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The increasing CO2 concentration in atmosphere leads to significant ecological changes, and the control of COy
emissions has been a major concern worldwide. Amine-functionalized adsorbents are promising because they
have high CO, adsorption capacity, moderate adsorption heat and strong water resistance. Adsorption kinetics is
a key performance parameter and facilitates the cognizance of microscopic CO2 adsorption process. A novel
kinetic model was proposed, which categorized the amines of solid amine adsorbents into two regions: the open
amine region and the closed amine region. Different from the open amine region, CO5 adsorption by amines in
the closed amine region was significantly influenced by diffusion. The model could elucidate the effect of amine
loading and temperature on CO2 adsorption. When amine loading was below the theoretical maximum loading,
the COy adsorption capacity and the N efficiency gradually increased with the rise of amine loading. Never-
theless, as the amine loading further increased, the adsorption capacity decreased instead. CO2 adsorption by
solid amines was not affected by external diffusion, but was significantly affected by internal diffusion. The
percentage of closed amine region of adsorbents with high amine loading was large, CO needed to diffuse slowly
into this region, leading to a small CO5 adsorption capacity at low temperature. When the amine loading was less
than 0.5, the CO, adsorption rate stayed almost the same. The model is instructive for the targeted preparation of

solid amine adsorbents with fast adsorption rates.

1. Introduction

Carbon dioxide (CO2) in atmosphere is the main anthropogenic
greenhouse gas (Younas et al., 2020) and is responsible for climate
change (Carlson et al., 2022; Daryayehsalameh et al., 2021; Szima et al.,
2019). In 2023, about 37.4 Gt CO, was emitted to the atmosphere.
Greatest Of all CO5 sources, the power sector accounted for 36% of total
emissions. Meanwhile, Coal remained the largest single source of elec-
tricity generation worldwide, and by far the largest CO emission source
of electricity sector: it contributed just over one-third of electricity
generation but was responsible for nearly three-quarters of CO; emission
in electricity sector (Birol, 2023; Dale, 2022). Therefore, decarbon-
ization of power systems, especially coal-fired power plants, is of great
importance for carbon reduction.

Due to the moderate binding energy with CO,, amine is widely used
for coal-fired flue gas carbon capture and direct air carbon capture
(Chuah et al., 2025; Veluturla et al., 2025). However, amine itself is
highly viscous and has low CO, diffusivity, thus showing a slow CO2
adsorption rate(Tang et al., 2025). To improve its CO, diffusivity, two
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main approaches have been taken, one is amine solution (Meng et al.,
2025; Zhang et al., 2024), which mixes amines with low-viscosity liquids
such as water, and the other is solid amine adsorbents (Hu et al., 2025),
where amines are loaded onto porous materials. Solid amine adsorbents
have high adsorption capacities, selectivity and water resistance, and
are regarded as one of the most prospective CO2 capture agents (Sayari
et al., 2011; Siegelman et al., 2021; Zhao et al., 2021).

Analyzing adsorption kinetics is important for reactor sizing and
process optimization. Current studies on adsorbents mostly use simple
adsorption rate models, such as pseudo-first-order model, pseudo-
second-order model and Avrami kinetic models (Xu et al., 2024). Teng
(Teng et al., 2024) found that the pseudo-second-order model could fit
the adsorption experiment well, thus inferring that both chemical and
physical adsorption occurred during the CO, uptake. Liu (Liu et al.,
2014) utilized Avrami kinetic model to fit well the adsorption rate of
TEPA carbon nanotube. He also proposed that the exponent n in the
model mainly indicated the growth adsorption mechanism, and that the
exponent did not vary with temperature, but varied with concentration.
Serna (Serna-Guerrero and Sayari, 2010) used pseudo-first and Avrami
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kinetic models to fit the mass change curve measured by thermogravi-
metric analysis and applied the obtained adsorption rates to construct
fixed bed column model. The models mentioned above could describe
the total adsorption rate to some extent, which may be sufficient for
engineering design, but are unable to describe the detailed CO,
adsorption process and guide the preparation of solid amine adsorbents.

CO; adsorption by solid amine adsorbents involves several processes
(Bos et al., 2019): external diffusion of ambient CO5 into solid amine
adsorbent particles; intraparticle diffusion inside the pores of adsorbent
particle; CO, diffuses through the surface reacted amine layer to reach
the deep unreacted amine region and then CO; react with amine.
However, few studies on the adsorption kinetics of solid amine adsor-
bents provide a comprehensive discussion of the CO, adsorption pro-
cess. Some studies determined whether the CO5 adsorption process
involves the above mass transfer resistance by collating the adsorption
curve and Boyd’s film-diffusion model, interparticle diffusion model,
and intraparticle diffusion model (Yan et al., 2023; Yang et al., 2022). A
poor fit to a model indicated that the adsorption process involved a
corresponding mass transfer resistance. However, this method can only
make qualitative recognition and cannot give a quantitative analysis of
how certain process affects adsorption kinetics.

More detailed research on the adsorption kinetics of CO2 by solid
amines can be broadly categorized into two groups, i.e. 1) the solid
amine particle is treated as an entity; and 2) dual kinetic models are
employed.

For the first category(Hou et al., 2021; Vallace et al., 2023; Wang
et al., 2016), shrinking core model was used to describe the adsorption
process. Adsorption kinetics were mainly influenced by external diffu-
sion, product layer diffusion, and the chemical reaction on the surface of
the unreacted core(Hou et al., 2021; Wang et al., 2016). Vallace (Vallace
et al., 2023) also treated solid amine particles of several micrometers as
a whole. According to his hypothesis, unreacted solid amine particles
had high diffusivity such that CO2 could quickly contact unreacted
amines at all locations. Nonetheless, as the reaction proceeded, CO5
needed to diffuse through the product layer with low diffusivity and only
amines near the surface can react with CO5, which explained a fast and
then slow adsorption rate of the adsorption curve. However, this type of
model is not consistent with the actual situation, a certain volume of
pores still exists in the solid amine adsorbents (Yang et al., 2023), and
CO> can enter into the solid amine adsorbent through the pores, rather
than diffusing through the product layer.

The second category (Ohs et al., 2018; Wang et al., 2020), which
posited the existence of two distinct adsorption rates within the solid
amine, was first attempted by Bollini (Bollini et al., 2012). The faster
rate indicated the reaction of CO, with the surface amine, while the
slower rate represented the reaction rate of CO, with deep-layer amines
after diffusing through the surface amine layer (Ohs et al., 2018). Thus,
the dual kinetic model could explain the long-tail phenomenon (Jung
et al., 2018) which refers to the slow adsorption process during the later
stages of adsorption(Wang et al., 2025). However, this model was
dependent on hypothesis and failed to establish a connection between
the model and the support material structure, lacking detailed calcula-
tions and physical substantiation.

From the above discussion, few studies on the CO, adsorption ki-
netics of solid amine adsorbents considered the detailed CO, adsorption
process, which makes it difficult to understand the evolution of solid
amine adsorbents during CO5 adsorption process. In this paper, a novel
adsorption kinetic model has been constructed based on the classical
Langmuir adsorption model. The model fits well with experiment data
and can be used to explain the effect of temperature and amine loading
on the CO, adsorption. The model divides amines into two parts: the
open amine region and the closed amine region. In the open amine re-
gion, the adsorption of COs is not controlled by CO5 diffusion, so they
can maintain a constant and relatively fast adsorption rate, independent
of the amine loading. In contrast, CO adsorption in the closed amine
region is controlled by CO, diffusion, resulting in a significant
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concentration gradient inside, leading to a slower adsorption rate. By
fitting the thermogravimetric curve, parameters such as the ratio of the
open amine layer region and the adsorption rate unaffected by diffusion
can be obtained. In addition, excessive amine can block the mass
transfer channels and eliminate the open amine region. In this case, all
CO4 adsorption is strongly diffusion-limited, resulting in a low apparent
adsorption rate.

Nomenclature
Symbol  Meaning Unit value Reference
a Percentage of amine in
the open amine region
C CO-, concentration mol/m?
Cinner Average intra-particle mol/m®
CO, concentration due
to internal diffusion
D Integrated diffusivity m%/s 3.39E-06 Equation S3
Dco2- Diffusivity of CO3 in m?%/s 1.67E-05  Equation S1
N2 nitrogen
D Effective diffusivity m%/s
based on particle
surface area
Din Diffusivity of CO3 in m?/s
amines
dp Particle diameter mm 0.855
J Diffusion flux mol/
(mz-s)
Ko Initial Langmuir
equilibrium constant
k Adsorption rate based m3/(sekg)
on adsorbent mass
ka Adsorption rate m3/ (sekg)
kd Desorption rate m®/(sekg)
kg Adsorption rate based m/s
on adsorbent external
surface area
kv Adsorption rate based 1/s
on adsorbent volume
Atmospheric pressure Pa 101325
q CO3 adsorption mol/kg
capacity
Qe Equilibrium adsorption ~ mol/kg
capacity
qN N efficiency mmol
COy/
mmol N
Qrotal Adsorption capacity of mol/kg
the total active sites
r Amine radius in the m
open amine region
R Gas constant J/ 8.314
(moleK)
Sh Sherwood number 2 (Wang et al.,
2020)
t Time s
T Temperature K
Xload Mass ratio of amines of
adsorbent
y The ratio of CO; 0.15
concentration
n Efficiency factor due to
internal diffusion
Pamine Amine density kg/m3 1030 (Vanini et al.,
2023)
Pp Particle density kg/m® 890 Calculated from
(0.5R20) experimental
data
T Tortuosity factor 1/¢p (Wang, 2021)
@s Thiele modulus number
& Adsorbent porosity 0.15 Calculated from
(0.5R20) experimental
data
AU Adsorption heat J/mol
Z Amine length in the m

closed amine region
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Subscript
Symbol Meaning
i Time i
N Based on nitrogen amount
P Based on particle

2. Materials and methods
2.1. Preparation of PEI loaded resin HP20

Resin HP20 (Diaion, Mitsubishi) with a particle size between 0.8 and
0.9 mm was chosen as supporting material. Took 1 g of the material and
degassed it at 110°C for more than three hours. A predetermined mass of
Polyethyleneimine (PEI, Molecular weight Mw=600, Purity: 99 %,
Aladdin) was added to 10 mL of methanol solution (Purity: 99.9 %,
Macklin) and stirred for about 10 min, after which the supporting ma-
terial was added into the mixture. After continuous stirring at 55°C and a
vacuum of 0.5 bar (A) for approximately 2 h, the methanol was nearly
evaporated. The remaining substance was taken and placed in a vacuum
drying oven over night. The solid amine adsorbent was obtained by
further evaporation at 60°C under vacuum for about 1 h. The obtained
adsorbents were named as xR20, where x is the amine loading, repre-
senting the weight ratio of PEI in the adsorbent. For example, 0.4R20
represents an amine loading of 0.4.

The performance of different preparation batch is shown in Table 1.
The CO; adsorption capacity was measured at 90°C by thermogravim-
etry analysis (TGA, Mettler Toledo TGA 2) as described in the next
section, and the amine loading was measured by elemental analysis
(Elementar vario MACRO cube). It can be found that the prepared solid
amine adsorbents have good repeatability. The actual amine loading is
slightly lower than the designed amine loading, which might due to the
fact that, during the evaporation of the methanol, some PEI adheres to
beaker walls.

2.2. COy adsorption/desorption

CO,, adsorption capacity was measured by TGA. 4-7 mg solid amine
adsorbent particles with an average particle diameter of 0.855 mm were
placed in a shallow aluminum crucible with a depth of 1.7 mm to
minimize crucible-induced diffusion. The particles were arranged in a
monolayer, so that inter-particle diffusion could be neglected. Before the
measurement of CO5 adsorption capacity at different temperatures, the
sample was degassed under 100 sccm pure nitrogen at 120°C for about
20 min, during which time the sample mass gradually decreased and
remained stable, representing the completion of degassing. After cooling
down to the corresponding experimental temperature (30-120°C) at a
rate of 5 K/min, the gas flow was switched to 100 sccm of 15% CO2/N»
for 20 min to complete the adsorption process. Afterwards, the TGA gas
was changed to 100 sccm of pure nitrogen at the same temperature to
determine desorption curves. So far, a cycle of COy adsorption/desorp-
tion at a certain temperature had been finished. The accuracy of the TGA
was verified by measuring a standard adsorbent (Lewatit VP OC 1065)
and the results were shown in N.

2.3. The pore volume changes after amine loading

The pore volume changes were measured by ASAP2460 at 77 K to

Table 1

CO, adsorption capacity and amine loading of three batches of 0.4R20.
Batch 1 2 3
CO,, adsorption capacity (mmol/g) 2.24 2.24 2.28
Amine loading (%) 39.00 38.08 39.34
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investigate the pore structures of the resin supports and the solid amine
adsorbents. Before the measurement, the samples were vacuum
degassed at 120°C for one hour. The pore volume at different pore sizes
is shown in Figure 1. Detailed data of pore volume are shown in
Table S2.

With the increase of amine loading, the pore volume of solid amine
adsorbents gradually declines, especially micropores gradually disap-
pear and become blocked. When the amine loading reaches 50%, there
are almost no < 20 nm pores remaining. Recently, some studies utilized
in situ small-angle neutron scattering (SANS) to survey the pore distri-
bution after PEI loading (Moon et al., 2022; Zhang et al., 2019). They
found that the amines preferentially dispersed on the pore surface, and
then aggregated in small pores as plugs, which explained the rapid
decline of the small pores.

2.4. External and internal diffusion in solid amine adsorbent

How CO, is adsorbed by solid amine adsorbents is shown in Figure 2
and it includes the following processes: CO; firstly diffuses to the par-
ticle surface (external diffusion), then CO, diffuses inside the pores of
the particle (internal diffusion). During the internal diffusion, COs is also
adsorbed by amine.

In conjunction with the results of the section 2.3, amine loading on
porous materials could be divided into two types: an increase in the
thickness of the amine layer in the large pores (open amine region) and
the formation of plugs that block small pores (closed amine region). This
constitutes two different types of diffusion in the solid amine adsorbent.
In the open amine region, CO, molecule diffuses in radius direction,
from the center of the pore to the amine near the wall. While in the
closed amine region, CO2 molecule diffuses in length direction, from the
outside of the plugged amine pore to the inside of the plugged amine
pore.

The influence of external diffusion can be represented as:

G\ 1 ., d
ﬂdp2kg% (1 _C—Z) = &)

where C;/Cg represents the ratio of the CO, concentration at particle
surface to the COy concentration in surrounding gas. The closer the
value is to 1, the less the influence of external diffusion. The external
mass transfer coefficient kg is calculated as:

_ Sh ’DCOQ —N,

ke 4,

(2)

The Thiele modulus (Sharratt and Mann, 1987) is used to describe

04F [ ]RrR20 _
0.1R20
0.2R20
—_
| 0.3R20
R [ ]04r20 -
L 0.5R20 L
2 0.55R20 .
£
202} _
= - - n
>
5]
1
(=]
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Fig 1. Variation of pore volume of solid amine adsorbents with amine loading.
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Fig 2. Illustration of CO, adsorption process. (I) external and internal diffusion of solid amine adsorbent particle. (II) the CO, diffusion in open amine region and
closed amine region, where the blue region means the infinitesimal region of governing equation.

the impact of internal diffusion, which can be calculated as:
Ps = g D (3)

where ky is the adsorption rate based on adsorbent volume and can be
calculated by equation (4). D is the effective diffusivity based on par-
ticle surface area, as expressed in equation (5).

d
ke =Py / Cs @

D, — D%" 5)

The efficiency factor  due to internal diffusion can be obtained as:

_ Cirmer 1 |: 1 1 :|

Cs o, [tanh(3g,) 30,

©

2.5. Dual-region kinetic model

The CO; adsorption in the amine region can be divided into two
parts, as shown in equation (7).

q = A * Jopen + (1 - a)qclose (7)

For open amine region, the governing equation is shown as:

me dg  0C
211, — 21(r + Ar)J, ar = 277AT (PL dq _)

Xoag dt Ot ®

where J; means the diffusion flux at the radius of r and can be deter-
mined as:

gy = -0, ©
or

Combining equation (8) and (9), equation (10) can be deduced as:

Din aZC aC Pamine dq Jc
T <r¥ ;> N Xioad a E (10)
The boundary conditions are:
r=r,C=C
oC an
=TIsy 4= 0
r=rso

where all of the above symbols are graphically shown in Figure 2.
Similarly, the continuity equation in the closed amine region can be
derived as:
aZC _ Pamine dq aC

MOZ2  Xpa dt | Ot

(12)

The corresponding boundary conditions are:

Z=0,C=C,
ac 13)
Z=15"=0

where all of the above symbols are also represented in Figure 2.

In equation (10) and (12), the adsorption term can be derived from
the Langmuir adsorption model (Lv et al., 2024), the classical adsorption
model is shown as:

@:kac(p A )—kd g 14)
dt Qrotal Grotal

Then equation (14) can be changed into:

dg q
@ kC(l qe) (15)

where,
_ kaC +kq
- C

_ kaqtotalc
&= kCrka

k
(16)

Since C in equation (15) is not a constant, the differential equation
cannot be solved directly. Thus, equation (15) should be solved by finite
difference method:

dgi  ¢i—gqi1 : Qi1
- A - kCi 11 - a7

The q at time i can always be calculated by C and g at time i-1. By
combining Equation (17) with Equation (10) and (12), C and q can be
determined at any position and at any moment. The equations were
solved using MATLAB 2021a, and the fitting to the thermogravimetric
curves was implemented with the Isqcurvefit function in MATLAB.

The following assumptions were set: 1. Ideal gas; 2. CO, adsorption
by amine conformed to Langmuir adsorption model; 3. Pores in the
closed amine region were isometric and the radial variations were
neglected; 4. CO5 adsorption rate and CO, diffusion in the amine did not
vary with position.

2.6. CO; diffusivity in PEI

It is important for the kinetic model to determine the CO;, diffusivity
in PEL. However, to the best of our knowledge, the diffusivity in PEI has
not been measured directly in experiments. Diffusivity of similar mate-
rials have been measured. Li (Li et al., 2015) doped PEI into poly-
ethylene glycol to prepare a film, which had a CO, diffusivity about
1.25E-10 m?/s. Hu (Hu et al., 2006) reported a CO diffusivity in
PEG-2000 grafted P[MATMA][BF4] membranes of 1.9 E-11 m?%/s.
Baumann [37] determnined the self-diffusivity of PEI using the
quasi-elastic neutron scattering as 1.5E-12 m%/s and found that the
self-diffusivity of PEI increased with adsorption of CO3 and water. Other
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researchers used molecular dynamics (MD) to estimate the CO- diffu-
sivity in PEI. Turgman (Turgman-Cohen et al., 2015) applied the amount
of zwitterion to represent the state of the amine after CO, adsorption.
With the increase of the amount of zwitterion, CO» diffusivity declined
dramatically from 1E-7 to 1E-9 m?/s. Narimani (Narimani et al., 2017)
calculated the CO; diffusivity of four amines by MD simulations, which
was about 6E-10 m2/s. From the above analysis, CO, diffusivity in PEI
has a great probability to be greater than 1E-12 m?/s, which was used in
subsequent calculations. The extreme conditions were considered to
determine whether the CO5 adsorption was affected by diffusion.

3. Results and Discussions
3.1. The effect of temperature

Figure 3 (a) shows the adsorption curves of 0.5R20 at different
temperatures. With temperature increasing, the CO, adsorption capacity
gradually decreases as shown in Figure 3 (b). It can be observed that the
variation could be fitted by equation (18) derived from equation (14).
The fitting result is shown in the figure.

Koexp (%’) C

/ 1s)
1 + Koexp (%’) C

q1 = Qtotal

At lower temperatures (<70°C), the adsorption has not reached
equilibrium during the experiment period, the CO, adsorption capacity
is still slowly increasing after 20 min, demonstrating a long-tail phe-
nomenon (Jung et al., 2018). In addition, the difference in adsorption
capacity is small within the temperature range. While at higher tem-
peratures, the adsorption capacity decreased with increasing tempera-
ture but reached equilibrium quickly. The CO, adsorption capacity at
different temperatures fitted well with equation (18), indicating that the
adsorption mechanism of solid amine adsorbent is consistent with
Langmuir adsorption model.

Desorption curves of 0.5R20 at different temperatures are shown in
Figure 4. The desorption rate as well as the desorption extent (the ratio
of desorption capacity to adsorption capacity) increases gradually with
increasing temperature. Some researchers defined the desorption extent
as the percentage of physical adsorption (Yang et al., 2024), which
represents the desorption capacity that can be achieved at a given
temperature by changing only the gas flow. When temperature exceeds
90°C, the desorption rate increases dramatically, and all of the adsorbed
CO2 could be desorbed within 20 min, exhibiting characteristics of
traditional physical adsorbents. Furthermore, in combination with
equation (16), the fast desorption rate could explain the rapid decrease

—_
LY
f=

Adsorption capacity (mmol/g)

—30°C ——40°C
—50°C ——60°C
70 °C 80 °C
—90°C ——100°C
] —110°C 120 °C
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Time (s)

Fig 3.
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Fig 4. Desorption curves of 0.5R20 at different temperatures.

in CO, adsorption capacity at temperatures over 90°C.

3.2. The effect of amine loading

At lower amine loadings, adsorption capacity increases almost line-
arly with the increasing loading. However, when amine loading reaches
0.55, which exceeds the theoretical maximum loading of 0.53 as
calculated in equation (19), the adsorption capacity conversely de-
creases as the amine loading arises. Figure 5 (b) shows the Adsorption
curves at different amine loadings. Unlike the smaller amine loading, at
the amine loading of 0.55, the adsorption rate significantly reduces, as
evidenced by a notable rightward shift of the adsorption curve and the
adsorption capacity is far from reaching equilibrium within 20 min.
theoreticalmaximumloading = —— 19

The CO, adsorption capacity based on the nitrogen amount (N effi-
ciency) is obtained by dividing the CO, adsorption amount by the ni-
trogen content. The value represents how many moles of CO, can be
adsorbed by per mole of amino, and the theoretical maximum value is
0.5, since the existing mechanisms indicate that it takes two aminos to
adsorb one CO,. The N efficiency at different temperatures is shown in
Figure 6.

Unlike the case at lower amine loadings, when the amine loading
reach 0.55, the nitrogen efficiency tends to first increase and then
decrease with increasing temperature. The results are in agreement with
results in the literatures (Lin et al., 2023; Shen et al., 2022), adsorbents
with larger N efficiency need higher temperature to achieve peak
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(a) Adsorption curves of 0.5R20 at different temperatures. (b) Variety of adsorption capacity with temperature.
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adsorption capacity. In addition, the N efficiency increases as the amine
loading rises. The difference in N efficiency of adsorbents with different
amine loading at higher temperatures is further widened. It can be found
that the N efficiency decreases gradually from 30°C at the amine loading

(a)

40.10
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0.94 |

4 0.00
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of 0.3 and 0.4. Whereas when the amine loading is 0.5, the adsorption
capacity decreases significantly only above 70°C. The adsorbents with
larger amine loading have better resistance to high temperatures and are
more suitable for use at higher temperatures.

3.3. The external and internal diffusion

Since the parameters involved in the calculation of internal and
external diffusion, such as CO5 concentration and diffusion coefficient,
vary with temperature. The most extreme conditions are often used to
determine whether internal and external diffusion need to be considered
in the construction of the kinetic model. Combined with the equation
(1), (2) and (S1), the effect of external diffusion gradually increases with
decreasing temperature. The adsorption temperature of 30°C was
selected for the calculation, the variation of Cs/Cg with time is shown in
Figure 7 (a).

The adsorption rate decreases with increasing adsorption time, while
the value of Cy/Cg shows the opposite trend. Even at 0 s, the decrease in
Cs due to external diffusion is small. Therefore, the change in CO5
concentration due to the external diffusion can be negligible.

Due to the large adsorption rate at the early time, the effect of the
internal diffusion is severe, as shown in Figure 7 (b). At O s, the efficiency
factor 5 is only 0.32, indicating that the average CO, concentration
within the adsorbent is significantly lower than the surrounding con-
centration. As the adsorption proceeds, the adsorption rate decreases
rapidly, n gradually approaches 1, at which time the CO5 concentration
within the adsorbent gradually matches that of the surrounding

(b)
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" 08}
‘o0
3 ~.
E =
£ oef
3
=
=]
04

0 200 400 600 800 1000 1200
Time(s)

Fig 7. (a) The variety of adsorption rate and adsorbent surface concentration with time. (b) The variety of efficiency factor 5 due to the internal diffusion with time.
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atmosphere, and thus internal diffusion does not affect the equilibrium
adsorption capacity. In the calculation of subsequent kinetic model, the
effect of internal diffusion must be considered.

3.4. Dual-region model

In the open amine region, CO» diffuses from the center of the pore to
the amine near the surface of supporting materials. As shown in Figure 1,
Amines are mainly distributed in pores smaller than 45 nm, so ry in the
model is taken as 25 nm. The CO; diffusivity is set as 1E-12 m?/s, which
is the minimum value as discussed in section 2.6. The extreme condi-
tions were considered to determine whether the CO5 adsorption in the
open amine region was affected by diffusion.

The variation of CO; concentration in the open amine region with the
radius r is plotted as shown in Figure 8 (a). It can be seen that at t=0.001
s, there is a large concentration gradient within the amine layer due to
the initial diffusion, and the CO, concentration near the wall is low.
After that, the concentration gradient decreases rapidly due to the
consumption by the reaction. The concentration gradient at t=0.01 s and
t=0.1 s almost completely overlap. The average concentration in the
open amine region is 97.6% of that on the outside of the amine layer at
t=0.01 s. Therefore, it can be inferred that diffusion in the region of the
open amine layer has almost no effect on the adsorption kinetic of the
solid amine adsorbents. The CO, adsorption process in the region is
mainly controlled by the adsorption rate, which can be directly
expressed by equation (17).

For CO3 adsorption in the closed amine region, the partial differen-
tial equation (12) should be solved. By fitting to the thermogravimetric
curves, the four parameters a, ky, Din, and L can be obtained. The pa-
rameters Dj, and the closed amine layer length L are strongly correlated
and both are difficult to obtain by experiment. The value of L was fitted
to 2.5 um to ensure that D;, was distributed between 10?2 and 101 m?%/
s, thus maintaining the same magnitude as the data discussed in the
section 2.6. Figure 8 (b) exhibits the variation of CO5 concentration and
CO; adsorption capacity with length in the closed amine region at 20
min. Due to the diffusion control, a significant concentration gradient
remains in the closed amine region at 20 minutes, some of amines have
not yet reached adsorption equilibrium. As the adsorption time in-
creases, the adsorption front gradually propagates to deeper amine,
resulting in the phenomenon shown in Figure 3 (a) where the adsorption
capacity continues to rise slowly even after 20 minutes at low temper-
atures. The CO2 concentration gradient is more pronounced than the
adsorption capacity gradient because COy is not only adsorbed by
amines but also needs to diffuse to deeper amines.

The fitting result of dual-region model is shown in Figure 9(a). It can
be found that the dual-region model can fit the experimental curve more
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accurately compared to the pseudo-first order kinetic model. The
pseudo-first order kinetic model tends to overestimate the adsorption
rate. The dual-region model can obtain the proportion of open amine
region from the experimental curves, and thus shows different adsorp-
tion stages: in the early stage of adsorption, CO, adsorption in the open
amine region is not affected by diffusion, CO5 adsorption proceeds
rapidly and reaches equilibrium quickly. Whereas for amine in the
closed amine region, the rate of CO5 exposure to amine is slow due to the
significant influence of diffusion. It takes long time for the amines to
adsorb COs.

To account for the effect of amine loading and temperature, the
parameters a, ky and Dy, at the amine loading of 0.3-0.5 and the tem-
perature of 30-120°C are shown in Figure 9 (b)-(d).

The percentage of open amine region a, does not change a lot at the
amine loading of 0.3-0.5. With the increase of temperature, a firstly
increases and then decreases, which is due to the balance of two effects:
on the one hand, with the increase of temperature, the diffusivity of CO4
within the amines increases. More amines present the characteristics of
the open amine region, which are not affected by the diffusion of CO,.
On the other hand, at higher temperatures, CO5 desorption rate in the
closed amine region is slow due to the long diffusion path, thus retaining
a high CO, adsorption capacity as presented in equation (16). COq
adsorption in the open amine region decreases rapidly with increasing
temperature, whereas closed amine region is less sensitive to tempera-
ture. Amines in the closed region remain high CO, adsorption capacity
at high temperature, thus exhibiting smaller a. At high temperature of
110 and 120°C, a will rise instead because the adsorption rate in the
open amine region decreases sharply at high temperatures, as shown in
Figure 9 (c), while the slow adsorption rate in the closed amine region
will increase due to the increase of CO5 diffusivity. The two adsorption
rates gradually converge, demonstrating the disappearance of dual-
region phenomenon.

Figure 9(c) shows the variety of k with temperature at different
amine loadings. When the amine loading is between 0.3 and 0.5, the
adsorption rate k is almost the same, as shown in Figure 5 (b), where the
adsorption curves almost overlap when the amine loading is between 0.3
and 0.5. The adsorption rate k is independent of amine loading, indi-
cating that there is an area in the solid amine that is not diffusion-
controlled. When the temperature is below 80°C, k also does not
change significantly, as shown in Figure 3 (a). As the adsorption tem-
perature continues to rise, k decreases rapidly, consistent with the rapid
decrease in COy adsorption capacity. k of 0.5R20 exceeds that of ad-
sorbents with low amine loading at high temperatures. It is worth noting
that, as shown in equation (15), adsorption rate k here includes the ef-
fect of adsorption capacity. Therefore, the value can not only indicate
the time required for reaching the adsorption capacity equilibrium, but
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also is a comprehensive parameter to reflect the time to achieve a certain
CO4 adsorption capacity. For CO, adsorption at high temperatures,
0.5R20 is more recommended.

Further increasing the amine loading to 0.55, the adsorption rate
shows a great decrease, as shown in Figure 5 (b). While based on the
dual-region model, the adsorption rate within the open amine region
remains constant and independent of amine loading. Therefore, amines
of amine loading of 0.55 have accumulated excessively, completely
blocking the mass transfer channels, there is no longer open amine re-
gions. The phenomenon can also be observed in the SEM images, as
shown in Figure S1. when the amine loading is 0.55, the surface becomes
smoother, excess amine covers the particle surface, as reported by
(Wang et al., 2014; Wang et al., 2013). All CO5 adsorption by amines is
diffusion-limited, exhibiting a low apparent adsorption rate.

The CO, diffusivity in amines, as shown in Figure 9(d), has clear
trends: Dj, increases with the increase of temperature. And when the
temperature exceeds 70°C, Dy, increases sharply, which is consistent
with the results in Figure 3(a), at temperature above 70°C, the COy
adsorption capacity can reach equilibrium within 20 min. The result is
also consistent with (Zhang et al., 2019), which found that the size of the
intramolecular voids between PEI chains had no change from 25 to 75°C
but expanded from 75 to 120°C. It is worth noting that the Dj, value in
this paper is not a real value; it is obtained by fitting based on a fixed L of
2.5 ym. L and Dy, are strongly correlated. They jointly determine the
proportion of amines in the closed amine region that can contact and
adsorb CO; within a certain period of time.

3.5. Discussion

The model not only helps us to understand the CO; adsorption pro-
cess, but also guides the design of adsorbents. The amines in the open
region are less constrained by CO» diffusion, so measures can be taken to
increase the percentages of the open amine region. Selection of

supporting materials with larger pore sizes is one way, since larger pore
sizes often correspond to smaller L in Figure 2. Some studies have found
the same results. At the same amine loading, adsorbents with high pore
sizes always have high adsorption rate (Wang et al., 2014). Zhang
(Zhang et al., 2014) prepared a series of MCF supporting materials with
different pore sizes and found that, at the same amine loading, the CO5
adsorption capacity of adsorbents with smaller pore sizes was extremely
low at low temperatures, whereas adsorbents with the larger pore sizes
could achieve higher CO5 adsorption capacity due to better amine dis-
tribution. With the decrease of pore sizes, adsorbents required higher
temperatures to reach peak adsorption capacity (Lin et al., 2024). In
addition, the model could explain the effect of amine type on the CO5
adsorption. Zang (Zang et al., 2024) found that amines with high CO5
diffusivity were favorable for achieving peak adsorption capacity at low
temperatures. This was because the amines with high CO- diffusivity

Table 2
Common kinetic model used for solid amine adsorbents.
Kinetic model Equation Reference
Pseudo-first order model dﬁ — k(g — q0) (Loganathan et al.,
ar ~ e~ & 2014)
Pseudo-second order model dg _ k(ge — )2 (Ho and McKay,
ar e T4 1998)
Avrami’s fractional order dq el (Avrami, 1939)
model d ke (ge = q0)

double-exponential model

Boyd’s film-diffusion model

Intraparticle diffusion model
(Weber-Morris model)

D
@ =g~ texp(~kit) -
q
D
m—zexp( — kat)

a

6 w 1
F = 1—;2":1n72exp(—

nB;)
g =kat'*+C

(Wilczak and
Keinath, 1993)

(Boyd et al., 1947)

(Morris and Weber,
1964)
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could more fully utilize the amines in the closed region.

There are already many adsorption models, as shown in Table 2.
Among the common kinetic models, Boyd’s film-diffusion model and
Weber-Morris model mainly evaluate whether film diffusion or intra-
particle diffusion is the single rate-limiting step. Pseudo-first order
model, Pseudo-second order model, Avrami’s fractional order model are
commonly used to fit the adsorption curve of CO3 adsorption by solid
amine adsorbents, and they can qualitatively reflect the adsorption
mechanism. For example, the pseudo-second order model is often used
in chemical adsorption, while the coefficient n in Avrami’s fractional
order model reflects the growth pattern of the adsorption product (Yang
et al., 2022). However, none of the above models can consider the
diffusion limitation within the amine. The dual-region model quantita-
tively considers film diffusion, internal diffusion and CO5 diffusion in
the amine layer, and ultimately obtains a good fitting result. The
dual-region model is similar in form to the double-exponential model,
but explains the reasons for the occurrence of rapid adsorption rates and
slow adsorption rates.

There are many factors that may affect the applicability of the model,
such as amine type, support materials, CO, partial pressure and hu-
midity. Figure S2 shows CO; adsorption curves at a CO5 partial pressure
of 1 bar. Figure S3 shows CO; adsorption curves under different amine
types (TEPA, PEI600, PEI-1800, and PEI-10000) and different support
materials, and the fitting results is shown in Table S3, Table S4 and
Table S5. All the above CO5 adsorption curves obey dual-region model:
At low temperatures, CO» adsorption curves have an obvious long-tail
effect. When the amine loading is extremely high, the adsorption ca-
pacity and adsorption rate decrease significantly due to strong diffusion
control. Figure S4-S6 shows the CO; breakthrough curves under
different moisture contents and adsorption temperatures. It can be found
that moisture does not significantly affect the adsorption curve. There-
fore, none of the above parameters will affect the model applicability.

4. Conclusion

In this study, the effects of temperature and amine loading on COy
adsorption by solid amine adsorbents were experimentally investigated,
and then a dual-region kinetic model was constructed by analyzing the
external diffusion, internal diffusion and the diffusion inside the amine
layer. Finally, the effects of temperature and amine loading on CO,
adsorption were explained by the model. The following conclusions are
obtained:

The CO adsorption by solid amine adsorbents below 70°C has an
obvious long-tail effect, and the adsorption capacity is far from reaching
equilibrium in 20 min. When the amine loading is less than 0.5, the
adsorption capacity and the N efficiency gradually decrease with
decreasing amine loading and increasing temperature. While the amine
loading reaches 0.55, the adsorption capacity is instead lower than that
of 0.5R20. For 0.55R20, a high temperature (80°C) is required to reach
the peak adsorption capacity.

CO4 adsorption is almost unaffected by the external diffusion and the
diffusion in the open amine region, but it is significantly affected by
internal diffusion. The CO5 adsorption in the closed amine region is the
main reason for the long-tail effect. When the amine loading is less than
0.5, the CO4 adsorption rate is almost the same. While the amine loading
reaches 0.55, the CO; adsorption rate greatly decreases due to blockage
of diffusion pores.
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