3031nT) (32)

Heo, 1o= exp(145.369 - %1;355

Specifically, Henry’s law constant of N,O in MEA is calculated as
follows:

HNZO, MEA-sol = HNZO, moXm,ot HNZO, MEAXMEA
(33)

)exp(—13.219xMEA)

2
+3524641.533(Xpy,0Xpz4) (1— P

and then as follows:
Hy pe=—9172.50+39.598T (34)

where Xy, and x4 are the mole fraction of H,0 and MEA, respec-
tively; in the solution.
2-6. Breakthrough Pressure

In a common HEMC process the liquid pressure was consis-
tently maintained at a slightly higher level than the gas pressure to
prevent the creation of bubbles. However, the liquid could pene-
trate into the membrane pores when the liquid pressure exceeded
the breakthrough pressure. Consequently, the value associated with
the breakthrough pressure is important information regarding the
effective application of HFMC. In fact, from an application view-
point, the probability of using a ceramic membrane for HEMC appli-
cation at high pressure increased with increases in the breakthrough
pressure. The breakthrough pressure (AP) could be calculated by
Laplace-Young equation as follows [33]:

_ 2ycosd

AP= (35)

r

»
where yand 6 denote surface tension and contact angle, respec-
tively The surface tension (y) was deducted from an extant study
[34] and the contact angle is typically in the range from 100° to
120° [13].

RESULTS AND DISCUSSION

1. Comparison Between Experimental and Simulation Data

In the study, the model for the chemical absorption of CO, into
the aqueous monoethanolamine (MEA) solutions from flue gases
using porous alumina HEMC was verified by comparing the model-
ing results with the experimental data obtained in the lab-scale
equipment. Specifically, the main parameters (ie., a, b in Eq. (22))
derived from the model calibration were validated by experimen-
tal data for different gas velocities between 1.5x10™* and 9x10™*
m/s. The parameter values were selected to minimize the objec-
tive function that was derived by comparing the simulation results
and experimental data [35,36]. The objective function (fe.) can
be expressed as follows:

3.0 1
®  Experimental results
25 4 Simulation results
—_
@ 2.0 A
E
~ .
o 15 -
b
.
W10 1
.
0.5 1 .
0.0 T T T r \
0 3 6 9 12 15

Gas velocity x 10* (m/s)

Fig. 2. Validation of the ceramic HFMC model by comparing sim-
ulation results and measured experiment data.

fohjective = Z(EXP - Slm)z (36)

Fig. 2 presents the experimental results of the overall mass transfer
coefficient (K;) obtained as a function of gas velocity in the studied
range (1.5x107*-9x10*m/s) and the simulation results obtained
by the model examined in the present study. The corresponding
values are given in Table 3. Evidently, as shown in Fig. 2, the simu-
lated results were in good agreement with the experimental data.
Note that the error between the modeling and experimental results
calculated by the average absolute deviation (AAD) calculation
method was estimated as approximately 2.86%. Specifically, AAD
was determined from the experimental (Exp) and simulated (Sim)
data for N data points by the following mathematical equation
[37,38]:

1

AAD=C3 x100% (37)

Exp—Sim|
Exp

The a and b parameters in Eq. (22) were determined from the
fitting curve equations reported in Fig. 2. This method indicated
that the values of a and b parameters corresponded to 6.5 and 0.8,
respectively. These results go beyond previous reports regarding
polymeric HFMC, showing that the obtained values can be used
to develop new models specifically for the ceramic HFMC case
instead of that used in the polymeric membrane. It can be observed
that there is a slight difference between previous values obtained in
the polymeric HEMC cases (see Table 2) and the values estimated in
the present study (see Table 3). This difference can be attributed to
the characteristics of the ceramic membrane, low Reynolds num-
ber, and packing density. For example, the ceramic HFMC mem-
branes are commonly manufactured with a large-scale diameter
and thickness because most of the ceramic membranes are more
frangible when compared with the polymeric membrane. Thus,
the a and b parameters in the ceramic HFMC typically corre-

Table 3. Optimum parameters for the mass transfer of the ceramic HFMC

Parameter a Parameter b

Reynolds number

Packing factor AAD

6.5 0.8

0.0006<Re<0.003

0=0.004 2.86%
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Table 4. Comparison of the CO, mass transfer coefficient for the HFMC

Experiment Membrane material Gas/flow rate Liquid/flow rate Overal.l mass transfer Reference

/model coefficient (m/s)

Experiment  ALO, 15% CO,/50 ml/min 20 wt% MEA/10 ml/min 1.67x10™ This work
PVDEF 20% CO,/200 ml/min 6.1 wt% MEA/818.92 ml/min  7.43x 107 [39]
Polytetrafluoroethylene (PTFE) ~ 40% CO,/170 ml/min 4 wt% AMP/111 ml/min 1.48x10™* [40]

PP 20% CO,/250 ml/min 3 wt% MEA/9 ml/min 50x107* [41]
PP 20% CO,/200 ml/min 6.2 wt% MEA/17 ml/min 2.0x10™ [42]
PP 14% CO,/106 ml/min  18.6 wt% MEA/6.1 ml/min 56x10™ [43]

Model ALO; 15% CO,/50 ml/min 20 wt% MEA/10 ml/min 1.65x10™* This work
Hydrophobic polymer Pure CO,/30 ml/min  Pure water/60 ml/min 0.95x107 [22]

PTFE 15% CO,/15ml/min 183 wt% MEA/72ml/min  5.00x10™* [31]
PVDF Pure CO,/200 ml/min 122 wt% MEA/1045 ml/min ~ 2.5x10™ [44]

sponded to large values when compared with those of the poly-
meric system. The ceramic HFMC model possessed an intrinsic
value to also predict and verify the experimental results, and the
model provided fundamental data for computer simulations and
economic evaluations.

To the best of our knowledge, previous studies did not exam-
ine the HFMC or similar applications with other inorganic mem-
branes. Therefore, it is difficult to systematically compare the in-
formation obtained in the present study regarding the porous alu-
mina membranes with other kinds of organic membranes. Despite
the fact that most studies have focused on the polymeric system,
we attempted to compare our results with the results of the already
published analysis on the polymeric HFMC with respect to exper-
imental and modeling studies (see Table 4). As indicated by previ-
ous studies, the overall mass transfer coefficient (K;) of the HFMC
was approximately in the range of 7.43x107-5.00x10"* m/s even
with variations in the operating conditions such as gas and liquid
flow rates. The overall mass transfer coefficient obtained in this
work is approximately 1.7x10™ m/s, which corresponded to a very
high level when compared with those obtained in previous studies
on the polymeric HFMC. Hence, it was confirmed that alumina
with high stability were alternatives for polymers with respect to
membrane materials. Additionally, alumina HFMC possessed im-
mense potential as a candidate for the CO, capture process sub-
ject to the optimization of the pore structure of the membrane
and operating conditions (i.e., liquid velocity and CO, concentra-
tion). In the next sections, these two aspects will be analyzed and
compared to each other.

2. Effect of the Liquid Flow Rate and CO, Concentration on
Mass Transfer

Fig. 3 shows the overall mass transfer coefficient relative to lig-
uid flow rate (in the range of 0.3x107-5x10~° m/s) for three differ-
ent CO, concentrations (5% CO,, 15% CO,, and 30% CO,). The
results indicate that the liquid velocity exerted a small effect on the
mass transfer coefficient because the amount of liquid was suffi-
cient to absorb the CO, and consequently the reaction rate between
CO, and MEA increased. This fact was in good agreement with
the data reported in previous studies for the MEA case [43,45,46].
In addition, it can be noted that the overall mass transfer coeffi-
cient increased based on the CO, concentration of the gas phase.
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Fig. 3. The overall mass transfer coefficient based on liquid veloc-
ity and CO, concentration.

Specifically, the overall mass transfer coefficient increased from
approximately 1.63 to 1.65x10" m/s (+1.2%) when the CO, con-
centration increased from 5% to 15%. This behavior can be at-
tributed to the effect of an increase in driving force in accordance
with an increase in the speed of gas diffusing into the liquid. In con-
trast, the effect of CO, concentration on the overall mass transfer
coefficient did not double when the CO, concentration increased
from 15% to 30%. The increased CO, concentration was only one
of the different variables that caused the decrease in the gas phase
mass transfer resistance based on Eq. (22). Additionally, the over-
all mass transfer resistance consisted of the liquid, membrane, and
gas phase mass transfer resistances as shown in Eq. (2) and Fig. 4.
3. Liquid, Membrane and Gas Phase Mass Transfer Resistances
Fig. 4 shows the influence of the gas flow rate on the overall mass
transfer resistance based on a resistance-in-series model approach.
The overall mass transfer resistance decreased with increases in the
gas flow rate. Specifically; the overall mass transfer resistance of the
ceramic HFMC system decreased from 5608.8 s/m to 449.1 s/m
when the gas flow rate increased from 0.005 m’/h to 1 m’/h. Fur-
thermore, the three resistances (k; k, and k,,) that acted in a series
since they affected the overall rate of CO, transfer of the ceramic
HFMC (see Fig. 1) were calculated from the validated model ob-
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Fig. 4. Individual mass transfer resistance based on the gas flow rate.

tained in the previous section. The partial contributions of the three
resistances on the overall mass transfer resistance (K;) and based
on the gas flow rate were separated in the study by Eq. (2) and equa-
tions were derived (as shown in Eq. (3)-Eq. (34)). Fig. 4 shows the
histogram of the differences in value (s/m) and in percent (resis-
tance contribution, %) of the mass transfer resistance contributions
based on the gas flow rate.

Hence, the results indicated that the calculated liquid phase mass
transfer resistance was very small and negligible in all the cases
considered in the present study. For example, it is very interesting
to note that the partial contribution of the liquid phase mass trans-
fer resistance (k;) constituted only approximately 0.43% of the overall
mass transfer resistance when the gas flow rate corresponded to
1 m’/h. Conversely, as shown in the Fig. 4, the value of the resis-
tance associated with the gas phase (k,) was dominant over the other
resistances (ie., liquid and membrane phase mass transfer resis-
tances) with respect to the low gas flow rate. This fact is easily ex-
plained given that with respect to a low gas flow rate, sufficient gas
could not be provided on the gas/membrane interface of a ceramic
HFMC, and this could be responsible for the low liquid (k) and
membrane (k,) phase mass transfer resistance contributions. With
respect to the membrane phase mass transfer resistance (k,,), this
contribution predominated when the HFMC system was charac-
terized by a high gas flow rate. From the results, it is clear that the
structural optimization of the membrane phase nature is a key point
for increasing the efficiency of the HFMC process by increasing
the gas flow rate. In the next section, with the aim to extend our
knowledge on advanced HFMC, the model will be extended to
the structural characteristics of the membrane (ie., membrane
pore size and porosity).

According to the chemical reactions between the absorbate and
the absorbent, it is well known that the absorption is divided into
two parts: chemical absorption and physical absorption. This study
mainly focused on the chemical absorption of CO, in aqueous
MEA solution in a ceramic HFMC, but the properties of a pure
physical absorption with only water (MEA 0%) were also investi-
gated to explain the advantages of the chemical absorption. Fig. 5
shows the overall mass transfer coefficient as well as the each con-
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Fig. 5. The effect of MEA concentration on CO, mass transfer coef-
ficient (composition of CO,=15%, gas flow rate=0.01 m*/h
(=166.7 ml/min)).

tribution of the gas phase, membrane and liquid phase mass trans-
fer terms according to the MEA concentration between 0% and
40% MEA concentration. The overall mass transfer coefficient of
the physical absorption was 22.5-times lower than that of the
chemical absorption. In contrast to chemical absorption, physical
absorption is a process dominated by the mass transfer resistance
of the liquid phase (k) as shown in the right side of Fig. 5. That is
because CO, could be hardly dissolved in water, whereas CO, was
absorbed in MEA. Thus, liquid phase mass transfer is important
part in physical absorption. From this point of view, it becomes
evident why the chemical absorption with amine solution is com-
monly used for CO, capture to minimize the liquid phase mass
transfer resistance and maximize the CO, absorption properties.
4. Membrane Optimization for Advanced HFMC Applications
4-1. Effect of the Membrane Pore Size and Porosity on Overall
Mass Transfer Coefficient

Here we have investigated the effect of membrane structure on
the HFMC performance by a numerical study of the overall mass
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Fig. 6. Overall mass transfer coefficient based on the membrane
pore size and porosity.
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transfer coefficient. Fig. 6 shows the calculated overall mass trans-
fer coefficient (m/s) relative to the membrane pore size (10~'-10°
nm) for three different types of membrane porosities (20%, 40%,
and 60%). The mean free path theory states that the gas diffusion
mechanism is a function of membrane pore size and can be defined
with Knudsen, bulk, and combined diffusion mechanisms [22].
Thus, the results indicate that the overall mass transfer coefficient
is very low in the Knudsen diffusion dominant region (see the left
side of Fig. 6) with extremely small membrane pore size. Hence,
membranes with a small pore size (that is, a pore size less than 100
nm) are unsuitable for the ceramic HEMC system. In the transi-
tion region, the overall mass transfer coefficient increased with
increases in the membrane pore size, and this implied that the col-
lision between the CO, gas molecule and the pore walls decreased
with increase in pore size in agreement with previous studies [8].
The overall mass transfer coefficient reached a maximum value in
the bulk diffusion dominant region (see the right side of Fig. 6).
Specifically, when the overall mass transfer coefficient reached a
constant plateau, the value of saturation increased with increases
in the porosity. At 60% of membrane porosity in the bulk diftu-
sion dominant region (ie, 10°nm<d,), an overall mass transfer
coefficient value of 10.02x10° m/s was observed. This indicated a
162% increase in the overall mass transfer coefficient with respect
to an increase in membrane porosity from 20% to 60%. Hence, it
can be concluded that the membranes should possess a high pore
size (exceeding 10° nm) and high porosity to achieve high perfor-
mance (ie., overall mass transfer coefficient). As a result, with respect
to these structural conditions (high membrane pore size and high
porosity), the HFMC system worked as shown in the up-right side
of the graph in Fig. 6.

4-2. Effect of the Membrane Pore Size on the Breakthrough Pressure

The breakthrough pressure is defined as the maximum pres-
sure at which a liquid passes through the structure of a membrane
and emerges from the opposite membrane surface. The break-
through pressure is a very important variable affecting the applica-
bility of HEMC. Also, membrane structural characteristics of the
bulk as well as the nature of the ceramic membrane surface and,
in particular, its hydrophobicity (ie., contact angle) are all factors
that affected the breakthrough pressure and then practical applica-
tions [47-50]. As is commonly known, hydrophobic modified porous
alumina hollow fiber membrane displays a contact angle between
100° and 120° [13].

In this section, the analysis of the influence of the membrane pore
size on the breakthrough pressure in a ceramic HFMC system char-
acterized by different contact angles (100°, 110°, and 120°) was inves-
tigated.

As shown in Fig. 7, the breakthrough pressure increased with
the increasing contact angle. However, from a practical viewpoint,
it was very difficult to indefinitely increase the hydrophobicity due
to the intrinsic nature of ceramic materials. Another interesting
point is that it can be observed in Fig. 7 that the breakthrough pres-
sure decreased with increases in the membrane pore size. A mem-
brane in the bulk diffusion dominant region (see the right side of
Fig. 7) exhibited almost zero breakthrough pressure (less than 0.15
bar) without any practical applications. Here, in apparent contrast
with the discussion in the previous section, it can be assumed that
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Fig. 7. Breakthrough pressure based on membrane pore size and
contact angle.

high membrane stability (i.e., breakthrough pressure) for an HFMC
process can be easily obtained with a membrane characterized by
a low pore size distribution (ie., less than 10 nm) and high hydro-
phobicity (ie., contact angle). As a result, with respect to these struc-
tural conditions (ie., low membrane pore size and high hydro-
phobicity), the HEMC system worked well as shown in the up-left
side of the graph reported in Fig. 7.

This study examined the mathematical relationship between
structural parameters (ie., membrane pore size, porosity; and hydro-
phobicity) and the overall mass transfer coefficient and break-
through pressure. Our results demonstrated that a ceramic membrane
for advanced HFMC applications with an intermediate pore size
between 10° nm and 10" nm, high porosity and high contact angle
values, has all the characteristics specified for a good compromise
between performance (overall mass transfer coefficient) and stabil-
ity (breakthrough pressure).

CONCLUSION

Ceramic hollow fiber membrane contactors (HFMC) for CO, gas
separation were examined experimentally and theoretically through
absorption measurements of CO, in a monoethanolamine (MEA)
solution and calculations. We derived the mass transfer coefficient
(K}) as a whole as well as its component parts - liquid phase mass
transfer coefficient (k;), membrane phase mass transfer coefficient
(k,,), and gas phase mass transfer coefficient (k) - by applying a
resistance-in-series model approach. There exists a considerable
body of literature on polymer HEMC, but to our knowledge, this
is the first report regarding the ceramic HFMC and the effects of
the operating condition (ie., gas and liquid flow rates, CO, and MEA
concentrations) and membrane characteristics (i.e., membrane pore
size, porosity, and hydrophobicity) on the overall mass transfer co-
efficient.

First, from the obtained results, it is clear that there is a good
agreement between predicted and observed values with an aver-
age absolute deviation of 2.86%, indicating that the model was sig-
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nificant. This is an important finding because it suggests that the
applied model to the ceramic HEMC system has satisfactory pre-
dictive ability.

Second, the results of this study indicated that the membrane
phase mass transfer resistance was more important than the other
two resistances (liquid and gas phase mass transfer resistances) in
a practical situation where the high gas flow rate is an important
factor for large-scale industrial application. Thus, the study also veri-
fied that the ceramic HFMC membrane structure played a very
import role in optimizing overall HFMC performance and appli-
cability in the field of inorganic membranes.

Third, the same mathematical model was also used to examine
the relationships between some specific structural parameters, such
as membrane pore size and porosity, on the overall mass transfer
coefficient. According to this model, the overall mass transfer coefti-
cient of ceramic HFMC was found to be increased with increas-
ing membrane pore size to a maximum value in the bulk diffusion
dominant region with large pores (>10* nm). Also, as the porosity
increased from 20% to 60%, the overall mass transfer coefficient of
ceramic HFMC increased markedly.

In the last part of this study, mathematical correlations between
pore size distributions, contact angle, and breakthrough pressure
were investigated. The breakthrough pressure increased substan-
tially with decreasing membrane pore size, reaching a maximum
below 10° nm. At the same time, the breakthrough pressure increased
with the contact angle from 100° and 120°, and this effect became
more evident at low membrane pore sizes.

For practice, the results obtained in the present study showed
that a compromise is needed between (1) performance achieved by
designing a proper ceramic membrane with large pore sizes (>10°
nm), on one side, and (2) applicability and stability thought a rea-
sonable value of breakthrough pressure obtained by a membrane
with small pores (<10° nm), on the other side. In conclusion, the
broad implication of the present research is that optimal results
were obtained using a ceramic HFMC with the membrane char-
acterized by a pore size ranging from 10°nm to 10’ nm. In this
intermediate region, which was the result of a compromise, it can
be seen that an appropriate increase in the membrane porosity
and contact angle can effectively help to obtain higher overall mass
transfer coefficient with a right breakthrough pressure.
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NOMENCLATURE
A :cross section area [m’]
B :Boltzmanns constant

Ceo, Ceo, : CO, concentration in solvent [mol/m’]

Ceo, 4 : concentration of CO, in MEA solution [mol/m”]
Cyea : molarity of MEA solution [mol/m’]

d,  :hydraulic diameter [m]

d, d,, d,, : hollow fiber outer, inner and log mean diameters [m]

October, 2019

d,  :membrane pore diameter [nm]

Do, gus : bulk diffusion coefficient [m/s]

Do, 0 - diffusion coefficient of CO, in MEA solution [m?/s]
Do, m : effective membrane diffusion coefficient [m®/s]

Do, vea : diffusion coefficient of CO, in the MEA solution [m’/s]
Dy, :Knudsen diffusion coefficient [m?/s]

Dyz4 : diffusion coefficient of MEA in aqueous MEA solution [m?/s]
Dy, 1m0 : diffusion coefficient of N,O in MEA solution [m*/s]
Dy, 14 : diffusion coefficient of N,O in MEA solution [m’/s]

E : enhancement factor

Exp :experimental data

E, :infinite enhancement factor

Gz :Graetz number

H  :Henrys law constant [Pa-m’/mol]

Ha :Hatta number

Joo, :mass transfer flux [mol/m*s ']

k : reaction rate constant of CO,-MEA reaction [m®/mol-s]
k,, k,,, k;: mass transfer coefficient in gas, membrane, and liquid
phase [m/s]

K;  :overall mass transfer coefficient [m/s]

Mo, My, : molecular weight of CO, and N,

L : fiber length [m]

Pco, : partial pressure of the CO, in the gas phase [Pa]
P : pressure [Pa]

AP :breakthrough pressure [Pa]

r, :membrane pore radius [m]

Re  :Reynolds number

Sc  :Schmidt number

Sh  :Sherwood number

Sim :Simulated data

: temperature [K]

: dimensionless temperature

U :wetted perimeter [m]

v;  :liquid velocity [m/s]

vz :stoichiometric coefficient

Xp,00 Xpiea : Mole fraction of H,O and MEA in the solution

T
T*

y  :surface tension

d  :membrane thickness [m]

&  :membrane porosity

Ecop &, - characteristic energy of CO, and N,
0  :contact angle

M :gasviscosity [kg/m-s]

P :gasdensity [kg/m3]

Cco Oy, : characteristic length of CO, and N, [A]
7,  :tortuosity

@  :packing density

£, diffusion collision integral
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