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Abstract Vacuum pressure swing adsorption (VPSA) for
CO2 capture has attracted much research effort with the
development of the novel CO2 adsorbent materials. In this
work, a new adsorbent, that is, pitch-based activated carbon
bead (AC bead), was used to capture CO2 by VPSA process
from flue gas. Adsorption equilibrium and kinetics data had
been reported in a previous work. Fixed-bed breakthrough
experiments were carried out in order to evaluate the ef-
fect of feed flowrate, composition as well as the operating
pressure and temperature in the adsorption process. A four-
step Skarstrom-type cycle, including co-current pressuriza-
tion with feed stream, feed, counter-current blowdown, and
counter-current purge with N2 was employed for CO2 cap-
ture to evaluate the performance of AC beads for CO2 cap-
ture with the feed compositions from 15–50% CO2 balanced
with N2. Various operating conditions such as total feed
flowrate, feed composition, feed pressure, temperature and
vacuum pressure were studied experimentally. The simula-
tion of the VPSA unit taking into account mass balance, Er-
gun relation for pressure drop and energy balance was per-
formed in the gPROMS using a bi-LDF approximation for
mass transfer and Virial equation for equilibrium. The simu-
lation and experimental results were in good agreement. Fur-
thermore, two-stage VPSA process was adopted and high
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1 Introduction

With the concern of increased global warming, more and
more attention has been paid to CO2 capture from flue gases
emitted by power plants which account for a large percent-
age of CO2 emission (IPCC report 2005). Among the vari-
ous capture approaches, monoethanolamine (MEA) chemi-
cal absorption, membranes, cryogenic, adsorption and oth-
ers are being considered, CO2 capture by vacuum pressure
swing adsorption (VPSA) is a promising option for separat-
ing CO2 from flue gas since it has a number of advantages,
such as possible low energy requirement, low capital invest-
ment cost and easy to achieve automated operation (Aaron
and Tsouris 2005; Chaffee et al. 2007; Chue et al. 1995;
Diagne et al. 1995; Ho et al. 2008; Kikkinides et al. 1993).
Particularly, VPSA process with the use of novel CO2 adsor-
bents materials has attracted much research effort (Ciferno
et al. 2009; Zhang et al. 2008).

There are many potential candidate adsorbent materials
available to post-combustion CO2 capture. Among all al-
ternatives carbonaceous materials are promising adsorbents,
since they have high BET surface area, good CO2 adsorp-
tion capacity, they are water tolerant and they can be pro-
duced with novel morphologies (monolith, bead, fiber, gran-
ular, respectively). Additionally, they are less expensive than
other adsorbents like zeolites (Radosz et al. 2008). Acti-
vated carbon (AC) beads are spherical and no binder ma-
terial was used in their production. The spherical nature and
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Fig. 1 Scheme of the VPSA
apparatus used to study CO2/N2
separation with AC beads

hardness of AC bead minimizes dust formation and attri-
tion losses during adsorption and regeneration processes.
AC beads also exhibit excellent fluidization properties both
in gas and liquid applications. These characteristics make
AC bead the material of choice for higher performance in
carbonaceous materials application.

The AC beads used in this work were pitch-based syn-
thesized from coal tar pitch through the emulsion method
without using binder material by the cooperators in State
Key laboratory, China (Liu et al. 1999). In a previous pa-
per, adsorption equilibrium isotherms and adsorption kinet-
ics of CO2 and N2 on the AC beads were reported. Pref-
erential adsorption of CO2 and good kinetics of both CO2

and N2 were observed in the AC beads (Shen et al. 2010).
The purpose of this paper is to evaluate the performance
of a VPSA unit using the new AC beads for CO2 capture
from flue gas. A four-step Skarstrom-type cycle, comprising
co-current pressurization with feed stream, feed, counter-
current blowdown, and counter-current purge with N2, was
employed for CO2 capture. Fixed-bed breakthrough experi-
ments were performed at different conditions to review the
behavior of the new VPSA unit and to test the validity of the
proposed mathematical model under different conditions.
The effects of different operation conditions (feed pressure,
feed concentration, total feed flowrate, operating tempera-
ture and evacuation pressure) in the VPSA process perfor-
mance were studied experimentally and theoretically.

2 Experimental

2.1 Experimental setup

The experimental VPSA setup is shown in Fig. 1. It contains
three main sections:

(1) The mixture section consists of a pressure transducer,
four shut-off valves, four check valves, and four mass-flow
controllers, MFC1, MFC2, MFC3 and MFC4, connected to
nitrogen (MFC1 for purge and MFC2 for feed), helium and
carbon dioxide cylinders. The pressure transducer PT1 is
from AUTEC (China), with linear pressure response from
0 to 500 kPa, which is located to measure the mixture feed
pressure. The four shut-off valves and five check valves
are all from Swagelok. The check valves are located af-
ter the mass-flow controllers to prevent the opposite flow
through the MFC. The four mass-flow controllers are from
Sevenstar (China) models CS-200, with nitrogen (both are
0–5 SLPM), helium (0–5 SLPM), and carbon dioxide (0–1
SLPM) with a linear response between 0 and 5 VDC, with
an error lower than 0.5% in the flow scale.

(2) The VPSA column section consists of four shut-off
valves, a regulating valve, a back-pressure regulator, two
pressure transducers, a vacuum pump, two mass flow me-
ters, two check valves, two thermocouples, and the concen-
tric column made of stainless steel. The regulating valve,
by which the vacuum blowdown flowrate can be regulated,
is NUPRO. The back-pressure regulator is from TESCOM
(MN, USA) (model 26-2300 series) working between 0 and
10300 kPa, with 2% accuracy and a maximum working tem-
perature of 347.15 K. The vacuum pump is from ILMVAC
(Germany), model MPC 301 Zp diaphragm type, allowing
ultimate pressure of less than 8 × 10−5 kPa. The pressure
transducers, shut-off valves and two check valves in this sec-
tion have the same characteristics of those in the mixture
section, except for the ranges of PT2 and PT3 are (−100–
500 kPa) and (0–500 kPa), respectively. The concentric col-
umn has an inner-tube inner diameter of 25 mm and out-tube
inner diameter of 55 mm. The inner tube is the adsorption
column filled with adsorbents, and the annulus is filled cir-
cularly with water to keep the inner packed column at a spe-
cific temperature. The temperature of the water is controlled
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Fig. 2 Details of adsorption column used in the breakthrough and
VPSA experiments

by thermostat baths, which is from CNSHP (China), model
DC-2006. In this wok, 183.35 g AC beads were employed
and the details of the column are shown in Fig. 2.

(3) The analytical section includes a gas chromatograph
(GC) with an automatic valve sample system, a CO2 in-
frared online analyzer, four shut-off valves and a computer
with a data-acquisition system. This section is dedicated to
analyzing on-line the composition of mixtures exiting the
system. The acquisition software used is Forcecontrol 6.1,
provided by KOSON (Shanghai, China). It can record the
temperature, flow rate of all the mass-flow controllers, and
the pressure from pressure transducers online. The gas chro-
matograph system is GC-950 (Shanghai, China) with ther-
mal conductivity detector, and the column used in the GC
was a CP-Poraplot Q with a flow rate of 7.0 mL/min of he-
lium (used as carrier gas and as TCD reference gas) at room
temperature. The infrared CO2 analyzer is from JUNFANG,
model GXH-1050E (Beijing, China).

All pipes are stainless steel of 3 mm diameter except for
the vacuum pipeline is 6 mm, and all the connections are
from Swagelok. All the gases used in the experiment were
supplied by Shanghai Central Gases with purities of: CO2 >

99.999%, N2 > 99.999% and He > 99.999%.

2.2 Four-step vacuum pressure swing adsorption for CO2

capture

The CO2/N2 separation by adsorption on AC beads is
based on the equilibrium selectivity of CO2 over N2,
SCO2/N2 = 7.1. To evaluate the performance of the pitched-
based AC beads, a four-step Skarstrom-type cycle, including

co-current pressurization with feed stream, feed, counter-
current blowdown, and counter-current purge with N2 was
employed for CO2 capture with the feed composition from
15–50% CO2 balanced with N2, which corresponds to the
composition of flue gas. Before starting the experiments, the
degassing of the adsorbent was carried out at 423 K for 12 h.
Regeneration of the adsorbent for different experiments was
performed under vacuum and purge with N2 at desired tem-
perature.

3 Theoretical

Due to bulk adsorption, non-isothermal behavior is expected
considering the heat of adsorption/desorption and also the
velocity of the gas inside the column will not be constant.
To describe the dynamic behavior of the fixed bed filled with
a bidisperse adsorbent, an axial dispersed plug flow mathe-
matical model composed of material, momentum, and en-
ergy balances was employed. The complete mathematical
model is shown in Table 1. Adsorption equilibrium of pure
components of CO2 and N2 on AC beads were determined
in a previous work and fitted with the Virial model (Shen
et al. 2010). The crystal diffusivity of CO2 and N2 at low
CO2 concentration (determined in the linear region of the
isotherms) were also reported before (Shen et al. 2010) as a
function of temperature and described by:

Dc

r2
c

= D0
c,i

r2
c

exp

(
− Ea,i

RgT

)
(1)

where D0
c,i is the limiting diffusivity at infinite temperature

and Ea,i is the activation energy.
The adsorption equilibrium parameters of the Virial

equation for CO2 and N2 are given in Table 2. Kinetics
of adsorption was expressed by the bilinear driving force
(bi-LDF) model for diffusion both in macropores and in
micropores. Moreover, no mass, heat, or velocity gradients
in the radial direction are considered. The axial dispersion
groups εDax/Dm,i, λ/kg , and the Sherwood and Nusselt
numbers, respectively, are calculated with the Wakao and
Funazkri correlations (Wakao and Funazkri 1978), as sug-
gested by Yang (1987). All properties in the bulk gas phase,
i.e. viscosity, thermal gas conductivity, and molecular diffu-
sion, are calculated with the reference conditions and then
corrected locally by temperature and pressure according to
Lu and Rodrigues (1994). The boundary conditions for the
pressurization with feed, feed, counter-current blown and
purge with N2 are shown in Table 3. During the pressuriza-
tion/depressurization steps, an exponential valve equation
type is used following the experimental data (Lu and Ro-
drigues 1994).

This mathematical model has been used in the simulation
of fixed-bed behavior and pressure swing adsorption appli-
cations of different mixtures showing very good agreement
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Table 1 Mathematical model used to simulate fixed-bed experiments and the VPSA process for CO2 capture with AC beads

Component mass balance εc
∂Ci

∂t
= ∂
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∂z

) − ∂(uCi )
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i = 1, . . . , n
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Wall energy balance ρwC̃pw
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Ergun equation − ∂P
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Virial extended isotherm Pi = qi

KHi
exp

( 2
S
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j=1 Aij qj + 3
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)
Biot number Bii = Rpkf,i/5εpDp,i

Sherwood number εDax/Dm,i = 20 + 0.5SciRe

Nusselt number λ/kg = 7 + 0.5 Pr Re

Table 2 Adsorption equilibrium and kinetic parameters of CO2 and
N2 on AC beads

Gas CO2 N2

K∞ [mol/(kg·kPa)] 3.41 × 10−6 2.38 × 10−6

(−�H 0) [kJ/mol] 23.17 18.11

A0 [kg/mol] 6.889 –2.017

A1 [(kg·K)/mol] –0.0871 688.392

B0 [(kg/mol)2] 0.0244 0.348

B1 [(kg/mol)2·K] –8.652 –105.164

D0
c,i/r2

c [s−1] 12.995 9.492

Ea,i [kJ/mol] 18.050 12.391

between predictions and experimental data (Da Silva et al.
1999; Grande et al. 2008). The simulations were performed
with gPROMS (PSE Enterprise, UK) using the orthogonal
collocation on finite elements (OCFEM) with 50 finite ele-
ments and two interior collocation points in each element of
the adsorption bed.

The performance of the VPSA experiments and simu-
lations was evaluated according to three basic parameters:
purity and recovery of product and unit productivity of the
VPSA. They are defined by:

Purity =
∫ tblow

0 CCO2
u|Z=0 dt+∫ tpurge

0 CCO2
u|Z=0 dt∫ tblow

0 (CCO2
+CN2 )u|Z=0 dt+∫ tpurge

0 (CCO2
+CN2 )u|Z=0 dt

(2)

Recovery =
∫ tblow

0 CCO2
u|Z=0 dt+∫ tpurge

0 CCO2
u|Z=0 dt∫ tfeed+tpress

0 CCO2
u|Z=0 dt

(3)

Productivity

= CO2 obtained in blowdown + CO2 obtained in purge step
tcyclewads

(4)

4 Results and discussion

4.1 Fixed-bed experiments

Before starting with VPSA experiments, breakthrough ex-
periments were performed in order to determine the predic-
tive capabilities of the mathematical model. These experi-
ments are also valuable to determine some parameters such
as the heat transfer coefficient at the wall (hw) and external
convective film transfer coefficient (U), which were fitted
in the program for future use in VPSA simulations. Those
parameters were firstly estimated by empirical correlations
assuming that the fluid is stagnant and then fixed according
to the experimental data. Breakthrough experiments with the
feed flowrate of (1.0–3.0) SLPM and feed composition of
(15–50)% CO2 balanced with N2 at (131.325–324.24) kPa
and (303–333) K were carried out in order to verify the ef-
fect of feed flowrate, feed composition, operating pressure
and temperature on the adsorption step and to check the pa-
rameters at different conditions. Moreover, breakthroughs at
the same experimental conditions were performed to see the
repeatability of the experiments. Details of the parameters
were shown in Table 4. Since the radial diffusion and heat ef-
fect were not taken into account in the mathematical model,
the lab-scale column was designed with small diameter to
minimize these effects. It is also worth to notice that a large
scale system is usually adiabatic, not cooled. However, the
methodology reported here can also work in the adiabatic
systems with the change of heat transfer parameters.

The experimental results showed that the mathematical
model can describe well the breakthrough curves and tem-
perature histories at various operating conditions. As an ex-
ample, Fig. 4 shows the results of the experiments carried
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Table 3 Boundary conditions for VPSA model

Step I: Pressurization with feed

Inlet, z = 0 Outlet, z = L

P(t)|z+ = P (0)|z+ + (P (tI )|z− − P (0)|z+)[1 − exp(−M1tI )] ui(L) = 0

− εcDax,i

ui (0)
∂y(i,0)

∂z

∣∣
z+ + y(i,0)|z+ − y(i,0)|− = 0 ∂y(i,L)

∂z

∣∣
z− = 0

−λ
∂Tg(0)

∂z

∣∣
z+ + uiCt C̃pTg(0)|z+ − uiCt C̃pTg(0)|z− = 0 ∂Tg(L)

∂z

∣∣
z− = 0

Step II: Feed

Inlet, z = 0 Outlet, z = L

ui(0)C(i,0)|z+ = ui(0)C(i,0)|z− P |z− = P |z+
− εcDax,i

ui (0)
∂y(i,0)

∂z

∣∣
z+ + y(i,0)|z+ − y(i,0)|z− = 0 ∂y(i,L)

∂z

∣∣
z− = 0

−λ
∂Tg(0)

∂z

∣∣
z+ + uiCt C̃pTg(0)|z+ − uiCt C̃pTg(0)|z− = 0 ∂Tg(L)

∂z

∣∣
z− = 0

Step III: Counter-current blowdown

Outlet, z = 0 Inlet, z = L

P(t)|z+ = P (0)|z+ + [P (tIII)|z− − P (0)|z+][1 − exp(−M2tIII)] ui(L) = 0

∂y(i,0)
∂z

∣∣
z+ = 0 ∂y(i,L)

∂z

∣∣
z− = 0

∂Tg()

∂z

∣∣
z+ = 0 ∂Tg(L)

∂z

∣∣
z− = 0

Step IV: Counter-current purge (N2)

Outlet, z = 0 Inlet, z = L

P(0) = Pexit ui(L)C(i,L)|z+ = ui(L)C(i,L)|z−
∂y(i,0)

∂z

∣∣
z+ = 0 − εcDax,i

ui (L)
∂y(i,L)

∂z

∣∣
z− + y(i,L)|z− − y(i,L)|z+ = 0

∂Tg(0)

∂z

∣∣
z+ = 0 λ

∂Tg(L)

∂z

∣∣
z− + uiCt C̃pTg(L)|z− − uiCt C̃pTg(0)|z+ = 0

Table 4 Details of equipment
and adsorbent properties used
for CO2/N2 separation on AC
beads

Column parameters Adsorbent parameters

Column length, m 0.557 Adsorbent specific area, m2/kg 845.87

Inner column radius, m 0.025 Pellet diameter, m (1–1.18)×10−3

Column porosity 0.32 Pellet density, kg/m3 984.3

Bulk density, kg/m3 670.6 Pellet porosity 0.506

Wall density, kg/m3 8238 Pellet tortuosity 2.0

Specific heat of column wall, J/(kg·K) 500 Solid specific heat, J/(kg·K) 850

out exactly at the same conditions, from which we can ob-
serve that the breakthrough curves are practically the same
indicating that reproducible results were obtained. It was
also confirmed that the values of hw and U were almost the
same under different experimental conditions and they were
50 and 100, respectively.

4.2 Four-step VPSA experiments

After the fixed-bed runs, a group of VPSA experiments was
carried out to evaluate the performance of this new adsor-
bent (AC beads). An open-ended design of the four-step cy-
cle to be used for CO2/N2 separation in the laboratory unit
described before (with column length and volume already
specified) has the following operating and process parame-
ters: Tfeed, Qpres, Qfeed, Qpurge, Pfeed, Plow, tpres, tfeed, tblow,

tpurge and feed composition. All these parameters may affect
the performance of the VPSA cycles. The optimization of
VPSA process is very difficult, particularly when they are
related by a system of partial differential equations. In this
work, the effect of most operating parameters was studied.
Table 5 shows the main operating conditions and the perfor-
mance of the experimental VPSA runs. As we can see from
the breakthrough curves, the loading capacity of the column
decreases significantly with the increase of operating tem-
perature. In the VPSA runs, the operating temperature was
fixed at 303 K, except for VPSA 8 and VPSA 9. The typical
characteristics of a flue gas from a coal-fired power station
are: 15% of CO2, atmospheric pressure and possibility to
cool down to near ambient temperature. Therefore, VPSA 1
was fixed at these conditions and other VPSA runs were per-
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Fig. 3 Repeatability of breakthrough curves of CO2/N2 in AC beads:
(a) CO2 molar flowrate and (b) temperature histories at the same exper-
imental conditions. Solid lines are theoretical model predictions, and
solid points are experimental values

formed to compare the performance with it. According to
the breakthrough curve of Run 3, the feed time was fixed at
360 s for VPSA 1. To be compared with VPSA 1, the feed
time of the other VPSA runs was all fixed at 360 s.

4.2.1 Initial run of VPSA cycles

Before studying the effects of the different parameters, it is
convenient to give an example of an experimental run ob-
tained in a VPSA experiment using AC beads. For this pur-

Fig. 4 Experimental and simulated pressure history at the exit end of
the VPSA process (VPSA 1). Solid lines are theoretical model predic-
tions, and solid points are experimental values

Fig. 5 Experimental and simulated molar flow rate of CO2 at the exit
end of the VPSA process in cyclic steady state operation, VPSA 1.
Solid lines are theoretical model predictions, and solid points are ex-
perimental values

pose, VPSA 1 was used as example and to compare exper-
imental and predicted results. Figures 4–6 show the main
experimental results and simulated values for VPSA 1 (Ta-
ble 5). In Fig. 4, we can see that the curve agrees quite well
with the experimental data. In the first cycle, the initial pres-
sure is Pfeed, since the column was filled with nitrogen at
the beginning of the experiments. Then follow the steps of
feed, counter-current blowdown, N2 purge and pressuriza-
tion with feed. After the first cycle, the pressure history dur-
ing each cycle is repeated, until the other operating variables
achieve the cyclic steady-state condition.
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Table 5 VPSA experiments for CO2 capture from flue gas on AC beads

Case T Pfeed Plow tpres tblow Qfeed yCO2 Purity Recovery Productivity

[K] [kPa] [kPa] [s] [s] [SLPM] [%] [%] [%] [mol/(kg·h)]

VPSA 1 303 131.325 10 45 135 2.0 0.15 48.56 55.35 1.64

VPSA 2 303 131.325 10 98 130 1.0 0.15 43.58 85.05 1.31

VPSA 3 303 131.325 10 30 135 3.0 0.15 50.35 40.70 1.76

VPSA 4 303 131.325 5 45 270 2.0 0.15 53.75 66.03 1.59

VPSA 5 303 131.325 3 46 330 2.0 0.15 54.06 69.05 1.54

VPSA 6 303 131.325 10 48 165 2.0 0.25 67.79 55.81 2.63

VPSA 7 303 131.325 10 60 285 2.0 0.50 90.06 57.80 4.64

VPSA 8 313 131.325 10 39 110 2.0 0.15 47.89 49.81 1.53

VPSA 9 333 131.325 10 32 90 2.0 0.15 48.18 41.76 1.32

VPSA 10 303 202.65 10 67 190 2.0 0.15 57.83 75.48 2.00

VPSA 11 303 324.24 10 126 240 2.0 0.15 63.04 96.16 2.42

VPSA 12 303 202.65 10 94 420 2.0 0.50 93.70 78.23 5.56

Note: For all the VPSA experiments, tfeed = 360 s, tpurge = 60 s, Qpurge = 0.15 SLPM

Fig. 6 Experimental and simulated temperature histories measured
0.507 m from column inlet, VPSA 1. Solid lines are theoretical model
predictions, and solid points are experimental values

Figure 5 shows the molar flow rate for cycles 6–11 where
no significant variation of molar flow rate was experimen-
tally detected and thus we may assume that represent the be-
havior of the cyclic steady state. The experimental and sim-
ulation results agree quite well. Minor differences between
the experimental and simulated molar flow rates, may be due
to the fact that the experimental values obtained from the
experimental unit are affected by the dynamics of the back
pressure, the vacuum pump that works during the counter-
current blowdown step, while in the simulation the values
computed are without the interference of other equipment.
In Fig. 6, it can be observed that the temperature history sta-
bilizes around a cyclic steady-state behavior after 6 cycles.

Since massive breakthrough of CO2 in run VPSA 1 and in
many others, the recovery was quite small.

4.2.2 Effect of operating parameters on VPSA performance

In this subsection, the effects of total feed flowrate, feed
composition, feed pressure, operating temperature and vac-
uum pressure were experimentally studied. The operating
conditions are listed in Table 5.

The experimental results are shown in Fig. 7. As shown
in Fig. 7(a), CO2 purity increased from 43.58% to 50.35%
when the feed flowrate increased from 1.0 SLPM to 3.0
SLPM. Since the adsorption time is the same, increasing
feed flowrate caused the increase of adsorption zone result-
ing in the increasing of CO2 purity. However, the CO2 re-
covery decreased from 85.05% to 40.70% due to the in-
crease of feed flowrate, which is mainly due to the larger
CO2 lost when the feed flowrate is higher.

The CO2 concentration in different streams where CO2

capture can be employed ranges from 15% to 25% (IPCC
report 2005) for different sources. In order to study the ef-
fect of feed concentration on the performance of VPSA ex-
periments, the feed gas concentration was varied from 15%
to 50% while keeping the other parameters the same with
VPSA 1. The main results are shown in Fig. 7(b). We can
see that both the purity and recovery of the process increase
with feed concentration, as expected.

In the VPSA process, the power consumption of the
blower is one of the main components of total cost. High
adsorption pressure results in high power consumption of
the blower, thus, the effect of the feed pressure was studied,
as shown in Fig. 7(c). While the feed pressure rises from
131.325 kPa to 324.24 kPa, the purity of CO2 increase, too,
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Fig. 7 Effect of the operating
parameters on the VPSA
performance, using AC beads as
adsorbent. (a) Total feed
flowrate; (b) CO2 concentration
in feed; (c) feed pressure;
(d) operating temperature;
(e) vacuum pressure

as a direct result of more CO2 being adsorbed and then re-
leased in the product. Although co-current depressurization
was introduced in runs of VPSA 10 and 11 after the feed
step, which may cause some loss of CO2, its recovery still
increase with the rise of feed pressure. It means that the main
step of CO2 loss is not in the co-current depressurization but
the feed step. For the typical composition of flue gas (15%
CO2), even when the feed pressure is up to 324.24 kPa, the
purity is still low (63.04%) using the Skarstrom-type four-
step VPSA process.

A flue gas stream may be available over a range of tem-
peratures depending on the design and process operation of
the power generation system. There exists the case in the
coal-fired power plant, where the temperature of the flue gas
is at the range of 303–333 K after the heat exchanger and
wet desulphurization of the flue gas. In runs of VPSA 3, 8
and 9, the impact of operating temperature on the process
performance was investigated. Figure 7(d) indicates that as

the temperature increases from 303 K to 333 K, both the re-
covery and productivity decreases while the purity has no
significant difference. The reduction in productivity and re-
covery is caused by the reduction in the loading capacity of
the column when the temperature increases, and therefore by
the reduction in the amount of CO2 extracted from column
during the counter-current blowdown step.

The selection of evacuation pressure is an important vari-
able since it governs the energy performance of the system.
However, when a flue gas with atmospheric pressure (con-
taining 10–15 kPa CO2) is employed for adsorption, low
evacuation pressure will be necessary to desorb CO2. In
Fig. 7(e), it can be observed that both the purity and recov-
ery reduces with the increase of vacuum pressure. A small
increase of vacuum pressure from 5 kPa to 10 kPa reduces
the performance of the process significantly.

As discussed above, with a four-step Skarstrom VPSA
process using AC beads it was not possible to reach CO2
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purity higher than 95%. To improve the VPSA performance,
there are some ways such as decreasing the vacuum pres-
sure, increasing the feed pressure and increasing the feed
composition. However, these alternatives will result in in-
creased energy consumption. Instead of changing operating
variables and increase the energy consumption of the sys-
tem, it would be desirable to modify the cycle and include
steps such as rinse with concentrated CO2 and even pres-
sure equalization to save some energy. Another possibility
is assumed that a two-stage VPSA process is used to cap-
ture CO2 from flue gas, that is, the flue gas was firstly sepa-
rated by the four-step Skarstrom-type VPSA process, taking
VPSA 1 as an example (a purity of 48.56% and recovery
of 88.35% is obtained), and then the product (YCO2 is al-
most 50%) is compressed to 2 atm and separated again by
the four-step VPSA process (Park et al. 2002). For this rea-
son, experiment of VPSA 12 was performed. As shown in
Table 5, a purity of 93.7% with recovery of 78.23% can be
obtained in the second separation which is quite close to tar-
get of 95% purity. By this way, the power consumption for
compressing the product is much less than compressing the
flue gas directly. On the other hand, the feed composition
increases for the second stage VPSA separation.

Considering the un-treated flue gas, there have been some
studies examining the effect of water, SOx, NOx on the ad-
sorption of CO2 (Reddy et al. 2008; Zhang et al. 2009; Li
et al. 2009). Water is usually adsorbed prior to other adsor-
bates due to its strong polarity. As reported, zeolite materials
have a large adsorption capacity for water and it competes
for sites where CO2 adsorbs, which makes CO2 capacity de-
crease significantly. SOx is reported to have reactions with
basic sites on adsorbent materials. NO can be oxidized to
NO2/N2O3/N2O5 and eventually react with the adsorbent
(Rouf and Eic 1998; Mello and Eic 2002). The pressure-
swing reversible adsorption capacity for these impurities is
very small (Sultana et al. 2004; Reddy et al. 2008). Adsorp-
tion column with multi-layer adsorbents was introduced to
resolve the problem by removing the impurities one by one.
However, the interactions of CO2/H2O/SOx/NOx in typical
flue gas with adsorbents are very complex. Our future work
will examine these interactions and their effect on the VPSA
process performance systematically.

5 Conclusions

Experimental fixed-bed and vacuum pressure swing adsorp-
tion (VPSA) experiments were shown for the capture of
CO2 from flue gas using AC beads, which was synthesized
by our cooperators in our laboratory. Breakthrough experi-
ments were carried out at different conditions in order to ver-
ify the effect of feed flowrate, feed pressure, feed composi-
tion and operating temperature on the adsorption step and to

fit the parameters for simulation model. Based on the break-
through experiments, a skarstrom-type VPSA with four-step
(pressurization with feed, feed, counter-current blowdown,
pure with N2) was employed to evaluate the new adsorbent.
Various parameters such as feed total flowrate, feed com-
position, feed pressure, operating temperature and vacuum
pressure were studied experimentally. According to the ex-
perimental research, the mathematical model proposed in
this work could predict the VPSA behavior at the condi-
tion of isothermal operation without the effects of water and
other impurities.

Using the AC beads, feeding with 15% CO2 at 303 K
and 131.325 kPa, purity of 48.56% with recovery of 55.35%
was obtained by using the four-step VPSA process in a sin-
gle column. Increasing feed pressure to 202.65 kPa, a CO2

purity of 93.70% with 78.23% of recovery was obtained. As
other commercial activated carbons, it may also be expen-
sive to use this new AC beads to capture CO2 from flue gas
by VPSA process.
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