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" Kinetic analysis of CO2capture was
conducted using amine based (PEI)
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" Breakthrough tests were performed
varying bed temperature, flow rates
and CO2 levels.
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a b s t r a c t

The adsorption of carbon dioxide (CO2) by immobilized polyethylenimine (PEI) on mesoporous silica was
investigated in a fluid bed. The tests were performed to determine breakthrough behavior with varying
bed temperature, flow rates and feed concentrations. Experimental breakthrough curves were analyzed
using a theoretical 1D model developed by Bohart and Adams. The results showed that Bohart–Adams
model was suitable for the normal description of breakthrough curve for the temperature ranges of
40–90 �C. The maximum capacity increased with temperature up to 70 �C and then decreased. The
adsorption rate constant exhibited a negative temperature dependence decreasing as the temperature
increased. Parameters characteristic of a fluid bed adsorber were inferred from these breakthrough
curves including the breakthrough time, saturation time, critical reactor length, and length of mass trans-
fer zone LMTZ. These parameters can be used to design fluid bed adsorption system without resolving the
mechanistic contributions of dispersion, mixing, and intraparticle diffusion.

Published by Elsevier B.V.
1. Introduction

Carbon dioxide (CO2) is an omnipresent species in the flue gas of
fossil fuel combustion that is thought to be a main contributor to
the global warming. Fossil fuel-fired power plants produce and re-
lease CO2 and account for one-third of the global CO2 emissions to
the atmosphere [1]. This has resulted in a global research effort to
mitigate the emissions of CO2 and examine ways to capture CO2 di-
rectly from power plant flue gases [2]. Adsorption of gases onto so-
lid adsorbents has great environmental significance since it can
effectively remove pollutants from gaseous streams. Low-temper-
ature solid adsorbents reported in the literature [3,4] include phys-
ical adsorbents (carbon-based materials [5–9], zeolites [10–16]
and metal organic frameworks [17–21]), amine-loaded carbons
[22–26] and amine-loaded silica’s [27–36].
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Nomenclature

b intercept in Eq. (5) (s)
CCO2 concentration of CO2 (g/cm3)
C0 concentration of CO2 at the inlet (g/cm3)
Cb concentration of CO2 at the breakthrough, 5% C0 (g/cm3)
Ct concentration of CO2 at the time t (g/cm3)
DL axial dispersion of the adsorbate in the gas stream (cm2/

s)
f utilization factor
kc rate constant (cm3/g s)
L bed length (cm)
L0 critical bed length (cm)
LMTZ length of mass transfer zone (cm)
m slope in Eq. (5), (cm/s)

mads mass of adsorbent (g)
q CO2 uptake over sorbent volume (g CO2/cm3 bed)
qs CO2 uptake at saturation per unit volume (g CO2/cm3

bed)
Qf volumetric feed flow rate (slpm)
t time (s)
tb breakthrough time (s)
tq time for total capacity (s)
ts saturation time (s)
U superficial gas velocity (cm/s)
z axial length (cm)
e bed void fraction
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For the purpose of reducing CO2 emissions to the atmosphere,
researchers at The Department of Energy’s National Energy Tech-
nology Laboratory (NETL) have developed a high adsorption capac-
ity sorbent by immobilizing amine functional groups, such as those
found in polyethylenimine (PEI). These are grafted on high surface
area supports such as mesoporous silicas [37]. This high surface
area support can immobilize a large number of active amine sites
per gram of support.

The nature of the amine functional groups determine the
amount of CO2 adsorbed and the energy required for regenerating
the sorbent. However, there are few publications in the literature
relating to the adsorption of gaseous pollutants onto immobilizing
amine/mesoporous silica support, particularly using fluid bed con-
figurations [38]. Fluid-bed experiments are usually done to mea-
sure the effectiveness of adsorption for removing specific
adsorbates as well as to determine the maximum adsorption
capacity. In this adsorption mode, there is a fluid bed of adsorbents
through which the stream under treatment is passed. As the pol-
luted stream travels through the bed, adsorption of the contami-
nants occurs and a purified effluent exits the column until
breakthrough, which is when the outlet CO2 concentration reaches
a quality limit set by emission regulations. The time for break-
through and the shape of the breakthrough curve are very impor-
tant characteristics for determining the operation and the dynamic
response of an adsorption column. During breakthrough CO2 is re-
moved from flue gas by the sorbent. The adsorption performance
can be characterized by measuring the inlet CO2 concentration,
outlet CO2 concentration and determining the adsorbed CO2
Fig. 1. Particle size distribution of sorben
concentration from the ratio of effluent CO2 concentration to inlet
CO2 concentration as a function of time for a given bed height. In
this present work, a systematic study on the adsorption of CO2 onto
the immobilizing amine/mesoporous silica support in a fluid bed
was carried out to provide a deeper insight into the physics of
the dynamic adsorption processes.

2. Experimental methods

2.1. Sample preparation and characterization

The sorbent used, designated sorbent AX, was manufactured by
Pressure Chemicals under DOE specifications of nominal 40% PEI
(BASF, Lupasol PR8515) on a silica substrate (PQ Inc. 2129). Particle
density was 0.88 g/cc as measured from the bulk density and the
particle size. The particle size was measured using QICPIC particle
analyzer (Sympatec GmbH, Model-QP0104). The size distribution
for the raw sorbent was Gaussian as displayed in Fig. 1. The cumu-
lative volume distribution at 10% and 90% were 114 and 188 lm,
respectively. The Sauter mean size was 142 lm. The batch of pre-
pared sorbent came in six 35 kg barrels from testing conducted at
ADA Inc. and exhibited some variability such that the cumulative
distribution at 10% and 90% ranged from 53 up to 188 lm,
respectively.

The active ingredient in the sorbent is PEI which is a polymer of
1,2-ethanediamine and aziridine with a number average molecular
weight of 2000. It contains a mixture of primary, secondary and
tertiary amines, and in dry conditions the main reaction between
t AX using QICPIC particle analyzer.



Thermocouples 

Plenum 

Effluent exit 

CO2

Analyzer 

Cooling/
heating 

coils 
Sorbent 
slumped 

Dilution air 

Distributor 

Flue gas 
inlet 

N2 flow 
control 

CO2 flow 
control 

Humidifier 

Fig. 3. Schematic diagram of fluid-bed column system.
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amine and CO2 is the formation of carbamate. These are grafted on
the high surface mesoporous silica which was measured prior to
loading PEI to have 312 m2/g using N2 via BET method and a poros-
ity of 2.49 ml/g using isopropanol (IPA). This high surface area sup-
port immobilizes a large number of active amine sites per gram of
support. The nature of the amine functional groups determines the
amount of CO2 adsorbed and the energy required for regenerating
the sorbent [39,40].

The amines were dissolved in methanol and combined with the
silica substrate at a 0.40 amine:2.0 methanol:1.0 silica weight ra-
tio. This substrate slurry was then placed in a rotary evaporator,
and the methanol was removed, physically adsorbing the amine
into the silica. A nominal total of 40% PEI by weight was immobi-
lized onto the substrate, and then the CO2 capture sorbent was
tested using a thermogravimetric analyzer (TGA). This impregna-
tion procedure was reported to produce a well-distributed layer
of PEI on mesoporous silica substrate [30]. Xu et al. describe a syn-
ergistic influence of the PEI with the mesoporous substrate such
that the adsorption capacity in the ‘‘molecular basket’’ increases
over that observed for either individually when PEI loadings ex-
ceed 20% by weight [30]. The synergistic effect maximizes at 50%
PEI loading and this is described as the optimal loading of PEI on
the mesoporous surface.

The PEI in the sorbent, Lupasol PR8515, was approximately 25,
50, and 25 wt.% primary, secondary, and tertiary amine, respec-
tively. The stoichiometry of CO2 uptake reactions is 2:1 for primary
and secondary amines, but is more complex with tertiary amines.
In the presence of water the tertiary amine reacts with CO2 produc-
ing the tertiary ammonium bicarbonate, but in dry environment
the tertiary amine reacts in concert with a primary or secondary
amine. The theoretical reaction order for CO2 can be calculated to
be 0.625 for the PEI mixture. It was found to be 0.69 in TGA testing
in a dry environment [40].

An SEM photomicrograph of the sorbent after testing at ele-
vated temperatures up to 120 �C is shown in Fig. 2. These used sor-
bent particles have some micro-cracks eventually resulting in
particle attrition and fragmentation. The bulk density was mea-
sured to be 0.63 g/cc and the packed bed voidage was calculated
to be 30%. The aspect ratio for the fresh sorbent ranged from 0.6
to 0.75. The aspect ratio is defined as the ratio of the minimum
to maximum FERET diameter and extracted from the QICPIC parti-
cle analyzer. The minimum fluidization velocity for the sorbent AX
was measured to be 0.15 cm/s in the fluid bed column described
below.
Fig. 2. SEM photomicrograph of sorbent AX after testing under temperature
excursion.
2.2. Experimental procedure and apparatus

A schematic diagram for the fluid-bed column systems is shown
in Fig. 3. The fluid-bed columns were made of polyethylene tubes
14 cm internal diameter and 101 cm in height. Thermocouples
were located at three levels within the bed, (bottom – 6 cm above
distributor, middle – 18 cm, top – 36 cm). An average of these three
thermocouples was taken as the bed temperature. Standard condi-
tions were taken as 20 �C and 1 atm.

An amount of sorbent (2.4 kg) was introduced to the reactor to
yield a 25.4 cm deep packed bed. Gas flows to the plenum were
maintained using Alicat mass flow controllers and an additional
flow of air was supplied to the exiting gas to dilute the effluent suf-
ficiently to maintain CO2 concentration below 10% as necessary for
the analyzer. The CO2 exit concentration was monitored using a PP
Systems WMA-4 CO2 analyzer (range – 0 – 10,000 ppm). Bed tem-
peratures were maintained using an oil flow through coiled heat
exchange tubes immersed in the bed. The heat transfer oil could
be either heated or cooled to maintain the desired bed tempera-
ture. Data regarding gas flows, temperatures, CO2 concentrations
and other pertinent conditions were acquired at one second inter-
vals throughout the duration of the experiments.

The sorbent was initially pre-treated by heating to 110 �C under a
fluidizing gas flow of N2 with 2% humidification (by volume) until
the CO2 exit concentration was negligible. To begin the adsorption
phase, the bed temperature was reduced to the desired temperature
under a flow of humidified nitrogen. The reactor exit was open to
ambient conditions. When the bed was at the desired thermal condi-
tion, gas flows were adjusted to the desired overall inlet flow rate and
CO2 concentration. During the adsorption phase, effort was made to
maintain the bed at a constant temperature. This condition was
maintained until the CO2 outlet concentration was maximum and
invariant. After maximum adsorption, the bed was transitioned to
the desorption phase by raising the bed temperature to the regener-
ation temperature of 110 �C. The gas flows employed during this per-
iod were usually identical to the adsorption phase flows. Once the
110 �C temperature was reached, CO2 flow was discontinued and
the CO2 outlet concentration was monitored until negligible. The
bed was again cooled under humidified nitrogen flow to the desired
temperature of the next adsorption condition.

The selection of the regeneration temperature of 110 �C was a
compromise between sorbent stability and expected working
capacity. This sorbent exhibited thermal and chemical instabilities



Table 1
The effect of temperature and inlet CO2 concentration on heat of reaction, DHr, and
overall fluid bed heat transfer coefficient, hc.

Tbed (�C) Inlet CCO2 (slpm) DHr (kJ/mole) hc (W/m2-C)

40 10 �84 185
55 10 �58 132
70 10 �53 143
90 10 �39 65
40 5 �85 196
55 5 �74 148
70 5 �59 124
90 5 �53 123

Average �63 139
Std dev 16 41
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such that elevated temperatures, particularly in the presence of O2

and the absence of moisture, can lead to the decomposition, oxida-
tion, desiccation, and breakdown of the active surface sites in PEI
[39]. Tests were conducted to evaluate the severity of these effects
by cycling the sorbent through adsorption and regeneration in the
presence of oxygen and the absence of moisture. In one case the
sorbent was visibly discolored, producing yellow, red, and black
particles when heat exchange fluid temperatures reached 140 �C,
corresponding to bed temperatures of 130 �C. Subsequent tests
on this same sorbent demonstrated reduced capacity for CO2. The
capacity of a similar sorbent was sufficiently reduced at tempera-
tures above 100 �C to provide working capacities of about
1 mole/kg [40]. The working capacity is defined as the difference
between capacities under adsorption and regeneration conditions.

Adsorption temperatures were varied between expected flue
gas temperatures of 40 �C up to regeneration temperatures to eval-
uate the influence of temperatures on both capacity and rates of
CO2 uptake. The capacity of PEI sorbent is a relatively insensitive
to temperature over this range, but the rate of adsorption de-
creases with increasing temperature [40]. There are advantages
to maximizing the adsorber temperature to reduce the process
heat requirements.

The CO2 concentrations were tested at nominally 15 and 30 vol%
based upon the fact that a 500 MW power plant produces between
14% and 21% CO2 in the flue gas [41,42]. The higher level was selected
to evaluate the process sensitivity to a change in the CO2 concentra-
tion. The experiment instrumental control and accuracy were better
at higher rather than going to lower concentrations.

Typical temperature profiles across the fluidized sorbent bed
during adsorption are presented in Fig. 4 when fluidization velocity
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Fig. 4. Typical temperature profiles across the fluid bed and raw exit CO2

concentrations (with dilution) during breakthrough testing of sorbent AX at: (a)
70 �C and 33.3% CO2, and (b) 40 �C and 16.6% CO2.
was 20 times minimum fluidization velocity. Thermal deviations
during CO2 adsorption elevated the temperature above set-point,
but these deviations peaked prior to breakthrough and became
small as the reaction front approached the outlet. The adsorption
temperature was found to increase by 15–20 �C at 33.3% CO2, but
was less at 16.7% CO2 concentration. The heat release extended
over a longer time period for the lower CO2 concentration thereby
reducing the deviation from nominal temperature. By the time the
CO2 concentrations began to breakthrough the sorbent bed the
thermal deviation returned to the nominal operating temperature.

A thermal swing process, such as being investigated here, is
more efficient if the temperature difference is relatively small be-
tween the adsorber and regenerator. Thus, there is an advantage
to being able to operate the adsorber at elevated temperatures.
The lack of temperature dependence in this type of sorbent
[30,39,40] allow the temperature of the sorbent to increase during
CO2 uptake without sacrificing capacity. Thus, there is a smaller
temperature swing required and the heat required during regener-
ation can be minimized.

From these experiments the heat transfer coefficients and heats
of reaction were extracted by conducting an energy balance on
each experiment considering the heat absorbed from the heat ex-
change fluid; sensible heat lost to fluidizing gases, through the
walls to the environment; and the sensible heat of the reactor
walls, copper heat transfer coils, and sorbent bed. The heat of reac-
tion is the difference between the heat adsorbed and the sum of all
the sensible heat losses. The heat transfer coefficient is the total
heat adsorbed over the duration of the experiment, Q, divided by
the tube surface area, At, times difference between the average
oil temperature, Toil, and the average bed temperature, Tbed.

hc ¼
Q

AtðToil � TbedÞ

The values for the heat of reaction and heat transfer coefficients are
presented in Table 1 for the test matrix. The heat transfer coefficient
did not vary appreciably with temperature or CO2 concentration
and was found to be about 139 ± 41 W/m2-K. The heat transfer coef-
ficient was lower when the fluidizing gas velocity was decreased
from 20 to 10 umf, where hc = 87.7 ± 8.2 W/m2-K. This was due to
the fact that the test period was longer for the lower flow rates.
These values are consistent with following correlations for horizon-
tal tubes in a fluidized bed developed by Vreedenburg in 1958 [43]:
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where

ReD ¼
DtqgUg

lg
; Rep ¼

dpqgUg

lg

The heat of reaction for sorbent AX was found to be exothermic
at 63 ± 16 kJ/mole. There was a slight decrease in heat of reaction
with increased CO2 concentration, but this can be attributed to
the higher thermal deviation from the nominal temperatures for
these conditions.

3. Results and discussion

The effect of reaction temperatures on the experimental break-
through curves for a feed containing 33.3% CO2 for immobilized
PEI/silica sorbent particle of 142 lm diameter is illustrated in
Fig. 5. The breakthrough point is the point that CO2 was initially
detected in the effluent. The breakthrough curve obtained at the
lower temperature (40 �C) shows a much shorter time with unde-
tectable CO2 effluent before the breakthrough and a much sharper
shape. Fig. 5 also shows that when the temperature increased from
40 �C to 70 �C that the time required for complete saturation in-
creased from 560 s to about 1160 s. In general rate of uptake is
higher at higher temperature; however, the slope of the 90 �C
breakthrough curve was less sharp than other breakthrough
curves. The shape of the breakthrough curve indicates that the rate
decreased as the temperature increased. Nucleation growth mech-
anisms have been proposed to explain this behavior [40]. The
broadness of the trailing edge of the breakthrough curves could
perhaps result from slow intraparticle diffusion within the pores
of the sorbent particle. The CO2 must first diffuse into the porous
particles before interacting with the functional groups of PEI.

The ‘‘tailing’’ of a breakthrough curve (i.e., a slow approach of Ct/
C0 towards 1) is usually due to the dominant mass transfer process.
In addition the sorbent capacity increased from 87.6 to 121.5 mg/g
over 40–70 �C temperature range. This increase in capacity is con-
sistent with findings for PEI based sorbents [30,40] and reflects
mass transfer restrictions to the deeper layers in the PEI at low
temperatures.

Mathematical models are useful for understanding fluid bed
dynamics and for design and optimization studies since they help
reduce time-consuming and repetitive experiments. For adsorption
in a fluid bed column, the mass transfer in the gas phase can be
modeled as a dispersed plug flow accounting for mixing in the axial
direction [44]. As a general rule, when the ratio of the column-to
particle radius is greater than 10, the difference of concentration
in the radial direction is negligible. In this study, we consider an
isothermal fluid bed with an immobilized PEI/silica sorbent
through which a gaseous containing CO2 flows with a constant lin-
ear velocity. The general mass balance for an absorption in a col-
umn is given by;

@CCO2

@t
¼ DL

@2CCO2

@z2 � U
e
@CCO2

@z
� ð1� eÞ

e
@q
@t

ð1Þ

where CCO2 is the gas phase CO2 concentration, DL is the axial dis-
persion of the adsorbate in the gas stream, q is the CO2 concentra-
tion in the sorbent averaged over the sorbent volume, z is the length
in the axial direction, U is the superficial velocity of the gas mixture,
e is the bed void fraction, and oq/@t is the rate of adsorption.
Although such models are useful for a fundamental understanding
of the dynamics of fluid-bed, their practical utility is rather limited
owing to the complicated solution methods. On the other hand,
simplified models are useful when it is desired to develop a practi-
cal tool that can capture quantitatively the effects of main system
variables on the column dynamics [45]. Therefore, the ability of a
relatively simple model, known as the Bohart–Adams equation
[46], to describe the breakthrough behavior of immobilized amine
(PEI) on mesoporous silica was examined. It should be noted that
the Bohart–Adams model assumes that adsorption rate described
by a quasi-chemical kinetics rate expression as:

@q
@t
¼ kcðqs � qÞCCO2 ð2Þ

where kc is rate constant and qs is saturation capacity. Neglecting
axial dispersion and assuming t� L�e/U, the analytical solution to
Eqs. (1) and (2) results in Bohart–Adams model. This model is capa-
ble of generating symmetrical, sigmoidal breakthrough curves. The
development of the Bohart–Adams model is described in detailed
by Chu and Hashim [45] and the solution can be summarized as:

Ct

C0
¼ 1

1þ exp kcðqs
L
U � C0tÞ

� � ð3Þ

where kc (cm3/g s) is rate constant and qs is the saturation capacity
per unit volume of packed bed.

Upon rearrangement, Eq. (3) becomes [45];

t ¼ qs
L

UC0
� 1

kc

ln C0
Ct
� 1

� �
C0

ð4Þ

According to Eq. (4), plotting experimental data in terms of t vs.
ln(C0/Ct � 1)/C0 should yield a straight line and the two parameters
kc and qs can be estimated from the intercept and slope, respec-
tively. Therefore, Eq. (4) implies that the service time is a linear
function of the bed height and hence it can be written as:

t ¼ mL� b ð5Þ

where m is the slope and b is the intercept of the line. The slope, m,
is equal to qs/UC0. Thus, determining the slope allows one to evalu-
ate the sorbent capacity when known values of the inlet concentra-
tion of CO2 and gas velocity are used. Likewise the intercept, b, is
equal to ln(C0/Ct � 1)/C0kc such that once it is determined the value
of kc can be extracted at given level of CO2 capture, C0/Ct.

The simplicity and advantage of using the Bohart–Adams model
is that it can applied for the prediction of the slope for any un-
known flow rate with a known slope at a given flow rate. Thus,
once the reactor design parameters are calculated at a given flow
rate, the fluid-bed column can be designed for different flow rates,
by modifying the equation (Eq. (5)) and utilizing the new slope,
however, the intercept remains unchanged because it depends on
the inlet gas concentration, C0. The Eq. (5) is modified as follows:

mnew ¼ mold
Uold

Unew

� �
ð6Þ



Table 2
Parameters obtained by fitting nonlinear Eq. (3) to experimental breakthrough curves using total flow of 30 slpm with balance N2 and 2% H2O.

T (�C) Inlet CCO2 (slpm) kc (cm3/g s) qs (mg/g) d(Ct/C0))/dt,max (s�1) Time d(Ct/C0))/dt,max (s)

40 10 31.7 87.6 0.00453 505
55 10 24.2 105.6 0.00330 608
70 10 18.4 121.5 0.00240 700
90 10 15.9 97.4 0.00195 561
40 5 33.6 86.6 0.00240 997
55 5 27.4 110.7 0.00187 1275
70 5 16.1 120.7 0.00105 1389
90 5 13.6 105.7 0.00089 1283

y = -0.074x + 580.79
R² = 0.9797

y = -0.0686x + 698.44
R² = 0.9961

y = -0.0527x + 644.34
R² = 0.9791

y = -0.0462x + 567.9
R² = 0.9473
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Fig. 6. Experimental breakthrough data plotted according to Eq. (4).
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Thus, when values for the velocity and slope are measured at a
given condition, Uold and mold, respectively, then a new slope
parameter can be obtained for a new gas velocity of interest. From
this new slope the estimated sorbent CO2 uptake, qs, can be ob-
tained. Similarly, the change in inlet concentration (C0) usually re-
sults in changes in slope and intercept of Eq. (5). The new slope and
intercept values can be determined from:

mnew ¼ mold
C0old

C0new

� �
ð7Þ

Likewise, when values for the CO2 concentration and slope are
measured at a given condition, C0old and mold, respectively, then a
new slope parameter can be obtained for a new gas concentration
of interest and the new value for qs can be obtained.

bnew ¼ bold
C0old

C0new

� � ln C0new
Ct
� 1

� �
ln
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� �
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Similarly, when values for the concentration and intercept are
measured at a given condition, C0old and bold, respectively, then a
new intercept parameter can be obtained for a new concentration
of interest. From this new intercept the estimated CO2 uptake rate
parameter, kc, can be obtained. For example, Eq. (7) was tested by
comparing the response at different CO2 concentration with exper-
imental measurements reported in Table 2. By taking the values
obtained from Eq. (4) the sorption capacity, qs, and rate constants,
kc, were estimated from concentration data taken at 33.3% CO2 for
different temperatures. For these four test cases the new capacities
were found to be within 2.7% of the measured capacities, and the
rate constants were within 3.6% of the measured rates. There
was no observed bias or systematic deviation for the values esti-
mated at different temperatures.

At time t = 0, the Eq. (4) can also be solved for bed length L0 as:

L0 ¼
U

qskc
ln

C0

Cb
� 1

� �
ð9Þ

where L0 is the minimum or critical bed length of the adsorbent suf-
ficient to produce an outlet concentration Ct = Cb, where Cb is the
concentration at the breakthrough defined as a limit concentration
or a fixed percent of initial concentration. Note that the sorbent
near the inlet is not necessarily fully saturated when the reactor
length is equal to this critical bed length.

In Fig. 6 the breakthrough data of Fig. 5 is plotted in terms of Eq.
(4). A linear relationship was found between t and ln(C0/Ct � 1)/C0

for temperatures of 70 and 90 �C, indicating that the experimental
results conformed to the linearized Bohart–Adams model. The
implication is that kc and qs can be estimated from these linear
curves. However, Fig. 6 also display that the relationship between
t and ln(C0/Ct � 1)/C0 was nonlinear for temperatures of 40 and
55 �C, indicating the experimental results do not conform to the
Bohart–Adams model. The implication is that kc and qs cannot be
estimated accurately from these nonlinear curves.

An alternative method of estimating kc and qs is to fit Eq. (3) di-
rectly to the breakthrough data of Fig. 5 by a nonlinear least-square
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fit. Therefore, for a given temperature, values of kc and qs were
determined by curve fitting the data of Fig. 5 with the parameters
in Eq. (3) using TABLECURVE available from Statistical Package for
the Social Sciences. The experimental Ct/C0 data was compared to
the Bohart–Adams model when the kinetic parameters were deter-
mined in this manner. This is illustrated in Fig. 5 for different tem-
peratures with the measurement represented by discrete symbols
and the model estimates by the solids lines. The model data and
experimental data agree over the entire Ct/C0 time with overall var-
iance explained (R2) greater than 99.9%. However, the model over-
estimated the sharpness of the leading and trailing edges of the
experimental breakthrough curves at the low temperatures. When
fitting nonlinear equations with a large number of parameters, it is
prudent to consider how sensitive the fit is to the choice of input
parameters, and whether equally good fits could be achieved with
different sets of parameters. Indeed, it was found out the unknown
parameters did not vary with different initial choices.

The effect of reaction temperatures on the experimental break-
through curves for a feed containing 16.7% CO2 for immobilized
PEI/silica sorbent particle is also illustrated in Fig. 7. Overall, the
agreement between the experimental curves and calculated ones
is very good. Similar to the test at higher CO2 concentration, the
lowest temperature exhibited the largest deviation from the exper-
imental data. It is apparent that prior to breakthrough at low tem-
perature the first order reaction model overestimates the uptake
rate. This is not unexpected since a more rigorous model including
nucleation and growth mechanisms was needed to capture the re-
duced rate of uptake due to the sporadic nature of the nucleation at
these low temperatures [40].
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The calculated breakthrough rate (d(Ct/C0)/dt vs. t) data is illus-
trated by Fig. 8 for different temperatures. The experimental break-
through curves are symmetrical. The maximum rate decreased
with the increasing temperatures. The calculated breakthrough
rate is a function of Ct/C0 as presented in Fig. 9 for isothermal oper-
ating temperatures between 40 and 90 �C. The rate increased with
fractional Ct/C0 up to 50% Ct/C0 before dropping again as the bed be-
came saturated. This rate dropped systematically with tempera-
ture. Wang et al. [47] determined that the rate controlling
process for CO2 uptake must be changing with temperature. The
analysis by Monazam et al. [40] supported this conclusion stating
that while the uptake of CO2 is a low-energy process, it is not a bar-
rierless process and so the rate controlling process must be chang-
ing with temperature. They demonstrated that this process is
described using a nucleation and growth mechanism in which
the rate of platelet-shaped (2 dimensional) nuclei decreases with
increasing temperature, while growth of the nuclei increases in
rate with increasing temperature. The nuclei growth step is limited
by thermodynamic constraints and controlled by mass transport of
CO2 into the PEI.

The values of kc, qs, maximum breakthrough rate, and its time
are also tabulated in Table 2. The values of kc decreased as temper-
ature increased for a given inlet CO2 concentration. Assuming an
exponential temperature dependence (Fig. 10), k = Ae(�d/T), where
A is a pre-exponential factor, d is the exponential constant, and T
is temperature in K. The temperature dependence can be rewritten
as

ln k ¼ ln A� d
T

ð10Þ

From Eq. (10), it is apparent that the plot of lnk vs. 1/T should
result in a straight line with a slope of d and intercept of lnA. A plot
of ln(k) vs. 1/T for amine/silicate sorbent with particle size of
142 lm according to particle-CO2 uptake is shown in Fig. 10 for
each reaction temperature and two CO2 concentrations of 33.3%
and 16.7%. The values for pre-exponential factor, A, and exponen-
tial constant, d, for the CO2 removal were obtained from the inter-
cept and slope of straight line in Fig. 10.

The values for A varied substantially as the CO2 level changed,
increasing with increasing CO2. The exponential constant, d, was
indeed fairly constant for different CO2 levels as evidenced by the
nearly parallel lines. Overall, the rate of reaction decreased as the
temperature increased. This apparent negative temperature
dependence is consistent with observations by Monazam et al.
[40] and Ebner et al. [48] for similar sorbent.

The sorbent capacities for CO2 uptake measured in the fluid bed
were between 86 and 122 mg/g and depended strongly on temper-
ature, but less so on CO2 concentration (Table 2). TGA capacities
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Table 3
Effects of temperatures and inlet concentration on the characteristic parameters using
total flow of 30 slpm with balance N2 and 2% H2O.

T (�C) Inlet CCO2

(slpm)
tb t0.05 (s) ts t0.95 (s) LMTZ

(cm)
L0

(cm)
f

40 10 368 562 10.6 8.2 0.79
55 10 375 695 15.2 9.3 0.70
70 10 372 1163 26.2 11.1 0.48
90 10 217 986 32.5 17.1 0.36
40 5 1170 1853 11.5 7.8 0.77
55 5 958 1738 14.7 7.9 0.71
70 5 417 1736 31.1 12.8 0.39
90 5 243 2041 40.0 16.5 0.21
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measured at 60 �C in 100% CO2 were comparable with values be-
tween 114 to 126 and an average of 124 mg/g. There was only a
slight increase in CO2 uptake at the higher CO2 concentration in
the fluid bed. This is consistent with the adsorption isotherms for
a similar sorbent reported by Monazam et al. [40] in which there
is only small increase in uptake between 10% and 100% CO2. For
the temperature range studied in the fluid bed Monazam et al. re-
ported that CO2 adsorption follow the isotherms formulated by
Freundlich and Temkin for heterogeneous and mixed homoge-
neous heterogeneous surfaces as might be expected for a complex
polymer such as PEI on a mesoporous substrate. That study dem-
onstrated that the uptake only begins to drop off below 10% CO2.
Increasing the velocity through the fluid bed increased the rate
for CO2 breakthrough; however, the capacity did not change appre-
ciably as discussed in additional detail below.

Fig. 11 shows the effect of temperature on the CO2 sorption
capacities. The saturated CO2 capacity increases with temperature
up to 70 �C and then decreases at higher temperature. As the tem-
perature is increased, PEI becomes more flexible and hence, more
CO2-affinity sites are exposed to the CO2 leading to higher capaci-
ties [30]. As temperature increased above 70 �C, the equilibrium
shifts to the reverse direction and desorption become more favored
[49]. This same trend was observed in an earlier study on the same
type of sorbent, designated 196C using TGA apparatus to measure
the sorbent capacity [40]. That sorbent was 50% PEI loaded on a
Cariact mesoporous substrate and when this difference of loading
was taken into account the capacities agreed closely (Fig. 12). It
is interesting to note the primary discrepancy between the two
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atures as compared to TGA measurements for sorbent 196C normalized to 40% PEI
loading.
sorbents was that sorbent AX had slightly lower capacity at lower
temperature, even though this sorbent had the lower PEI loading. It
has been argued that the CO2 capacities for PEI based sorbent are
reduced at lower temperatures where transport through the PEI
is thought to restrict CO2 access to the deeper PEI multilayers
[30,39]. Fig. 12 provides evidence that the capacity was less depen-
dent on the thickness of the PEI layer than other factors such as the
substrate or the molecular weight of the PEI. The PEI number aver-
age molecular weight was 2000 for AX while it was only 400 for
the 196C.

The characteristic parameters, including breakthrough time,
saturation time and length of the mass transfer zone (MTZ), de-
rived from the breakthrough curves of a 25.4 cm length bed for
various bed are listed in Table 3. The length of the mass transfer
zone (MTZ) is the portion of the adsorbate bed where adsorbate
is actually being adsorbed on the adsorbent. The MTZ typically
moves from the inlet towards the outlet during operation. That
is, as the adsorbent near the inlet becomes saturated (spent) with
adsorbate, the zone of active adsorption moves toward the effluent
end of the bed where the adsorbate is not yet saturated (Fig. 13).
The MTZ is sometimes called the adsorption zone or critical bed
depth.

For constant pattern adsorption, the MTZ length was approxi-
mated as follows [50]:

LMTZ ¼
2Lðts � tbÞ
ðts þ tbÞ

ð11Þ

where L is the length of the bed (cm); and tb and ts are the break-
through and saturation time (min) respectively, which are normally
defined as the times when the outlet concentrations are 5% and 95%
of the inlet concentration, respectively. The breakthrough time in-
creased and the saturation time increased with increasing temper-
ature, resulting in longer mass transfer zones (Table 3). In general,
the lower temperature, the faster is the nucleation of product spe-
cies on the surface and thus, the shorter the mass transfer zone.
In contrast to Lo, the length of the mass transfer zone, LMTZ, is the
length from a fully saturated gas inlet to where the CO2 reaches
breakthrough at the top. This is always equal to or larger than Lo.

The overall bed capacity utilization for a symmetric break-
through curve can be given as follows:

f ¼ 1� 0:5LMTZ

L
ð12Þ

The utilization factor decreased as the temperature increased
(Table 3). Likewise, the capacity utilization decreased with inlet
CO2 concentration due to the reduction in the driving force for
adsorption. The utilization factor approaches 1 when the reactor
length is large. The design engineer must balance the cost of excess
reactor size with inefficient utilization of the reactor sorbent
inventory.

The carbon dioxide loading in the bed was determined by a dy-
namic mass balance, which requires numerical integration of the
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data. Using the breakthrough curve data from an adsorption break-
through run, the time equivalent to the total or stoichiometric
capacity of the column for CO2 is calculated by numerically inte-
grating the following equation:

tq ¼
Z 1

0
1� Ct

C0

� �
dt ð13Þ

where tq is the time equivalent to the total or stoichiometric capac-
ity, t is time, Ct is the concentration of CO2 at time t, and C0 the feed
concentration of CO2. With tq determined, the dynamic adsorption
capacity, q, of the bed was calculated using following equation [44];

q ¼
Qf C0tq

mads
ð14Þ
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where q is the CO2 loading, Qf is the volumetric feed flow rate at
standard conditions, and mads is the mass of adsorbent loaded in
the bed.

It can be seen from Fig. 11 that the experimental (using Eq. (14))
and predicted values (using Eq. (3)) of CO2 loading showed excel-
lent agreement.

The advantage of the using Eq. (3) (Bohart–Adams model) is
that any experimental test can be reliably scaled up to other flow
rates and inlet CO2 concentrations without further experimental
testing.

Fig. 14 gives the concentration breakthrough curves obtained
for CO2 adsorption for two different flow rates to see the effect of
the feed flow rate at a constant adsorption pressure of 1 atm. It
was observed that a higher feed flow rate of 30 slpm contributed
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Fig. 15. Effect of feed concentration (C0) on breakthrough curves at flow rate of
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to an early breakthrough since the bed got saturated faster with
more CO2 going through the column compared to a lower feed flow
rate of 15 slpm. The minimum fluidization velocity for the sorbent
was 0.15 cm/s corresponding to nominally 1.5 slpm flow in the
fluid bed. Thus, changing the flow from 10 to 20 times the mini-
mum fluidization velocity did not affect the measured capacity
indicating that there was little or no leak through the fluid bed.
LMTZ was close to the length of the fluid bed for the higher flow rate
(30 slpm), but the critical length (11 cm) was still well below the
bed height of 25 cm (Table 3). Flows higher than this would be ex-
pected to leak CO2 through the fluid bed.

Fig. 14 also shows that when the flow rate increased from 15 to
30 slpm the time required for breakthrough decreased from 700 s
to about 460 s. For 30 slpm, the mass transfer zone moved quicker
and mass transfer coefficient was higher because of the higher Rey-
nolds number. Tailing was seen towards the approach to sorbent
saturation for both flow rates. This is an indication of the slow
intraparticle diffusion within micropores of the adsorbent, pres-
ence of non homogeneous particles and varying flow patterns.

With higher flow the degree of mixing and turbulence is gener-
ally higher. At the end of the breakthrough curve where CO2 ap-
proached the inlet concentration, there was a somewhat slower
approach to the final outlet concentration in the high flow case
as compared to lower flow case (Fig. 14). In addition, there was a
difference in the leak through rates prior to breakthrough, such
that the CO2 in the outlet gas was greater for the longer duration
tests. At low flows or lower concentrations the concentration of
CO2 in the outlet gas was found to be slightly higher than the high-
er gas flows or CO2 concentrations. Prior to breakthrough the outlet
concentrations were essentially the same whether or not the test
conditions took a long or short time. The outlet concentration in-
creased gradually over time. Thus, for the longer test cases the out-
let concentration continued to increase with time until
breakthrough occurred. In general, the cumulative leak rate was
higher for the longer duration tests, irrespective of the gas velocity
and bed voidage.

The effect of a variation of the inlet CO2 concentration from
16.6% to 33.3% used with the same adsorbent bed height of
25.4 cm and flow rate of 30 slpm is shown by the breakthrough
curve in Fig. 15. It is illustrated that the breakthrough time slightly
decreased with increasing inlet CO2 concentration. When the inlet
concentration was increased from 16.6% to 33.3% the time required
for the breakthrough decreased from 570 s to about 490 s. At lower
inlet CO2 concentrations, gases were dispersed and breakthrough
occurred slower. As influent concentration increased, sharper
breakthrough curves were obtained. This can be explained by the
fact that a lower concentration gradient resulted in slower trans-
port due to a decrease in the diffusion coefficient or mass transfer
coefficient. The larger the inlet concentration, the steeper was the
slope of breakthrough curve and shorter was the breakthrough
time. These results demonstrated that the change of concentration
gradient affected the saturation rate and breakthrough time, or in
other words, the adsorption process was concentration dependent.
As the influent concentration increased, CO2 loading rate increased,
because the driving force increased for mass transfer.

Fixed bed tests are by nature less isothermal than a fluid bed
because the heat transfer coefficients in a fluid bed are an order
of magnitude larger than those in a fixed bed. Since the CO2 loading
on the sorbent was found to be relatively insensitive to tempera-
ture over the range between 40 and 80 �C (90–120 mg CO2/g sor-
bent), it is not expected that the breakthrough curves would
change significantly as long as the heat rise is maintained within
this temperature range in the fixed bed. Meeting that constraint,
however, depends upon the gas flow rates and adsorbate concen-
tration as well as the dimensions of the adsorber bed. The worst
case scenario might be thought to be high CO2 concentrations with
low gas flows rates through a relatively thick bed; these conditions
would tend to produce hot spots endothermicly releasing CO2 to
moderate the temperature. A fixed bed adsorber would be ex-
pected to adsorb less CO2 per unit weight sorbent in this situation.

On the other hand, the rate of CO2 uptake was found to be
somewhat slower at higher temperatures, and thus an adiabatic
fixed bed would have a tendency to exhibit a shallower break-
through curve extending over a longer period of time. These kinetic
considerations can impact the required contact time, the size of the
adsorption bed, and ultimately the capital costs.

Fixed beds are also plagued with relatively high pressure drops
which create a greater potential for gas channeling thereby requir-
ing much larger particles than those tested in this study. Fines less
than 43 lm are known to exacerbate the tendency to channel and
are typically avoided in fixed bed units.
4. Conclusions

The adsorption of carbon dioxide (CO2) by immobilized amine
(PEI) on mesoporous silica was investigated using fluid bed. The ki-
netic, equilibrium and breakthrough curves were discussed. The ki-
netic process was better described by the pseudo-first-order
kinetic model. The breakthrough curves were significantly affected
by flow rate and inlet CO2 concentration. As the flow rate in-
creased, the breakthrough curve became steeper, the break point
time and the amount of adsorbed CO2 decreased, probably due to
an insufficient residence time of the CO2 gas in the bed. The break-
through capacity of the sorbent was found to increase with inlet
CO2 concentration. The breakthrough data were fitted by the Bo-
hart–Adams equation at experimental conditions using nonlinear
regressive analysis. The calculated theoretical breakthrough curves
were in good agreement with the corresponding experimental
data.
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