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Experimental results from a gas absorption membrane (GAM) system were simulated using a comprehensive
mathematical model. Originally, the model was developed to simulate carbon dioxidggsdrption into
aqueous solutions of monoethanolamine (MEA) in a packed column. The current work has modified the
original model and demonstrates that packed-column models can be altered for membrane-based absorption
systems, providing that the gabquid contacting mechanism is considered. The experimental data was
generated using three GAM modules connected in series that contained microporous hollow-fiber poly-
(tetrafluoroethylene) (PTFE) membranes. Simulation results showed that the model predicted the performance
of the GAM system with reasonable accuracy. The average absolute deviation (ADD) of the model was
1.9%. This work has demonstrated that packed-column models can be modified with relative ease to simulate
the performance of GAM systems.

1. Introduction Absorbent

The capture of C@from industrial flue gases has traditionally
been carried out in large absorption plants that are subject to
liquid channeling, flooding, entrainment, and foaming problems.
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membrane modules that avoid these problémass transfer
in GAM systems occurs after the gas has diffused through a @/
microporous membrane that separates the gas and liquid phases. )
The membrane provides a contact area for the mass transfer to
occur, much like the packing in a packed column. This is Flue Gas
depicted in Figure 1 for CQabsorption in a GAM system.
Kumar et aP identified the advantages of this type of arrange- Figure 1. Mass transfer in a microporous GAM system.
ment, which include independent liquid and gas flow, a high
surface area-to-volume ratio, and linear scale-up. On the nega-experimental data. Kim and Yahgused a GAM system
tive side, Dindore et a.noted that the membrane adds an containing poly(tetrafluoroethylene) (PTFE) membranes to
additional level of resistance to mass transfer. This resistanceabsorb CQ into various amine solutions. Results from their
can be significant if the membrane is wetted by the absorption mathematical model were comparable to the experimental
solution. values. Lee et dconducted a comprehensive numerical analysis
During the past twenty years, a great deal of research hason GAM systems. Numerical solutions were employed to solve
been conducted to evaluate the performance of GAM systems,the nonlinear partial-differential equations. The model worked,
both experimentally and mathematically. The idea to use but they lacked the experimental data to evaluate the accuracy
microporous membranes as contactors in,CAbsorption of the simulations. Work by Kumar et altested amino acid
processes was first proposed by Qi and Cugdidieir initial salt solutions for C@absorption in GAM systems containing
work showed that hollow-fiber membranes could be used in PP membranes. The work addressed the wetting problem that
absorption applications. They concluded that membrane moduless common with amines and polyolefin membranes. They
have an advantage over packed towers because of their larggleveloped a numerical model for their system that predicted
surface area-to-volume ratio and independent liquid and gas flow experimental values within 25%, given a wide range of operating
rates; however, the membrane adds a new element of resistanceonditions. Hoff et aP. studied the absorption of GQnto
to mass transfer. Work by Karoor and Sirkatudied acid gas ~ monoethanolamine (MEA) and methyldiethanolamine (MDEA)
absorption into water using GAM systems containing polypro- solutions in a GAM system containing PTFE membranes. Their
pylene (PP) membranes. They found that, when the membranesomprehensive model predicted the experimental results with
became wetted, the resistance to mass transfer was higher. A good degree of accuracy. Until very recently, no reports of
mathematical model developed to simulate their experimental GAM experiments using two or more modules in series had
results produced values that were in good agreement with theappeared in the literature. Dindore et&investigated a cross-
flow GAM system that operated with up to four modules in
series. Acid gases were absorbed into solutions of potassium

(2

N

§
\x
3
/y

<

Flu; Gas

* To whom correspondence should be addressed. Tel.: (306) 585-

4160. Fax: (306) 585-4855. E-mail: paitoon@uregina.ca. carbonate. A detailed mathematical model based on first
T University of Regina. principles was able to accurately predict the experimental data
* University of Waterloo. generated by the GAM system.

10.1021/ie050568m CCC: $33.50 © xxxx American Chemical Society
Published on Web 01/11/2006 PAGE EST: 5.8



B

Table 1. Membrane and Membrane Module Characteristics Table 2. Experimental Operating Conditions

Description of 2-mm PTFE Hollow-Fiber Membranes operating condition range

fiber outer diameter (mm) 2.0 inert gas flow rate (kmol/(#h)) 31.6

fiber inside diameter (mm) 1.0 liquid flow rate (n¥/(m2-h)) 73.3-173.2

wall thickness (mm) 0.5 MEA concentration (kmol/rf) 2.0

membrane porosity (%) 50 CO; feed concentration (%) 9:515.2

membrane length (m) 0.122 feed solution C@loading (kmol/kmol) 0.28

Description of Membrane Modules . .. .

fibers per module 57 apparatus. During steady-state conditions, the concentration of
outside specific area ¢md) 581.6 CO; in the gas phase was measured along the length of the
inside specific area (#fm?) 290.8 GAM system using the infrared gas analyzer. Gas and liquid
module void fraction (%) 70.9

temperatures inside the contactor were measured and liquid
samples were collected and analyzed for their, @&ading.

In the current work, three GAM modules containing PTFE Table 2 lists the experimental operating conditions.

membranes were connected in series to absorbi@®aqueous
monoethanolamine solutions. A study by Falk-Pederson and
Dannstion'! suggested that PTFE is the only suitable membrane
for use with alkanolamines. System performance was modeled The goal of the modeling component in this work was to
using a comprehensive mathematical model that was originally show that mathematical models originally developed for packed
developed for packed columns. By properly accounting for the columns can be used to simulate the performance of GAM
gas-liquid contact area, the simulation results were in good systems. Providing that the contact between gas and liquid

3. Model Development

agreement with the experimental data. phases is properly accounted for, absorption models should work
regardless of whether the contacting medium was packing or a
2. Experimental Work membrane. Aboudheir et #.developed a rigorous computer

. program for CQ absorption with MEA solutions in randomly
Atotal of 10 experiments were QOne to assess the performancepacked columns. The model contained three main compo-
of .the GAM system. .Three. identical membrane modules were nents: (1) a material and energy balance model developed by
built and conn_ected in series to form the GAM system. Each Pandyas (2) a vaporliquid equilibrium (VLE) model and
module contained 57 microporous PTFE hollow-fiber mem- o 5160y jar-kinetics model developed by Aboudheir efal.:
branes. Table 1 lists the cha}racterlstlcs of the membranes ancimd (3) physical properties published in the literature. Pandya’s
the modules._ Aqueous solutions of MEA were used to gbsorb material and energy balance model was the first work on design
CC, fro_m a S|mulgte_d flue gas stream containing Z_G’md air. techniques for gas absorption with chemical reaction in adiabatic
A detglled description of the GAM system design and the packed towers. The model considers heat effects from absorp-
experimental procedures has been provided elsevifiered tion, solvent evaporation, and condensation, plus it accounts

on||\)/1 brigf details (\jNillI be provti)dgld he_re. lic tubing that had for the chemical reaction in the liquid phase as well as the heat
.emd r%'.qe moadu ?sz\évere ;' t;smg ac||ryr|19 Lu Ing tEat ha and mass transfer resistances in both phases. Aboudheft*et al.
an inside diameter o mm dr 6 mmwall thickness. Eac used Pandya’s methodology, in combination with their own VLE

:nodule twas rou?hly O.'ztslm tloggl W'tht glas, tflllq'll:l;]d, antd and termolecular-kinetics models, to simulate the @sorption
emperature sampling points located along Its length. 1he sys emprocess in packed-bed columns. The model was written in

was operated under a countercurrent flow regime for optimum FORTRAN 90 and works very well for absorption columns
performance. The simulated flue gas stream entered at the t°ppacked with random packirig:l® The current work has ex-

(.)f the mod'ule on the shell-side and flowed down, while lean panded this model to simulate the absorption performance of
liquid solution entered at the bottom of the system and flowed GAM systems

upward through the hollow-fiber lumen. Previous work by papyas made the following assumptions in order to write
deMontigny et af® has shown that the mass Fransfer perfor- the main equations for the mass and energy balances in his
mance of GAM systems is better when the liquid flows through model: (1) the reaction is fast and occurs in the liquid film

the lumen. Figure 2 shows a schematic of the experimental such that the bulk liquid is in equilibrium; (2) liquid-phase heat

Gas transfer resistance is small when compared to that in the gas

Liquid Out  GasIn Filter phase;. (3) mass tran.sfer res_istance for water in the liquid phase
is negligible; (4) the interfacial area for heat and mass transfer
) Gas = .. Air is the_ same; and (5) only GGnd water vapor can cross the
GAM Mixer gas-liquid interface. The system is also assumed to operate
Gy pi— CO, under steady-state conditions. On the basis of these assumptions,
T Liquid In the main equations required for the mass and energy balances
= were written. For the concentration gradients of the gas species,
Gas Out Liquid Flow Pandya® wrote the following:
H Control
I )\ dYs  —Kac@P(Yac — Yai) 1
dz Gy @)
X
Pm’l{p Iﬁﬂlﬁf dYs  —ks@P(Ysc— ¥s)

Temperature gradients were written for both the gas and liquid
Figure 2. Schematic of experimental G@bsorption apparatus. phases:
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When it comes to modeling absorption processes, usually the\_"r/‘_ v
inlet gas and liquid conditions are known, and the outlet Its  Irs+1 Y, < assume
conditions are unknown. Aboudheir solved this two-point y

boundary value problem in his model using the shooting method.
By initially assuming that the temperature and moisture content| y ,y,,7,.,7,,c,,a < at Z,,,

Non-Deterministic
Loop

of the outlet gas is in equilibrium with the inlet liquid, the outlet

liquid conditions can be determined by applying mass and AZ < calculate

energy balances across the absorber. The shooting-method 7 e Z+AZ E « enhancement — factor
solution progresses upward along the column, computing B ¥

profiles for the temperature and concentration until the specified AY, « assume

CO, outlet concentration is achieved. If the calculated conditions N, < absorption — rate
at the top of the column do not converge with the initially 4 v
assumed values, new outlet gas conditions are assumed and the ~ dY, dY; dT, dT,

procedure is repeated. This procedure is outlined in Figure 3, dz ' dz’dz’ dz Ysi-new < calculate
which shows a simplified flowchart for the FORTRAN 90 4

program that solves the system of equations (eg5)1The Y, <Y, ..

parameters demanded by the model for each absorption case

are obtained from available experimental measurements or
correlations. These parameters are programmed into subroy_tlne,s_igure 3. Flowchart for the simulation model.

that are called by the main program at each operating condition.

More details on the original model can be found in Aboudheir Table 3. Mass Transfer Correlations for CO, Removal in GAM

et allé Systems

3.1. Correlations Used in the GAM Model. To adapt lumen
Aboudheir's model for GAM systems, correlations for the source correlations side
effective surface areaf), the gas-phase mass transfer coef- Niiand Takeuch® Shs = 0.41(1h)(dy/do)2(dn/Z)02R335933 liquid
ficient (kg), and the liquid-phase mass transfer coefficidqj ( Sh = 1.62((d/2)ReS§*33 o
had to be changed. According to Geankoplispass transfer ~ Rangwala® Shs = 0.00250/Pey)RE#SE-44 liquid

Sh. = 1.62623 = 1.62(2u./D, 2)033

coefficients that are obtained from a variety of fluid systems, gpaymiketaro  sh = 0.5RISE: gas
geometries, and operating parameters can be correlated usingerreira et ab! Sh. = 0.3R5SEO-3 gas
dimensionless numbers. This allows for performance compari- Li and Ted? Sh = 1.164(l/ZRg%-%6'5 032 gas
sons between different systems. These correlations typically Feronand Jansén Shs = 0.9R€S¢*2 . liquid
result in a general equation of the form Sh = ((4*+ 1.6°Re Scjiz)*

Sh=f(ReS9 ) Nii and Takeuchi, they modified an equation proposed by

Takeuchi et af3to calculate thég, and they used the kéque?

whereShis the Sherwood numbeReis the Reynolds number, ~ €quation to calculate th& . The expanded forms of these
and Sc is the Schmidt number. By selecting appropriate €quations are given below:

correlations to calculate the gas- and liquid-phase mass transfer
coefficients in a GAM system, it was possible to modify ke = 0.41 Da l(d_S)2'0(%)0'25(%)0'33(ﬁ)0'33 (6)
Aboudheir’'s packed-column model to simulate the performance d.RTn\d, L Vg Du
of the GAM system used in this study. Table 3 lists a variety
of mass transfer correlations published in the literature fos CO D, (d;\%-33(d.u, \0-33 v \0-33
removal in GAM systems. There are numerous mass transfer k=16 di\c/] \». ) \D, @
correlations published in the literature, because GAM systems '
come in a variety of configurations: When the liquid phase flows through the fiber lumen, it can be
« Flow in the fiber lumen: liquid or gas; assumed tha#e equals the total surface area, such that
e System orientation: cocurrent or countercurrent;
o Shell-side flow: parallel to the fibers or perpendicular to A=A (8)
the fibers;
« Hollow-fiber packing density and arrangement. 3.2. Adapting the Correlations. When the correlations
In this work, the liquid-phase flowed in the hollow-fiber presented by Nii and Takeuéhiwere used as presented, the
lumen. Correlations proposed by Nii and Takedizhiere model predicted the experimental results with a high degree of

selected because they also tested microporous PTFE membranesccuracy. The average absolute deviation was 2.66% when using
with alkanolamines for C&capture. In the simulation work of  the original equation. This can be seen in Figure 4, where a



16.0 was conducted at a gas-phase,@&&d concentration of roughly
Oy 15.2%. The experimental results are listed in Table 4 for all 10
E@ experiments. Inlet and outlet temperatures are given for both
the gas and liquid phases. Note that the temperature values did
not change a great deal over the length of the GAM system.
12.0 This can be attributed to the relatively small modules. Larger
© Y=009 temperature differences are seen in taller packed columns. The
0 Y=016 effect of having a smaller reactor is also seen in the @®oval
o0 rates, which range from 13 to 20%. A larger reactor would
display a more prominent temperature profile and capture the
8.0 - bulk of the CQ gas. This is not to say that a GAM system
cannot achieve high levels of performance. In fact, GAM
systems have been shown to perform better than packed

14.0

10.0 -

Measured CO; Concentration

6.060 s‘o 1(;0 1£o 140 16.0 columns:2
) ’ Predicted CO; Concentration i ) The S|mulat|on rgsults obtained using the. modlflgd l\!n and
Figure 4. Parity plot for the model using the original correlations of Nii Takeuchlk'- C_O”elatlon are _Shown in the pa”ty plot in Figure
and Takeuchi. 5. A slight improvement in the results is observed when

compared to the simulation that used the original Nii and
parity plot of the predicted results and the experimental results Takeuchik_ correlation. The original equation produced results
is shown. While these results are good, an effort was made tothat had an average absolute deviation of 2.66%, while the
improve the accuracy by conducting a nonlinear regression modified equation had an average absolute deviation of 1.91%.
analysis on one of the correlations in the model. Since the The new liquid-phase mass-transfer-coefficient correlation is
effective area is fixed in the GAM system and the liquid flowed given below:
through the fiber lumen, eq 7 was chosen for the regression in

an attempt to identify newX; and X, coefficients: Original Nii and Takeuchi correlation:
D [d\%efdu, %o v, \X K, 1aﬁ(d‘)o'ss(di“L)o'Sg(”L)0'33 @)
. AfG) AU VL =L 1 5 s
k_correlation: k. = X; ) (L) ( e ) (DA) 9) i v A
) ) L Modified Nii and Takeuchi correlation:
The nonlinear regression program was run to minimize the D, [d\0-33/d.u, \0-33( », \0.33
following error function, k = 2.07—= -= - (12)
d \L VL Dy

D, (D (d(D) X@)

F(1) = k. (Dlfiged — (X(l)dé—(l)(mReS} ) (10) The degree of improvement between the original and modified
! Nii and Takeuchi correlations is small and does not have a huge

whereX(1) andX(2) are the coefficients in the Nii and Takeuchi Impact on the results. The main focus of th|s_, work was to modify
liquid-phase mass-transfer-coefficient correlation. an existing packed-column model SO th_at is cogld succeg;fully

simulate a GAM system. This was achieved with the original

Nii and Takeuchi correlation. However, since it did not require
much further work to complete a regression analysis, the

A total of 10 different runs were conducted using the GAM modified correlation was developed.

system. Two sets of experiments were conducted that measured In comparing the simulation results from both sets of
the effect of liquid flow rate on mass transfer rates. One set of experimental data, it was noticed that the model tended to
experiments was conducted with a gas-phase @@d con- produce more accurate results at the bottom of the GAM system

centration of roughly 9.5%, and the second set of experimentswhere the gas-phase @€oncentration was low. This is evident

4. Results, Analysis, and Discussion

Table 4. Experimental CO, Absorption Data Using the GAM System

description run 1 run 2 run 3 run 4 run 5 run 6 run7 run 8 run 9 run 10
inert gas flow (kmol/(rd-h)) 31.6 31.6 31.6 31.6 31.6 31.6 31.6 31.6 31.6 31.6
liquid flow rate (n#/(m?-h)) 73.5 92.5 115.0 146.1 173.2 73.3 92.2 115.0 145.6 173.0
MEA concentration (kmol/rf) 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0
inlet CO; loading (kmol/kmol) 0.278 0.278 0.278 0.278 0.278 0.275 0.275 0.275 0.275 0.275
outlet CQ loading (kmol/kmol) 0.360 0.345 0.332 0.322 0.316 0.371 0.354 0.343 0.330 0.323
liquid inlet temp. ¢C) 235 23.2 23.0 22.7 22.6 22.1 21.4 21.0 20.4 19.8
liquid outlet temp. {C) 23.9 23.7 23.3 23.1 22.9 22.9 22.2 22.1 215 21.0
gas inlet temp.°C) 22.0 21.9 21.8 21.7 21.6 21.2 20.8 21.2 20.9 20.5
gas outlet temp.°C) 22.1 21.9 21.8 21.6 21.4 21.4 20.7 21.1 20.5 20.4
CO; removal (%) 19.1 18.6 19.3 18.8 19.6 13.0 13.9 14.4 14.9 15.0
mass balance error (%) —-3.6 -1.9 —4.0 -3.5 —2.2 -14 21 -11 -1.8 —24
gas-phase Cgxoncentration (%)
(#7)0.367 9.47 9.47 9.47 9.47 9.47 15.18 15.18 15.18 15.18 15.18
(#6) 0.308 9.29 9.23 9.18 9.18 9.12 15.12 15.12 15.06 15.01 14.95
(#5) 0.244 8.77 8.71 8.65 8.65 8.65 14.72 14.66 14.60 14.60 14.48
(#4)0.183 8.54 8.42 8.42 8.30 8.30 14.37 14.37 14.31 14.25 14.13
(#3)0.122 7.89 7.84 7.78 7.72 7.72 13.67 13.61 13.55 13.43 13.32
(#2)0.062 7.54 7.49 7.43 7.37 7.25 13.26 13.20 12.97 12.91 12.85
(#1) 0.006 7.02 6.96 6.90 6.84 6.79 12.73 12.62 12.50 12.38 12.27

aIndicates sample point number and height from bottom (m).



16.0 0.4
al
= 1404 B
g 14.0
£
5 12.0 A ) 0.3
O o Y=009 ~
g O Y=0.16 §
2 10.0 :g
b g
S )
= 4
2 804 = 0.2
Q
£
i~
6.0 . . . T b
6.0 8.0 10.0 12.0 14.0 16.0 )
Predicted CO, Concentration é 0.1
Figure 5. Parity plot for the model using the modifidd correlation.
Experimental
b Nii et al.
. This Study
0.0 +—o— T T T
12.0 13.0 14.0 15.0 16.0

CO, Concentration (%)
Figure 7. Comparing the experimental and simulation results for Run 10.

=3
w
1

Overall, the simulation results for both the original and
modified correlations are in good agreement with the experi-
mental data. While the original equation worked well and had
a very low average absolute deviation, a small improvement
has been made to the liquid-phase mass-transfer-coefficient
correlation to better fit the experimental data. Sample plots are
shown for the simulation results from two of the GAM
experiments. Figure 6 shows the results for a run from the first

Height from Column Bottom (m)
f=J
[’}

o
—-
1

Experimental

set of experiments when the gas-phase @&@d concentration
was low, and Figure 7 shows the results for a run from the

------- Nii et al.
. second set of experiments when the gas-phase feéd
This Study . . .
concentration was high. Both of these figures show that the
0.0 ' M ' ' model was able to predict the experimental data with a high
5.0 6.0 7.0 8.0 9.0 10.0

degree of accuracy. These figures also show the improvement
CO; Concentration (%) gained over the original Nii and Takeuchi model when using
Figure 6. Comparing the experimental and simulation results for Run 2. the modifiedk_ correlation.

in both Figures 4 and 5 for the lower end of the two eX- g5 conclusions

perimental data sets. The more accurate data points were

collected from the middle of the GAM system downward, New GAM technology has been tested in a bench-scalg CO

toward the gas outlet and liquid inlet. The inaccurate data points absorption plant. PTFE membranes were used inside the

represent the gas inlet and liquid outlet, where the solutiop CO contactor, which was operated using aqueous MEA solutions.

loading is high. At the moment, there is no concrete explanation Three modules were connected in series and operated in a

for this behavior. The termolecular-kinetics model developed countercurrent flow regime. The system performed well and

by Aboudheir et af®> was for highly concentrated and highly encountered no operational challenges. A mathematical model

loaded MEA solutions. Since the G@ading was in the range  that was originally developed for packed columns by Aboudheir

of 0.30 kmol/kmol, this should not have been a problem. Itis et al’4was expanded to simulate the GAM system. Correlations

possible that the low solution concentration of 2.0 kméhmas proposed by Nii and Takeudfifor the ks andk_ were used in

afactor, but one would expect this to affect the simulation along the model and produced satisfactory results. A new correlation

the length of the entire GAM system and not just half of the for thek_ has been proposed which offers slightly better results.

system. The model suffered a slight loss in accuracy when the liquid
A second trend that was noticed in the simulation results had flow rate fell below 100 /(m?2-h). This work has shown that

to do with the effect of liquid flow rate. Five different liquid it is possible to customize existing absorption models for GAM

flow rates were evaluated for each set of experiments. As the systems by properly accounting for the gdiguid contacting

liquid flow rate increased, the simulation results shifted to the mechanism.

right and, therefore, tended to improve. For both Yhe 0.09

andY = 0.16 data sets, the runs with the higher liquid flow Acknowledgment

rates had the most accurate simulation results. With this in mind,
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Nomenclature

a = interfacial area per unit of packing &m?3)

A, = effective surface area @m?3)

Cpj = heat capacity of componepikcal/(kmotK))
Gp = total molar gas flow rate (kmol/(#shr))

he = heat transfer coefficient (kcal/@hr-K)

AHRgr = heat of chemical reaction between the absorbed gas an

the amine (kcal/kmol)

ks = gas-phase mass transfer coefficient (kmot/&kPa))

k.c = gas-phase mass transfer coefficient for compojgmnol/
(m?-s-kPa))

k. = liquidgas-phase mass transfer coefficient for compopent
(kmol/(m?-s-kPa))

Lm = liquid mass velocity, (kmol/(fhhr))

P = total system pressure (kPa)

Re = Reynolds number

Sc= Schmidt number

Sh= Sherwood number

T = temperature (K)

Y;c = mole ratio of componerntin the bulk gas-phase

y;i = mole fraction of componerntat the membraneliquid
interface

y; = mole fraction of componerijt

Y; = mole ratio of componeritin the bulk gas (kmol/kmol)

Z = height of packed column or effective membrane length

(m)
Subscripts

A = component A, solute gas
B = component B, the nonsoluble carrier gas

G = gas
i = interface
L = liquid

0 = base for enthalpy or bulk liquid concentration
P = pressure

S = volatile solvent
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