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The equilibrium and conversion-time data on the absorption of carbon dioxide
(CO;) with amine-based solid sorbent were analyzed over the range of 303-373 K.
Data on CO; loading on amine based solid sorbent at these temperatures and CO,
partial pressure between 10 and 760 mm Hg obtained from volumetric adsorption ap-
paratus were fitted to a simple equilibrium model to generate the different parameters
(including equilibrium constant) in the model. Using these constants, a correlation was
obtained to define equilibrium constant and maximum CO, loading as a function of tem-
perature. In this study, a shrinking core model (SCM) was applied to elucidate the rela-
tive importance of pore diffusion and surface chemical reaction in controlling the rate
of reaction. Application of SCM to the data suggested a surface reaction-controlled mech-
anism for the temperature of up to 40°C and pore-diffusion mechanism at higher tempera-
ture. Published 2011 American Institute of Chemical Engineers AIChE J, 57: 3153-3159, 2011
Keywords: adsorption gas, diffusion, gas purification, reaction kinetics, design

Introduction

Coal-fired power plants generate electricity by combusting
coal to produce high pressure steam, which drives a series of
turbines or generators. The coal combustion produces flue gas
that contain carbon dioxide (CO,) which is released to the
atmosphere, a major greenhouse gas contributing to global cli-
mate change. The emission of CO, into atmosphere due to its
large quantity has become one of the most serious environ-
mental problems. To prevent the global warming by the
greenhouse effect, the development of CO, capturing system
and separating from the flue gases with a minimal energy
penalty has attracted much attention nowadays.! The most
widely established method to capture CO, is by chemical
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absorption using an aqueous solution of amine-based absorb-
ents.” However, in the currently used systems, more than half
of the capture cost is caused by absorbent regeneration.
Therefore, to make these systems more cost effective,
research scientists at NETL have developed a novel amine-
based solid sorbents to remove CO, from flue gases.3 How-
ever, no kinetic data are available for this promising sorbents.
The knowledge of the kinetics data is of great importance in
the design of CO, removal system, because it is related with
solid inventory necessary in the absorber and regenerator reac-
tors to transfer the CO, demanded in the regeneration reactor.
The objective of this article is thus to determine the kinetic
parameters of the CO, removal by amine-based solid sorbent.
Therefore, this article discusses the equilibrium and kinetic
model of CO, capture by amine-based solid sorbents. Accord-
ing to our best knowledge, this is the first equilibrium and
kinetic investigation for amine-based solid sorbents.

Previous kinetic expressions on amine sorption are devel-
oped for aqueous solution or are volumetric in nature. As
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such these expressions do not consider the effect that particle
size of a solid supported sorbent has on the transport of CO,
through the absorbed layer on the surface of particle. Yang
and Hoffman®* proposed that a commercial process would
use particles as large as 500 um diameter. It is well known
that such particles will exhibit significant delays due to heat
and mass-transport processes. There are a number of kinetic
mechanisms which take these transport processes into
account. These are considered and parameters are estimated
to enable researchers to evaluate the feasibility of using such
large size sorbents in these processes.

In all cases of gas absorption, there are two factors of fun-
damental importance which must be clearly kept in mind:
(1) the equilibrium absorption or the maximum possible degree
of absorption under given conditions of pressure, temperature,
and concentration and (2) the rate of absorption. Both factors
exert an important influence on the capacity of a solid sup-
ported sorbent and on the amount of sorbent needed in relation
to the quantity of gas to be treated. The equilibrium concentra-
tion of the reacting gas establishes the driving force for the
reaction rate. The sorbent itself has a capacity for the amount
of gas that can be reacted that will be dependent on the tem-
perature and reactant concentration. The extent that the sorbent
attains that limit will be determined by reacting gas concentra-
tion and the equilibrium vapor pressure of the reacting gas
over that sorbent. All of these parameters must be defined to
describe the behavior of this amine supported sorbent for
absorbing CO, and being regenerated to be recycled and used
over and over again in a continuous commercial process.

Experiment

The equilibrium absorption was obtained using volumetric
adsorption apparatus. Approximately 10 mL of the sorbent
material was placed in the sample chamber and were evac-
uated to ~5 x 107> Torr at 25°C before each run. The
amount of CO, adsorbed was calculated using pressure
measurements before and after the exposure of the sample
chamber to CO,. Pressure measurements up to 103 Torr
were obtained, using an MKS type 660 pressure gauge, and
pressures >103 Torr were measured using a Setra Datum
model 2000 pressure gauge. By measuring the pressure in
this manner, it was possible to obtain more-accurate pressure
measurements in the low-pressure region. For more details
on the experimental procedure, see Siriwardane et al.’

To examine the fundamental Kinetics of the fractional CO,
conversions and rate of CO,-uptake information using amine-
based solid sorbent were carried out using Cahn 500 Thermo-
max 500 unit thermo-gravimetric analyzer (TGA). The solid sor-
bent was a mixture of amine and bentonite with specific gravities
of 1.05 and 2.5, respectively, prepared using proprietary meth-
ods. The sorbent sample (~50 mg) was placed on the sample
pan situated on the sample arm of the balance. This sample size
minimized the depth of the sample layer in the pan to avoid any
effects of intraparticle diffusion on the rate of weight gain in the
sorbent. The mean sorbent particle diameter tested was 70 um,
the specific gravity was ~1.7 using a volumetric mixing law and
assuming no change in particle volume, and the surface area was
determined assuming spherical particles.

Inert gas (N,) was fed into weighing unit of the TGA to
prevent the reactant gas from diffusing into the balance
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Figure 1. Experimental variation of CO, loading with
equilibrium partial pressure.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

chamber. The temperature was ramped from 20°C to 100°C
at 2.00°C/min. These sample were held at 100°C for 2 h
before it was cooled back to the desired reaction temperature
(30-100°C). The soak time during the pretreatment was
increased from 30 to 120 min to obtain more reproducible
weight change presumably a result of loss of residual water
used during the impregnation of amine onto the bentonite
support. The weight loss during the pretreatment soak at
100°C represented about 7.5% of the sample weight.

Results and Discussion

To compare the feasibility of the amine-based solid sor-
bent with other methods to remove CO, from flue gases, it
is desirable to have available the fundamental data on equi-
librium absorption and on absorption rates. The experimental
CO; loading data, o, at different temperature and CO, partial
pressure is shown by Figure 1. This data were correlated
using following equilibrium model for each temperature:

do _
dCco,

_Keq(aCOZ - amax) (1)
Solving for the CO, loading () in Eq. 1 resulted in:

o= OCmax(l - e_KeqCCOZ) (2)

The values of K. and o,,,x Were obtained by curve fitting the
equilibrium data of Figure 1 with expression in Eq. 2 using
TABLECURVE software available from SPSS. A typical fit of
Eqg. 2 to the CO, loading, «, measurements is illustrated by Figure
2. Agreement was very good over the entire CO, loading-CO,
concentration with overall variance explained greater than 98%.

Using this CO, loading and partial pressure data, a plot of
In(K.q) versus 1/T was generated (Figure 3). The values
obtained for K.q in this manner were found to exhibit the
following Arrhenius dependence with temperature as:

2953.6
InKey = 2.978 +

3
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Figure 2. Curve fitting of Eq. 11 to experimental data
to obtain K.q and amax-

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

In general terms, the equilibrium distribution of CO,
between an aqueous alkanol-amine solution and a vapor phase
is determined by the solution of a set of equations comprising
(1) two species balances, one for CO,, and one the amine (C
and N), (2) five reaction equilibrium equations for the
dissociation of various species in solution, (3) an equation of
electro-neutrality, and (4) isofugacity statements for each
species which is present in both phases.® For example, the
equilibrium chemical reaction for amine-CO, reaction is:

Ke
2R R,NH + CO, = R;R,NHJ + R;R,NCOO™  (4)

Mathematically, the corresponding equilibrium constant is
defined in terms concentration:

[RiR,NH; ][R;R,NCOO™]
Keq = B ©)
[R1RyNH][CO,]

Using this method, Weiland et al.® provided the following
empirical expression for diethanolamine (DEA)-CO, reaction
equilibrium constant as:

6801.7

InK.q = —8.502 + (6)

The experimental data for equilibrium constant are illustrated
alongside this empirical expression (Eq. 6) in Figure 3. The
agreement in the values of the equilibrium constant was remarkable
in that the empirical expression (Eq. 6) was developed from
mathematical theory for DEA-CO, reaction in aqueous solution.
Differences in the temperature dependence were expected due to
the fact that the amines on the supported sorbent were a mixture of
alkanol-amines. These results provided confidence in the validity
of the technique presented here to obtained equilibrium constant.

The equilibrium CO, concentration, Cco,eq, Was obtained
using following expression7:

1 amax
CO,| = — [ ———max 7
[CO:eq Keq (1 —2ocmax> 7
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As a result of the reaction stoichiometry, the maximum CO,
loading is 0.5 (Eq. 4). In the presence of moisture, this
stoichiometry can change up to a value of unity. It is unclear
how water in the matrix of a solid support or gas phase moisture in
saturated flue gas will influence this stoichiometry. The
maximum CO, upload, o,,x, Was obtained by combining the
TGA oyax (Monazam et al., submitted) with those values
measured experimentally from the volumetric sorption apparatus:

Omax = 1.923 — 0.0048T ®)

At the lower temperatures both o, values approached the
same asymptotic value. However, at higher temperatures (80—
100°C), the TGA method values were somewhat lower than
the volumetric o,.x. This may be due to differences in the
sample preparation. It was decided that the best approach was
to simply combine the data sets. This explained 80% of the
variation in the data.

The equilibrium CO, concentration, Cco,cq, @s @ function
of omax using Eqgs. 6 and 8 into Eq. 7 is illustrated by Figure
4. The vapor pressure of CO, over the sorbent saturated with
CO, at o, decreased as the loading, o,.y, decreased. This
is critical to determining the driving force for CO, capture
into the amine supported sorbent.

The effect of reaction temperature on the fraction of CO,
conversion for amine/bentonite particle of 70 um diameter is
illustrated in Figure 5. The CO, conversion, X, is defined as:

m{t) — mo

X = 9

mg — g

where m(t) is instantaneous weight of the solid during the
exposure to CO,, and m, and m; are initial and final weight,
respectively. When the data is normalized in this way, it can
clearly be seen that the rate of sorption increases with
temperature. The only departure in this trend is the data taken
at 40°C. The absorption of CO, at this temperature exhibits an
absorption rate more characteristic of that observed at 60°C. It is
hypothesized that there may be a complex interaction of the
inherent water in the clay structure with the amines, which alters
the stoichiometry and rate of CO, capture at this temperature.
The standard error as calculated using the error bar option in
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Figure 3. Comparison of K., between NETL data and
Weiland et al.® correlation.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 4. Variations of CO, concentration with CO,
loading.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Microsoft Excel 2007 has been added to the upper and lower
temperature data points demonstrating that there is significant
difference between various responses for different temperatures.
A heat of reaction was measured using a differential scan-
ning calorimeter to be 77 J/g sorbent at 40°C. Using the
equilibrium CO, uptake, the heat of reaction was about
64 kJ/mol of CO,. The net absorption process was exother-
mic. This represents a rather significant quantity of heat
release. The experiments conducted in the TGA were
designed to thermally equilibrate rapidly so that the data can
be analyzed as isothermal responses. Experiments were con-
ducted on various particles size, sample sizes, and gas sweep
rates. It was found that particles smaller than 100 um, sample
sizes less than 50 mg, and gas flows of greater than 50 ml/min
produced repeatable and maximized the uptake of CO, over the
testing period. As a result, the heats of reaction can be safely
considered to be negligible and data analyzed as isothermal.
The major models that have been developed for noncata-
lytic fluid—solid reactions are the shrinking core, shrinking
particle, grain boundary, and homogeneous models. The
shrinking core model (SCM) is applicable to an initially non-
porous particle, which reacts with a reagent leaving a reacted
layer around the unreacted core. The shrinking particle model
is similar to the SCM except that no product layer is left
around the unreacted core. The grain boundary model is appli-
cable to a solid consisting of individual dense grains com-
pacted together, whereas the homogeneous model is applica-
ble to a solid with a homogeneous distribution of pores.
Among these models, the most common model used in the
gas—solid reaction is SCM where the particle size would not
change but the reacting core shrink inside the particle. In lieu
of data on the particle size effects, the SCM appeared to be
the most appropriate model for the amine supported sorbent.
The SCM was first developed by Yagi and Kunii.® In the
establishment of the SCM, the solid reactant is considered to
be nonporous and is initially surrounded by a fluid film
through which mass transfer occurs between the solid parti-
cle and the bulk of the gas. As the reaction proceeds, an
inert product layer forms around the unreacted core. Exam-
ple of such systems are frequently encountered in chemical
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and metallurgical processes, such as the reduction of metal
oxides, the oxidation of metals, the roasting of ores, and
combustion and gasification of coal. Detailed derivation of
the SCM can be found in Levenspiel9 and Szekely et al.'®

For the analysis of 70-um amine supported sorbent, it was
assumed that the solid particle is spherical and it reacts with
the gas isothermally. Also, the concentration of the reacting
gas was assumed to be constant or in excess.

The SCM is based on three different rate-controlling steps
in the overall mechanism and, for spherical particles, the pro-
gress of reaction of a nonporous solid to product is shown
schematically in Figure 6. As the reaction proceeds, the
unreacted core diminishes. The reaction occurs at the surface
representing the sharp interface between the unreacted core
and the product layer.

As shown in Figure 6, the overall process consists of
chemical reaction at the interface, and the diffusion of gase-
ous reactant and products through the solid—product layer
and through the boundary layer at the external surface of the
solid. The overall rate may be controlled by: (1) the rate of
chemical reaction, (2) by the rate of diffusion, or (3) by both
(1) and (2). In other words, the third controlling case is
when the rate of chemical reaction is comparable with the
rate of diffusion such that these two steps may produce com-
parable resistance to the progress of reaction, and so both
contribute to the overall process of the reaction.

The relationships between time and fractional conversion
are as follows:

The general reaction A(g) + bB(s) — Product is used in
the development of the SCM:

(1) Gas film diffusion control:

t
¢ (10)
Tgas
where
R
Taas = P (11)
3bkeMy(Cco, — Ceq)
1+ =
0.8 Temperature (°C)
— =30
= — - 40
£
& 0.6 N
'-Ea — 0
E 04 -+ 80
>Il<
0.2
Mean particle size : 70 um
Particle B
0 . - :
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Figure 5. Effect of reaction temperature on CO, reac-
tion with amine-based solid sorbent. Stand-
ard error is included on the 30 and 80°C test
data points.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 6. A gas-solid reaction proceeding with the formation of a shrinking unreacted core.

where k, is the external mass-transfer coefficient. This exter-
nal mass transfer through the gas boundary layer usually
provides a negligible resistance to the progress of reaction
and hence has only a small effect on the overall rate.'”
(2) Diffusion through the product solid layer control:
faft _ 1 f o1 —X) - 3(1 - x)23 (12)
Tdiff

Equation 12 may also be written in explicit form as'’

1 T 1 2tgify ’
X=1- |- “4-cos 1 - 13
{2+cos[3+3cos < Tdiff)” (13)
where

R*py,
6bD My (Cco, — Ceq)

Tdiff = (14)
where D, is the diffusion coefficient for CO, through the
product layer.

(3) Chemical reaction control at the surface of the
unreacted core

15
R o-x) (15)
TRxn

Equation 15 may also be written in explicit form as:

t 3
X=1- (1 - RX“) (16)
TRxn
where
R
TRen = P a7

bksMy(Cco, — Ceq)

And k; is the surface reaction rate constant. Note that each
of the characteristic times is dependent on the particle size;
the reacted layer diffusion time is dependent on R

In general, more than one resistance influences the conver-
sion of the particle. Thus, combining the three individual
rate expressions gives the instantaneous rate of reaction,
whereas the particle is being converted:

. b - C.
R"(mol/cm® s) = - (SC?Z Coa) i (18)
o E- Dtz

where ¢ = r /R = (1 — X)'7.
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The time needed to reach any particular conversion is
given as:

tx = X + ae |1 — 3(1 — X)?* +2(1 —X)]

+1Rm[1 (1 —X)‘“} (19)

The kinetic regime of the reaction can also be identified'”
by the modulus, o

o = Tdiff (20)

TRxn

This is defined as the ratio of the internal diffusion and
intrinsic reaction resistances. The reaction is diffusion control
if > > 10 and intrinsic chemical reaction-control if ¢* < 0.1.

To quantify the effect of temperature on reactivity of amine/
bentonite in CO, capture, the experimental conversion time for
each reaction temperature was compared with the ideal chemi-
cal reaction and product diffusion control models. The conver-
sion-time fitted more closely to the chemical reaction control
for the temperatures up to 40°C (Figure 7). These comparisons
suggested that chemical reaction kinetics controlled the rate of
reaction at low temperatures. Figure 7 also shows that for
higher reaction temperature (>90°C), the conversion-time data
fitted more closely to the product diffusion control and, there-
fore, indicated that the reaction was controlled by product layer
diffusion. The reaction at temperature between 60°C and 90°C

1
0.8 -
% 06 -
s s |deal Diff. Cont
§ ik ====|deal Rxn Cont
= 4 A -—2n 0,
S T=30°C
+ 60
02 | = 100
0+ . . ‘ .
0 0.2 0.4 06 0.8 1

time/total time (t/t)

Figure 7. Comparison of reaction rate to different reac-
tion models at T = 30, 60, and 100°C.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 8. Analysis of diffusion and reaction time in
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

was neither completely chemical reaction nor diffusion con-
trolled processes; both steps contribute significantly to describ-
ing the overall process rate. The temperature responses agree
with the theoretical responses for the diffusion and chemical
reaction control within the standard errors reported in Figure 5
for the upper and lower temperature data.

In this work, it was assumed that external mass transport
was fast and the overall rate of reaction could be expressed in
terms of the rate of chemical reaction and the rate of diffusion
through the product layer. Using experimental conversion-time
data and fitted to Eq. 19, the two unknowns (tgir and Trxn)
were obtained using least-squares method of minimization.
The modeled diffusion and reaction times are shown in Figure
8 for reaction temperature of 60°C relative to the experimental
time. To reproduce the experimental time the diffusion and
reaction time must be summed together, demonstrating that at
60°C both contribute significantly to the overall reaction rate.

The values of D, and k, were obtained for amine/bentonite
particle B of 70 um in diameter taking the modeled diffusion
and chemical reaction times for each temperature. The tem-
perature dependence for these extracted values D. and k;
were fitted to the Arrhenius equations (R®> > 94%), as shown
in Figure 9. The fit for D, and k; produced the following
effective diffusivity and surface reaction kinetics:

—1.6275

D.(cm?/s) = 6.823 x 107%¢ 7" @1

and

ks(cm/s) = 28.2¢7# (22)

The frequency factor of 28.2 and activation energy of 6.35
kcal/mol were consistent with amine based weak ionic reaction
with CO, as observed when kinetics are measured in solution.

Conclusions

In this study, a rigorous approach has been taken to describe
the equilibrium and surface CO, absorption rate using solid sup-
ported amine sorbents. A SCM was used to interpret absorption
data taken between 30 and 120°C in TGA and equilibrium volu-
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metric sorption apparatus. The maximum CO, loading on the
clay supported sorbent was determined using both the gravimet-
ric and volumetric techniques. The experiments were designed
to minimize complicating thermal and mass transfer effects. An
expression was developed using both test data describing the
relationship between maximum capacities as a linear function
of temperature. The vapor pressure of CO, in equilibrium over
the sorbent was measured and the temperature-dependent equi-
librium constant was reported. An Arrhenius model for the pre-
diction of CO, equilibrium was successfully used to fit a series
of experimental data on CO, loading at various temperatures
(303-363 K) and CO, partial pressures (10-760 mm Hg)
obtained from volumetric adsorption apparatus.

The capacity of the sorbent to hold CO, decreased with
reaction temperature as indicated by the maximum value pre-
sented in Figure 2. Thus, the extent of reaction as it
approached equilibrium varied inversely with temperature.
This was also confirmed from TGA data and both results when
combined lead to the formulation of Eq. 8. This reaction was
measured to be exothermic with an enthalpy of reaction 64 kJ/
mol of CO,. According to LeChatelier’s principle, an increase
in temperature shifts the extent of reaction in favor of the reac-
tants for such an exothermic reaction (Eq. 4). However, this
should not be misconstrued as an indication that the rate
decreases with temperature. The test data reported in Figure 5
indicated an increasing rate with increasing temperature. This
was used to extract the temperature-dependent kinetic parame-
ters for both chemical kinetics, k,, and diffusion coefficient,
D, (Figure 9). Thus, both chemical kinetic and diffusion resis-
tances were, in fact, found to be lower at higher temperatures.

The diffusion coefficient and surface chemical kinetic
parameters were extracted from the TGA test data taken over
the same range of temperatures. Comparative analysis of CO,
absorption over the entire temperature range demonstrated
that these competing processes both contribute to the absorp-
tion behavior. By calculating the dependence of the diffusion
and chemical reaction times on the temperatures, the extent of
conversion of the reaction data could be compared with the
reaction model varying the fitted parameters. Using a least-
squares method of minimization iteration method, parameters
for the diffusion coefficient, frequency factor, and the activa-
tion energy were estimated. The values obtained indicated
that for these 70 pwm amine supported sorbents diffusion proc-

esses dominated at high temperatures characteristic of
5 A1
-55
L1115
6
£ 55 Laz &
c c
- -l
7
125
75
-8 13
0.0026 0.0028 0.003 0.0032 0.0034

1T (1/K)

Figure 9. Temperature dependence of the chemical
reaction rate, ks (cm/s), and effective diffu-
sion-rate coefficient, D, (cm?/s).
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regeneration processes (80—-100°C), whereas chemical kinetics
controlled at the lowest temperatures (30—40°C). At the inter-
mediate temperatures, the process rate was found to be a
mixed contribution of both diffusion and chemical reaction
rates.

It is in this intermediate range where commercial processes
are projected to be needed to retrofit existing power plants, it
was found that both diffusion and chemical processes contrib-
ute to controlling the process rate. Thus, when considering
particle sizes which are suitable for this scale process equip-
ment, it is important to incorporate both mass transport and
chemical rate processes. For larger particle sizes and larger
bed volumes required in commercial applications, the temper-
ature range and contribution of the mass and thermal transfer
processes will vary. More work is required on mass-transfer
rates for larger particles to confirm the applicability of these
diffusion and kinetic models to those process conditions.
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Notation

A = reacting gas
= mole of B consumed per mole of A reacted (dimensionless)
B = component of solid reacting with gas
Cco, = CO, concentration of gaseous product (mol/cm?)
Cﬁ; = equilibrium concentration (mol/em?)
D, = diffusion coefficient of the gaseous phase (cm?/s)
ks, = surface reaction rate constant (cm/s)
K., = equilibrium constant (cm®/mole)
k, = mass-transfer coefficient (cm/s)
My, = molecular weight of reacting solid
R = particle radius (cm)
R; = primary amine, CH,CH,OH=C,H,OH
R, = secondary amine, R, = R; for DEA and R, = H for MEA
t = time of reaction (min)
lgas = gas film diffusion time (min)
toigr = diffusion through the product layer time (min)

frxn = chemical reaction control time (min)
T = temperature (K)
X = conversion

Greek letters

tco, = CO; loading (mole CO,/mole amine)
pp, = density of solid reacting with gas (g/cm3)
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