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CO, Capture Using Activated Amino Acid Salt

Solutions in a Membrane Contactor

Jian-Gang Lu, Yan Ji, Hui Zhang, and Min-Dong Chen

School of Environmental Science & Engineering, Nanjing University of Information Science &

Technology, Nanjing, China

An activated solution based on amino acid salt was proposed as a
CO, absorbent. Piperazine (PZ) was selected as an activating agent
and added into the aqueous glycine salt to form the activated sol-
ution. A coupling process, which associated the activated solution
with a PP hollow fiber membrane contactor, was set up. An experi-
mental and theoretical analysis for CO, capture was performed.
The performances of CO, capture by the coupling process were
evaluated using the PZ activated solution and the non-activated gly-
cine salt solution. A numerical model for the simulation of the hol-
low fiber membrane gas-liquid mass transfer was developed. Typical
parameters such as outlet gas phase CO, concentration, capture
efficiency, and mass transfer coefficient for the activated solution
were determined experimentally. The effects of operation tempera-
ture and liquid CO,-loading on mass transfer coefficient and capture
efficiency were discussed in this work. Axial and radial concen-
tration profiles of CO; in the fiber lumen and mass transfer flux
were simulated by the model. Results show that the performances
of the PZ activated glycine salt solution are evidently better than
that of the non-activated glycine salt solution in the membrane con-
tactor for CO, capture. Elevation of the operation temperatures can
enhance the overall mass transfer coefficient. The activated solution
can maintain higher capture efficiency especially in the case of high
CO,-loadings. The gas phase CO, concentration with the activated
solution is lower than that with the non-activated solution whether
along axial or radial distances in the fiber lumen. The model simula-
tion is validated with experimental data.

Keywords activated solution; amino acid salt; carbon dioxide;
membrane contactor; model and simulation; piperazine

INTRODUCTION

Carbon dioxide (CO») is generally considered as one of
the main causes that result in the greenhouse effect and
global warming (1). It is responsible for intensive human
activities such as the combustion of fossil fuels as the pri-
mary energy source that have caused the concentration of
greenhouse gases in the atmosphere to rise significantly
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over the last 200 years (2). It has turned to be a worldwide
issue to reduce CO, emission and decrease CO, concen-
tration in the atmosphere; the capture of CO, from the
industrial sources seems to be an important measure for
this issue. Therefore, low energy-consumption, available,
efficient technologies have attracted significant attention
for the capture and removal of CO, from gas mixtures
produced by industrial sources. Current separation and
capture technologies based on a variety of physical and
chemical processes include absorption, adsorption, conver-
sion, cryogenic separation, and membrane techniques (3)
and other novel methods (4).

Membrane-based gas-liquid process, namely membrane
gas absorption (MGA), is a coupling process that com-
bines the conventional technique of gas absorption into
solvents and a membrane contactor as a mass-transfer
device. MGA has the advantages of both membrane
contactor and gas absorption processes. The membrane
contactor furnishes a known high specific surface area,
independent control of gas and liquid flow rates, and a
compact and energy efficient device (5), while the gas
absorption provides a high selectivity and a high driving
force for mass transfer. MGA has been considered to be
a promising alternative to conventional and potential
large-scale application technology for the recovery and
removal of CO, (6).

Development of MGA for CO, capture has been over
20 years since Cussler initially studied the field of MGA
[7]. Relevant studies on MGA for CO, capture have been
in progress rapidly (8-15). The studies mostly deal with
those investigations involving the mass-transfer perfor-
mances, the effects of operating conditions, membrane
configuration, and module structure on absorption flux
and mass-transfer coefficients, models for mass transfer,
mass-transfer kinetics, and various efficient liquid absor-
bents. Aqueous amino acid salts as a type of novel
absorbents for MGA have been regarded as favorable
absorbents which provide both of high active reaction
with CO, and compatibility with membrane (i.e., friendly
to membrane, difficult to wet the micropores unlike
alkanolamines) (8). In addition, aqueous amino acid salts
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are non-toxic, thermally stable, regenerative, commer-
cially available, and low vapor pressure. The development
of absorbents is vital to MGA. High performance absor-
bents have especially attracted the significant attention of
researchers. Recently, the blended absorbents (also called
complex absorbents) which usually are composed of two
single absorbents (e.g., alkanolamines) in varying compo-
sitions have been presented by numerous researchers in
order to improve the performances of absorbents for
CO, capture (11,14,16-18). The formulation of blended
absorbents is based on the principle that it combines the
favorable characteristics of different single absorbents
while suppressing their unfavorable characteristics (14).
The characteristics include, for instance, a higher absorb-
ing capacity, a higher absorption rate, a lower energy
consumption, a lower corrosion, a lower oxidative degra-
dation and good chemical compatibility with membrane.
The blended absorbents can combine the advantages of
single absorbents in the blends. As a rule, one component
in the blended absorbent is as an activating agent (or
called as an additive) to be added into another component
as a main solvent. Here, the blended absorbent is also
called the activated absorbent/solution. The main solvent
is usually large in varying compositions compared with
the additives. Product costs of the additives are generally
higher than the main solvent. For example, piperazine
(PZ) or 2-Amino-2-methyl-1-propanol (AMP) is added
into methyldiethanolamine (MDEA) as a main solvent
to form the MDEA-based blended absorbent (or called
as the activated MDEA solution) (11). PZ has a special
molecular structure in which a symmetrical diamino cyclic
structure exists. PZ has been confirmed to be an efficient
activating agent in blended absorbents for CO, capture
(11,19). However, amino acid salts as main solutes in
the blended absorbents are seldom investigated in existing
literature.

In this paper, CO, capture from a CO,/N, mixture was
investigated by coupling of an activated amino acid salt sol-
ution and a polypropylene (PP) hollow fiber membrane
contactor. PZ was selected as an activating agent and added
into aqueous glycine salt (GLY) to form the activated sol-
ution. Effects of various factors on mass transfer of the
membrane contactor were studied. The experimental results
were compared between the activated and non-activated
solution. Reaction mechanisms and activations of PZ are
discussed theoretically. A mathematical model is developed
for the mass transfer of the membrane contactor associating
with the activated solution for CO, capture.

THEORY
Reaction Mechanism

The reaction mechanism of amino acid salts reacting
with CO, is considered as the zwitterionic mechanism

which is similar to primary and secondary amines (8,20).
Following reactions occur in the solution:

2-0OOCRNH, +CO,="O0OCRNHCOO™ + OOCRNH}
(1)
“OOCRNH{ = “OOCRNH, + H* )

From the zwitterionic mechanism of Egs. (1) and (2), a
conclusion can be deduced that if a base (B) is added into
the solution, B will coalesce with H" : B+ H"™ = BH™.
The equilibriums of Egs. (1) and (2) will move right
because of the dissipated H' in the solution. Well then,
the reaction of amino acid salts with CO, will be acceler-
ated. So, a suitable compound as additive can be selected
to satisfy the B. The reaction of amino acid salts with
CO, (Eq. (1)) will be accelerated theoretically.

When PZ as an activating agent is added into the
aqueous amino acid salt, the following reactions may occur
in the system:

g NH+ B =0 NH,' 3)
v \—/ e
HN  NH'+ H == HN_ NH' 4

N -
H_ NH+HCOy ===HN__ NCOO'+H0 (5

VRS _ R
HX_ NCOO™+ HCOy === "00CN ___NCOO™+H,0 (6)

HOCOO' + gr==" HN_ NCOO @)

As a mild base B, PZ and its products may serve to
catalyze proton extractions in the reaction mechanism.
For a complex solution mixed with PZ, the activation of
PZ can be explained by a homogeneous activation
mechanism (14,21). Meanwhile, PZ can also react with
CO, as a secondary amine. The reaction of CO, with PZ
can be regarded as the rapid pseudo-first-order reaction
in parallel with that of CO, with the main amine in the
solution (22,23).

In addition, in the aforementioned system of reactions,
CO, also reacts with the hydroxide ions present in solution:

CO, + OH = HCO5 (8)

As a single amino acid salt solution (e.g., potassium glyci-
nate), the contribution of the reaction of Eq. (8) to the
overall reaction rate can be considered negligible because
aqueous amino acid salt is a weak base (19). However,
when an additive (e.g., PZ) is presented in amino acid salts
solution, the contribution of the reaction of Eq. (8) to the
overall reaction rate cannot be negligible because the
basicity of the amino acid salts solution is enhanced as well
as present as shown in Egs. (5) and (6) in the solution.
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Based on the zwitterionic mechanism and assuming the
second proton transfer step considered irreversible owing
to catalytic actions of the additive, the overall reaction rate
of CO, with the amino acid salt can be expressed in the
presence of homogeneous catalysis of PZ according to
the chemical reaction mechanism as (11,14):

Rov=kovCco, =kcCo1ryCco,+kpCpzCco2+ k- ConCeo,
= (kg Cory +kp Cpz + k- Con ) Ceo,
)

Accordingly, the overall reaction rate constant k,, has the
following expression:

koyv = kG Cary + kpCpz + k- Con (10)

The parameters kg, kp and k- in Eqgs. (9) and (10) can be
calculated in the following equations (24-26):

kg =2.24 x 10" exp ( 85T44> exp(0.44Cqry)  (11)

4
kp = 5.8 x 104exp{%(li)} (12)

2
logo kG- = 13.635 — % (13)

Mass Transfer in the Membrane Contactor

In a membrane contactor for gas absorption, the gas
and liquid phases flow on opposite sides of the membrane
in a countercurrent fashion. CO,, that is contained in the
gas mixture, crosses the hydrophobic microporous mem-
brane and enters the liquid phase. With the non-wetting

Membrane -
[ 1/km | N
/ |

Gas L
boundary layer

[ 1/ke] \

Liquid 3
boundary layer 2
[ 1/kv ]

CL L, interface

< Ci. 2. membrx;ne
Liquid bulk [}

Civ _ Ciginertace

operation mode, the gas preferentially fills the membrane
pores to meet minimal membrane resistance (15). Figure 1
describes the mass-transfer regions, dominant resistances,
and flow configuration in a membrane contactor. The
mass-transfer process consists of three consecutive steps:

1. diffusion of a gaseous component i (i=CO,) from the
gas phase bulk to the outer surface of the membrane;

2. diffusion through membrane pores to the gas-liquid
interface; and

3. dissolution into the liquid film (i.e., liquid-boundary
layer) and then chemical reaction/liquid-phase
diffusion, eventually into the liquid phase bulk.

Thus, the overall mass-transfer process consists of three
resistances in series: the gaseous phase boundary layer
(1/kg), the membrane (1/ky,), and the liquid phase bound-
ary layer (1/kr). The overall mass-transfer resistance (1/K)
can be expressed as Eq. (14) in a resistance-in-series model
based on the fiber outer wall. The mass-transfer flux (J;) of
component i is given as Eq. (15) based on the driving force
of concentration differences.

S B 1
Kdy  kgd  Fmdm | Hkido

(14)

Ji= kg(ci,g - Ci.g,mem) = km(ci,g,mem - Ci,g,int)

=ki(CiLint — Cip) = KAG; (15)
where K is the overall mass transfer coefficient; k,, ky,, and
ki, are individual mass-transfer coefficients of the gas side,
the membrane, and the liquid side, respectively. The variable
H represents the Henry’s coefficient of CO, between the gas
and liquid phases. For chemical absorption, k;, = Eky; E is
the enhancement factor due to chemical reaction, and &7 is

Fout

y =

I\\III\IIHIIHII\IIIHIIHIIHII\[II\IIIHIIHIIHIIHIIUIIHIIH o

!_ _________________
! Liquid
phase
Ci,g = Ci,g,in
z=0

FIG. 1. Mass transfer regions, dominant resistances and flow configuration in MGA.
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the physical mass-transfer coefficient. d,,, d,,, and d,, are the
inner fiber diameter, the outer fiber diameter, and the logar-
ithmic mean average diameter, respectively. C;o, C;gmems
Cigint: CivLint Ci1, and AC; are the concentration of CO,
in the gas bulk, at the interface of the gas and the membrane,
at the gas side of the gas/liquid interface, at the liquid side of
the gas/liquid interface, in the liquid bulk, and logarithmic
mean value, respectively.

Mathematical Model

On the basis of the case of the gas mixture in the lumen
of a hollow fiber membrane and the liquid on the shell side,
as described schematically in Fig. 1, and by combining
the solution properties, membrane and module geometric
characteristics, and process conditions, the following
assumptions are presented:

1. steady operation state and isothermal conditions exist;

ii. Newtonian fluids with constant physical properties and
axis-symmetry are used;

iii. ideal gas behavior and obedience of Henry’s law are
exhibited;

iv. equilibrium exists at the gas-liquid interface;

v. fully developed laminar flow occurs in the lumen; and

vi. negligible radial convection and axial diffusion also
occur.

With these assumptions and the resistance-in-series
concept, a mathematical model is developed to describe
the absorption of a gas into a liquid flowing through a
membrane hollow fiber in MGA. The differential equation
of the model based on a mass balance can describe the CO,
concentration profile in the lumen, and the equation is

given as:
0Cig 10 ( 0Cig
e 0z Dig [r@r (r or ﬂ (16)

where D, is the CO, diffusion coefficient in the gas
phase and u, is the gas axial velocity inside the lumen. In
a laminar flow and fully developed velocity profile, u, can
be described with the following equation:

U, = 241 - <FL>T (17)

where # is the average gas velocity in the lumen and ry, is
the inner radius of the fiber. With the initial conditions
for the differential equation Eq. (16),

Cig = Cigin, forz=0andallr (18)
a_g:g =0, forr=0andall:z (19)

where C; i, is the concentration of CO, at the inlet of the
gas phase. At the membrane-liquid interface, the flux of

CO» is equal to its flux in the gas phase, namely, mass
is conserved with respect to CO,. Thus, the boundary
condition exists

D;o(0Ciq/0r) = Kext(mCi — Cig), forr=ry and all z
(20)

where Ky is the external (membrane wall and shell side)
mass transfer coefficient. K. is a combination of the
mass-transfer coefficients of both the liquid phase and the
membrane, and is expressed as:

1 1 1 1 1

— — =t 21
Ko K Hk, Ky  HEK 1)
To obtain the value of K., the parameters of Eq. (21) need
to be determined. The membrane mass-transfer coefficient,
km, 1s calculated by the following equation deduced by
Fick’s law,

1 70
— = 22
km D,‘,mS ( )

where 7, J, and ¢ are the tortuosity of the membrane pore,
the thickness of the membrane wall, and the porosity,
respectively. The tortuosity for Eq. (22) can use the
Wakao-Smith equation, t = 1/e. Where D; , is the CO, dif-
fusion coefficient in the membrane pores. CO, diffusion
behavior in membrane gas-filled pores depends on the pore
size and the molecule average free path. For a binary gas
mixture with a micron-size pore size at atmospheric press-
ure, the diffusion behavior is a combination of molecular
and Knudsen diffusion (27). Equation (23) can characterize
the combination for the parameter of D; .

1 1 1
= 23
Di,m Dzﬂg Dk ( )

The following correlation is available for the physical mass
transfer coefficient k7 (28), which can satisfy the conditions
of the module used in this work, for example, hydrophobic
membrane, parallel-flow, 0< Re <500, packing fraction
0.04 < p < 0.4, etc.

kg dy
Sh =%

=5.85(1 - ) (ﬂ) Re"OSO3 (24)
iL L

where Sh, Re, and Sc are the Sherwood number, the
Reynolds number, and the Schmidt number, respectively.
L, dn, and ¢ are the effective length of the membrane,
the hydrodynamic diameter (=(D?, — nd2)/nd,, Di, is the
shell inner diameter, n the number of fibers, and d, is the
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fiber inner diameter) and packing fraction of the module,
respectively. CO, diffusion coefficient in the liquid phase,
D; 1, can be given below as (29):

Dipp™*/T =6.109 x 1078 (25)

where u is the viscosity of the solution. The calculation of
the enhancement factor, E, uses the conventional mass-
transfer model which has been validated to be applicable
for MGA (5,8,11,14). A detailed explanation for E can be
found in the literature (30,21). E is given by the following:

—Hd?
E =
2EL 1)

Ha? N E* Ha?
4(Er, —1)7 Ei -1

+1]  (26)

Based on the penetration model, the asymptotic infinite
enhancement factor, £ is defined as:

Ca“inDa ) (Di.L>O'5
E;o =(14+— : 27
( mCiinDiL) \ Dq (27)

where D, is the amine diffusion coefficient in aqueous sol-
ution, and C,;, is the absorbent concentration at the liquid
inlet of the module. D, is calculated by means of the
Wilke-Chang relationship (32)

D, =3.06x10"T/u (28)

For the system of CO, reaction with amino-acid-salt-based
complex absorbents, a modified Hatta number Ha can be
given by:

kovDi
Haq = Y=ok (29)

ki

where k,, is the overall reaction rate constant that can be
calculated by Eq. (10) based on the reaction mechanism
and the conditions at the location of the liquid outlet
(z=0).

According to concept of “mixing cup” concentration (33),
the outlet gas concentration C; 4oy can be determined by

Tin Tin

o 2mru, Cigdr [ C; guyrdr
- Tin

Jo urdr

Cz,g.oul - (;’in 27U'ledr (30)
The Henry’s coefficient, H, is estimated by the literature
(24,34-36), the viscosity of the absorbents, u, is determined
experimentally. The values of the parameters of the hollow
fiber membrane module used in model are listed in Table 1.

The numerical scheme for the model of the partial differ-
ential equations can be solved along with the initial and
boundary conditions as well as the reaction kinetics based

on a steady state. Discretization for the partial differential

TABLE 1

Characteristics for the hollow fiber membrane module
Module inside diameter (mm) 32
Fiber outside diameter (pum) 500
Fiber inside diameter (pm) 300
Fiber wall thickness (um) 100
Fiber length (mm) 200
Number of fibers 1800
Average pore size (um) 0.2
Fiber porosity 0.60
Packing fraction (%) 9.60
Contactor area (outer, m?) 0.56

equation adopts the Euler equation. The initial and bound-
ary conditions are accordingly transferred into an equation
corresponding to the discrete function (11,14). The calcu-
lation values are gained using the Matlab program.

EXPERIMENTAL
Experimental Unit and Procedures

Figure 2 is a schematic diagram of the experimental
setup of the membrane contactor and gas absorption coup-
ling for CO, capture. By turning the valve of the mixed-gas
cylinder to the desired flow rate, the mixed-gas stream,
through a gas flow meter and a water saturator, was fed
into the fiber lumen of the end of the module at a pressure
that was slightly lower than that of the liquid side to
prevent the dispersion of gas bubbles into the liquid. The
liquid absorbent was introduced by a gear pump from
the solution tank, through a liquid-flow meter and a
preheater, to the shell side of the module in a counterflow
mode in the opposite direction as the gas stream. The liquid
absorbent at the inlet of the module always maintained
fresh, CO, in the gas mixture in the fiber lumen diffused
through the membrane pores into the liquid in the shell side

1

N

10 12 N
Sy
-}

FIG.2. Schematic diagram of experimental setup of a membrane contac-
tor and gas absorption coupling for CO, capture. 1-Mixed-gas cylinder, 2,
S5-Flowmeters, 3-water saturator, 4-Membrane contactor, 6-Gear pump,
7,10-Solution tank, 8-IR gas analyzer, 9-thermo water bath, 11-Preheater,
12-Drying column, 13-Soap film meter.
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and was absorbed by the absorbent. The treated gas stream
was released from another end of the module. The absorb-
ent that contained CO, entered another solution tank. The
membrane module was placed in a thermo water bath to be
maintained at a constant temperature. Gas stream and the
absorbent were preheated before entering the membrane
module by the water saturator and the preheater. The
mixed gas was prepared in a gas cylinder in laboratory
by the method of mixing N, into CO, complying with
the principle of partial pressure. The flow meters were cali-
brated beforehand. The experiment was continued for
about 20min to allow the system to reach steady state.
Steady state conditions were indicated by a constant CO,
concentration from an IR gas analyzer in the outlet gas
stream of the module. Experiments were carried out at
atmospheric pressure (0.1 MPa). The transmembrane
pressure was maintained at 28-60mmH,O. A drying
column was used to dry the treated gas stream. The soap
film meter at the outlet gas stream was used to calculate
the CO, mass conservation. The absorbent concentrations
were the following: single amino acid salt solution, 1.0
kmol/ m?® glycine salt (GLY) (neutralized with equal mole
KOH to form the glycine salt); activated solution,
0.75kmol/m> GLY salt+ 0.25kmol/m? piperazine (PZ)
(neutralized with KOH equal to the glycine mole). Other
operation conditions were the following: the content of
CO, in gas phase in about 10%, water bath at 20, 30,
and 40°C, and gas and liquid flow rates at 0.05-0.1 m3/h
and 30-120 mL/min, respectively. The membrane module
used in this work was equipped with a tube-shell parallel-
flow structure, hydrophobic polypropylene hollow fiber
membrane, and PVC material in the shell-side. The proper-
ties of the module (Tianjing Blue Cross Membrane
Technology Co., China) are summarized in Table 1.

Materials and Methods of Analysis

In this work, N, and CO, were commercial cylinder
gases and their purity was more than 99.99% (Nanjing Real
Special-gas Co., China). The gas mixture was prepared in a
gas-prepared system to a given concentration based on the
partial-pressure principle. GLY was a biochemical reagent
(Shanghai Chemical Co., China). The purity of PZ was
99.9% (Shanghai Chemical Co., China). The total amine
concentration was determined by titration with a standard
0.1 kmol /m3 sulfuric acid (H>SO,) solution using a methyl
orange indicator. The content of CO, in the gas phase was
analyzed by the IR gas analyzer (MB154S, Varian Co.,
USA) with reproducibility: £1.5%. For the determination
of the CO, content in the liquid phase, a known volume
of the liquid sample was acidulated with a 1:4 ratio of a
H,SO, aqueous solution and the volume of the evolved
gas was measured with a gas burette. After temperature
and pressure corrections, the CO, content of the liquid
sample was calculated (37). The error was +0.02 mL.

Experimental Data Processing

In this work, capture efficiency 5, overall mass transfer
coefficient K, and mass transfer flux J; are experimentally
adopted to evaluate the performances of the activated
solution in the membrane contactor.

Capture efficiency:

= Gin Ci.,g,inA_ Go-nt C[,g,out (31)
Gm Ci,g,m
Mass transfer flux:
Ji _ Gin Ci,g.in - GoutCi,g,out (32)
Am
Overall mass transfer coefficient:
K — Gin Cl',g,in*Gou[Ci.g,oul (33)

A(AC,)

where G is the gas voluminal flow rate. A, is available arca
for gas-liquid mass transfer of the membrane contactor
(=nnd,L). AC, is the logarithmic mean driving force based
on gas phase concentrations.

RESULTS AND DISCUSSION
Experimental Investigations of Typical Performances
for Activated Solution and MGA

In order to evaluate the performances of the activated
solution, experiments were performed using the setup of
Fig. 2 with the activated and the glycine salt solution for
MGA. The experimental data, expressed in a dimensionless
form C;gout/Cigin vs. liquid flow rates V7, are presented
in Fig. 3. The experimental results show that, CO,

0.8

0.6+

£
% 0.4
5
3
- - 0,
03, 02 Yeo,=10.01%
Vg=0.13 m/s - ~_ }
T=293 K — T
0.04 —=—GLY+PZ R

—eo—GLY

10 15 20 25 30 35 40 45 50
3
VL 10° (m/s)
FIG. 3. Comparison of performance between GLY and GLY +PZ

solution in the membrane contactor in a dimensionless form C; g out/ Ci g in
vs. liquid flow rate V7.
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concentration in the gas phase at the outlet of the module
decreases with the increase of liquid flow rates. The CO,
concentration of the outlet gas phase with the PZ activated
solution is significantly lower than that with the single
glycine salt solution, average low by 10-30% for the same
operation conditions. Performance of the activated sol-
ution is evidently better than that of the single glycine salt
solution in PP hollow fiber membrane contactor for CO,
capture. It demonstrates that PZ can activate not only
alkanolamines (e.g., MDAE) and inorganic salts (e.g.,
K,CO3) (11,14,19,21-23) but also amino acid salts. The
activating effect of PZ on amino acid salts can be explained
by the reaction mechanism in this wok. It is confirmed to
be a high efficient activating agent and promotion effect
for CO, capture in MGA. This good result suggests that
in existing amine processes for CO, capture, as far as a
smaller number of PZ would be added into the amines
the content of CO, in the treated stream could be decreased
not to change any conditions of the processes or technolo-
gies. Of course, further research is needed for usage on an
industrial level with regard to the composite glycine salt
solution activated by PZ.

Capture efficiency is one of the separation properties of
MGA. The experiments were carried out with the activated
solution for capture efficiency of MGA. The experimental
results are given as Fig. 4. It can be found that the capture
efficiencies increase with the increase of the liquid flow
rates, while the efficiencies decrease with the increase of
the gas flow rates. Capture efficiency can be obtained by
more than 90%. Maximal capture efficiency can arrive at
99.9%. These results indicate the complex glycine salt
solution activated by PZ is a high efficient absorbent for
CO, capture. It is noticeable that capture efficiencies of
MGA significantly depend on gas and liquid flow rates.

1.0
0.9-
0.8-
0.7 -
= yCOZ=10.16%
064 T=293K
0] A ViT298E3mis
' —v— V,=4.09E-3 m/s
0-4 T T T T T T
010 012 014 016 018 020 022

Vg (m/s)

FIG. 4. Effect of flow rates s on capture efficiency with the activated
solution.

The gas component CO, can adequately diffuse through
the membrane pores at lower gas flow rates, while the
liquid mass transfer resistance is sufficiently low at higher
liquid flow rates and entering liquid fresh enough. So,
higher capture efficiencies can be obtained at lower gas
flow rates and higher liquid flow rates. Apparently, as for
a given MGA process, there would be an optimal gas
and liquid flow rates for a satisfactory capture efficiency
in actual industrial applications.

Mass transfer coefficient is an important parameter for
MGA. The experiments were conducted for the determi-
nation of the overall mass transfer coefficient with the acti-
vated and the non-activated solution. The results are
shown in Fig. 5. It can be seen that, the overall mass trans-
fer coefficient, K, increases with the increase of gas and
liquid flow rates. For identical operation conditions, K
with the activated solution is much higher than that with
the non-activated solution. The average value of K with
the activated solution is 1.3 times of that with the
non-activated. In addition, the values of K increased with
the liquid flow rates initially, and then almost reached a
plateau. Apparently, alteration of operation parameters
such as gas and liquid flow rates can promote the mass
transfer of the membrane contactor, but the promotion is
limited for MGA. This has been an accordant conclusion
confirmed by numerous investigators. The enhancement
of mass transfer relies essentially on the chemical reaction
(i.e., reaction rate) (6,11,14). With a constant overall con-
centration of the activated absorbent, a small amount of
activating agent (e.g., PZ) can significantly enhance the
mass transfer of MGA by the information of Fig. 5. Wang
et al. (9) investigated the CO, capture by three typical
amines solutions using hollow fiber membrane contactors.
The influence of the liquid flow rates on mass transfer of
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FIG. 5. Determination of overall mass transfer coefficient of the
membrane contactor using GLY and GLY + PZ solution.
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the membrane contactor by the MDEA solution was very
small. However, the influences of the liquid flow rates on
the mass transfer of the membrane contactor by both
AMP and DEA solutions were very large. It was due to
that the reaction rate of CO, with MDEA was much slower
than that of AMP and DEA. In the same way, PZ present
in the solution can intensively enhance the reaction rate of
CO, with the activated solution.

Effect of Operation Temperature on Mass Transfer
Coefficient

As a rule, the membrane contactors are operated at
ambient temperatures. In actual application, seasonal
temperatures can influence on the mass transfer of MGA.
Experiments were carried out to investigate the effect of
operation temperatures on the mass transfer coefficient
using the activated solution at 293~313 K. Operation
temperatures were controlled to reach a given constant
temperature by the thermo water bath and less than
315K considering the heat-resistant performance of the
PP membrane. Experimental data are expressed as Fig. 6.
The results show that, with the increase of operation tem-
peratures, the overall mass transfer coefficients increase.
The increase of operation temperatures enhances not only
the components diffusion, but also the chemical reaction
rate. Therefore, higher operation temperatures are in favor
of the coupling operation of membrane contactor and gas
absorption. Kumar and Dindore’s work obtained the same
results (8,38). Meanwhile, higher operation temperatures
can avoid the crystallization of amino acid salts during
CO, absorption, especially for the absorbents with high
amino acid salts concentration at high CO, loading (39).
Nevertheless, the operation temperatures cannot be elev-
ated to reach a very high value. Operation temperatures

2.5-
g4l Yoo =1061%
2.3
2.2

2.14

K 10* (m/s)

2.04
—u— VL=2.98E-3 m/s, Vg=0.13 m/s

1.9 —e— V,=4.09E-3 m/s, V. =0.13 m/s
18] —a— V,=2.98E-3 m/s, V,=0.17 m/s

290 295 300 305 310 315
T (K)

FIG. 6. Effect of operation temperatures on mass transfer coefficient
using GLY + PZ solution.

cannot exceed the tolerated temperature of the membrane
(i.e., heat-resistant limit temperature), or else would dam-
age the structure of the membrane. Moreover, an increase
of the operation temperatures can also result in the
decrease of CO, solubility in the absorbent and the increase
in the evaporation of the absorbent, which would decrease
the drive force of mass transfer and increase the cost of the
absorbent. Additionally, higher operation temperatures
could induce the absorbent to wet membrane pores which
could cause the instability of mass transfer of the contactor
(15,40). Consequently, the selection of the operational
temperature for the membrane absorption process is a
compromise.

Effect of Liquid CO,-Loading on Activation of PZ

The liquid CO,-loading, o, is the quantity of CO, dis-
solved in the solution by both physical and chemical
absorption. It can be expressed as moles of CO, per mole
of amine in the solutions and indicated by the parameter
o in this work. Experiments were performed to study the
effect of CO,-loadings on activation of PZ. Various CO,-
loadings of the solutions could be obtained by beforehand
CO, absorption into the solutions to reach the given load-
ings. The experimental data, expressed in capture efficiency
n versus o, are given in Fig. 7. The experimental results
show that the capture efficiency u decrease with the
increase of the CO,-loadings in the inlet solutions. The
downtrend of the curves in Fig. 7 with the activated sol-
ution is obviously lower than that with the non-activated
solution. The higher the CO,-loadings of the solutions,
the larger the downtrend differences are. As the CO,-load-
ings of the solutions increase to 0.32mol/mol from zero,
the capture efficiency of the non-activated solution
decrease by 31.3%, while the capture efficiency of the acti-
vated solution only decrease by 18.6%. Thereby, the acti-
vated solution can maintain a higher capture efficiency.

0.90 -
0.85 -
0.80 -
<~ 0754
0.704 yCOZ=10'15%
V =2.98E-3 m/s
0.65 4 V,=0.13 m/s
° —n—GLY
0.60 T=293 K —e— GLY+PZ

-0.05 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35
o (mol/mol)

FIG. 7. Effect of liquid CO,-loading on activation of PZ.
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Especially in the case of high CO,-loadings, the perfor-
mances of the activated solution can display more effec-
tively in comparison with non-activated solution. It is
very significant in the actual application for the recovery
of the high CO, concentration in flue gases such as
coal-fired plants. Increased CO, loading leads to a
reduction of the available free amines and hence reduction
in the absorption rates. Capture efficiency generally
increases with the amine concentrations (8,9).This is
because of the increase of the active component in the
liquid boundary layer with the amine concentration, which
results in higher CO, solubility. When the activating agent
PZ exists in the solution, the dissipation can be weakened
ultimately (11). The reaction mechanisms can also account
for the activation of PZ. In addition, a higher capacity of
the activated solution can be obtained in comparison
with that of the single solution. The capacity effectively
increases the overall kinetics for mass transport.

Comparison Between Experimental Results and Process
Modeling

Axial and radial concentration profiles of CO, can char-
acterize the distributions of CO, concentration in the
lumen of the fiber. The model in this work can simulate
them along dimensionless axial distances with various
dimensionless radial distances, respectively. The results
are given in Figs. 8 and 9. The simulation indicates that,
the CO, concentration in the lumen decreases along the
axial and radial distances of the fiber in the case of a steady
laminar flow. At the same axial distance, the CO, concen-
tration is much lower near the fiber wall than that at the
center. The CO, concentration in the gas phase with the
PZ activated solution is lower than that with the
non-activated solution whether along axial or radial dis-
tances in the lumen of the fiber. The CO, concentration
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0.6
g
) 5 0% N, e
% v, =2.98E-3 m/s
%2 044 y=0.13m/s
&) g
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0.2
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0-0 T T T T 1
0.0 0.2 0.4 0.6 0.8 1.0
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FIG. 8. Dimensionless CO, concentration vs. dimensionless axial
distances at 293 K.
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rir.
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FIG.9. Dimensionless CO, concentration of gas outlet vs. dimensionless
radial distances at 293 K.

gradient in the lumen in the case of using the activated
solution is larger than that in the case of using the
non-activated solution. It demonstrates that the driving
force for CO, transfer with the activated solution is larger
than that with the non-activated solution under the same
experimental conditions, and that, absorption is more
efficiently promoted by the activating agent PZ. It suggests
that efficient activating agents could significantly enhance
the mass transfers of membrane contactors, and that, it
would be important to develop novel activating agents
for CO, capture of MGA. Additionally, the dimensionless
CO, concentration at the membrane-gas interface (r/
rin=1.0) where the gaseous phase boundary layer exists,
is much lower than that at r/r;, =0.5. This shows that in
the three mass-transfer resistances in MGA for CO, cap-
ture using the amine solutions as absorbents, the resistance
to the gas boundary layer cannot be neglected. Meanwhile,
the trends of curves can be found that the effective fiber
length has a considerable effect on outlet CO, concentra-
tions. Because the residence time increases with the effec-
tive length of the fiber, the capture efficiency increases.
Larger residence time is in favor of the adequate diffusion
of CO, to reach chemical equilibrium. However, it is not
reasonable that the longer the fiber or the larger the resi-
dence time, the greater the capture efficiency is. As CO,
concentration at the wall reach a certain value that equals
to that of chemical equilibrium, the capture efficiency no
longer increases. Hereby, the fiber has a maximal effective
length. The maximal effective fiber length should be pre-
dicted theoretically.

Figures 10 and 11 describe the simulation by the model
as well as experiments with respect to the mass transfer
flux. The results show that, first, the mass transfer fluxes
increase with the increase of gas and liquid flow rates.
The increase of gas and liquid flow rates can decrease the
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FIG. 10. Simulation of mass transfer with liquid flow rates at 293 K.

thicknesses of gas and liquid phase boundary layers.
Accordingly, the resistances to gas and liquid sides
decreases, the mass transfer fluxes increase. All researchers
relating to MGA seem to observe this phenomena (5-
16,27). However, it can be found that the curves of
Fig. 11 are flatter than that of Fig. 10. This indicates that
the effects of the gas flow rates on the fluxes are lower than
that of the liquid flow rates in this work, and thus, the
resistance to the gas phase boundary layer is smaller than
that to the liquid phase boundary layer. Second, the mass
transfer fluxes of PZ activated solution are larger than that
of the non-activated glycine salt solution whether theoreti-
cally or experimentally. It suggests that adding a little
amount of activating agent into an absorbent in the case
of constant overall concentration, the mass transfer of
MGA for CO, capture could be enhanced remarkably.

2.8
274 —— model values
@ 26 e GLY
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S
£ 2.5
S 24
-
2.3
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FIG. 11. Simulation of mass transfer with gas flow rates at 293 K.

This would effectively decrease the circulating capacity of
the absorbent, and thus save energy in actual applications.
Third, the model simulation is validated with experimental
data. The average error is within 16.5%. The maximal error
is less than 25%. In addition, the model values are higher
than the experimental. The errors of activated solution
are slightly larger than that of the non-activated solution.
The causes for those are possibly slight partial wetting of
membrane pores that is not considered in the model. The
wetting of the activated solution is likely higher than that
of the glycine salt solution because PZ as an amine added
into the glycine salt solution resulted in the decrease of
the surface tension of the solution. The partial wetting of
the membrane pores from the activated solution will be
further investigated in next work.

CONCLUSIONS

The performances of the PZ activated glycine salt sol-
ution are evidently better than that of the non-activated
glycine salt solution in the PP hollow fiber membrane con-
tactor for CO, capture. The outlet gas phase CO, concen-
tration with the activated solution is significantly lower
than that with the non-activated solution. The capture
efficiency of MGA significantly depends on gas and liquid
flow rates. Higher capture efficiency can be obtained at
lower gas flow rates and higher liquid flow rates. The over-
all mass transfer coefficient, K, with the activated solution
is much higher than that with the non-activated solution.
The average value of K with the activated solution is 1.3
times of that with the non-activated solution. Operation
parameters such as gas and liquid flow rates can limitedly
promote mass transfer of membrane contactor. The
enhancement of the mass transfer relies essentially on the
chemical reaction. Higher operation temperatures are in
favor of the coupling operation of the membrane contactor
and gas absorption. However, the selection of the oper-
ational temperature is a compromise in order to avoid
the damage of the membrane structure and the decrease
of CO, solubility as well as the evaporation of absorbent.
The downtrend of the capture efficiency with the activated
solution is obviously lower than that with non-activated
solution with the increase of the CO,-loadings. The acti-
vated solution can maintain higher capture efficiency,
especially in the case of high CO,-loadings. The gas phase
CO, concentration with the activated solution is lower than
that with the non-activated solution whether along axial or
radial distances in the fiber lumen with a steady laminar
flow by simulation of the model. The driving force for
CO, transfer with the activated solution is larger than that
with the non-activated solution. Efficient activating agents
could significantly enhance the mass transfers of membrane
contactors. The model simulation is validated with experi-
mental data. The average error is within 16.5%. The
maximal error is less than 25%.
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NOMENCLATURE
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Subscripts

a
D

cm

out

mass transfer area of the membrane contactor
(m?)

concentration (kmolm )
concentration logarithmic
(kmolm ™)

fiber diameter (um or m)
diffusion coefficient (m?s~!) or shell inner
diameter (m)

enhancement factor for chemical reaction
gas voluminal flow rate (m’s™"),

Henry’s coefficient

Hatta number

mass-transfer flux (molm s~ ')

overall mass-transfer coefficient (ms™")
individual mass-transfer coefficient (ms ™), or
reaction rate constant (m*>mol 's™! or s71)
physical mass transfer coefficient (s™')
length of a hollow fiber (m)

fiber number of the module

pressure (MPa)

fiber radius (m or pm)

reaction rate (molm s~ ')

Reynolds number

Schmidt number

Sherwood number

temperature (K)

velocity (ms™')

flow rate (ms™ )

mole fraction of 7 in the gas phase

length of fiber (m)

mean value

alkanolamine
molecular diffusion
external

glyine

gas phase
hydrodynamic
component (=CO»)
inlet or inner
interface

Knudsen diffusion
liquid phase
piperazine
membrane phase
membrane

outer

outlet

ov
z

overall
Z axis

Greek Letters

AT g ® MR

liquid CO,-loading (mol/mol)
thickness of membrane wall (m or pm)
porosity

packing fraction

capture efficiency

viscosity (Pas)

tortuosity of the membrane pore
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