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A B S T R A C T

The increasing CO2 leads to significant ecological changes, the control of CO2 emissions has been a major concern 
worldwide. Amine-functionalized adsorbents have high CO2 adsorption capacity under coal-fired power plants 
flue gas conditions. In this paper, a cycle process capable of rapid adsorption and desorption was found to be 
suitable for amine-functionalized adsorbents. The cycle process was conducted at constant 105 ◦C and a CO2 
adsorption capacity of 1.93 mmol/g was achieved only by changing the gas components (adsorption: 12.8 % 
CO2, desorption: pure steam). The cycle process was validated to be more advantageous than the conventional 
TSA process in terms of energy cost and productivity. In the comparison with nitrogen as purge gas, it was 
observed that pure steam performed better with respect to CO2 adsorption capacity, adsorption and desorption 
rates. Also, steam regeneration showed a different behavior: the temperature of the adsorbent rose when CO2 was 
desorbed while reduced when CO2 was adsorbed as the adsorption of water vapor released more heat. Consid
ering the extremely high CO2 emissions from coal-fired power plants, the rapid thermostatic concentration swing 
adsorption (TC-CSA), which eliminates the heating and cooling process, can greatly reduce the scale of carbon 
capture system and will be an attractive alternative cycle technology.

1. Introduction

As the main anthropogenic greenhouse gas [1], increasing carbon 
dioxide (CO2) in the atmosphere is responsible for climate change [2–4]. 
In 2023, about 37.4 Gt CO2 was emitted to the atmosphere [5]. Of all 
CO2 sources, the power sector accounts for 36 %, greater than any other 
sector. Coal remains the largest single source of electricity worldwide, 
and by far the largest source of electricity sector emissions: it contributes 
just over one-third of electricity supply but is responsible for nearly 
three-quarters of electricity sector CO2 emissions [6,7]. Therefore, 
decarbonization of power systems, especially coal-fired power plants, is 
of great importance for carbon reduction.

Solid adsorption are a promising carbon capture technology due to 
moderate adsorption heat, low toxicity and low equipment corrosivity 
compared to commonly employed amine-based solution [8]. It is cate
gorized into physical and chemical adsorption based on the interaction 
forces. For physical solid adsorbents like zeolites [9], MOFs [10] and 
porous carbons, their adsorption capacity under flue gas conditions 
(50–60 ◦C, low CO2 content of 10–15 vol%) is low. Also, the binding 

energy of the adsorbents with H2O is higher than that with CO2 because 
of the higher polarity of H2O, thus leading to competitive adsorption 
between H2O and CO2 and more difficult desorption of H2O. Amine- 
functionalized adsorbents have high adsorption capacity, selectivity 
and water resistance, and is regarded as a prospective carbon dioxide 
capture technology for coal-fired power plants flue gas [11–13].

Amine-functionalized adsorbents are mostly composed of amines 
and mesoporous or macroporous porous materials as support [14,15], 
and also include self-supporting amine adsorbents [16,17]. According to 
the binding mode of amines to porous media, there are three main 
classes of amine adsorbents [18]: class 1, amine-impregnated adsor
bents, class 2, monolayer grafted adsorbents, and class 3, in situ poly
merization. Amine-impregnated adsorbents are simple to prepare and 
can be obtained by stirring amines with porous materials in an organic 
solution such as methanol and evaporating to dryness. The impregnated 
amines can be categorized into polymer amines such as PEI [19,20] and 
low-molecular-weight amines such as TEPA,DETA,TETA [21,22]. The 
latter has a slightly higher adsorption capacity due to higher amine 
density, but is less thermally stable [23,24]. Both class 2 and 3 amine- 
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functionalized adsorbents were synthesized by grafting, aminosilanes 
containing methoxy or ethoxy groups are bonded to the –OH on the 
surface of supports, while for the class 3 adsorbents, the methoxy or 
ethoxy groups of aminosilanes are further hydrolyzed to form more –OH 
bonded to each other by controlling the amount of deionized water 
added in situ polymerization [25–27]. These adsorbents are more stable 
due to the presence of covalent bonds, but have a low CO2 adsorption 
capacity due to lower amine density.

Different cycle processes should be applicated to amine- 
functionalized adsorbents to periodically adsorb and desorb CO2, 
including PSA (Pressure swing adsorption) [28],VSA (Vacuum swing 
adsorption) [28,29], TSA(Temperature swing adsorption) [30,31] and 
the combination of the cycle process like VTSA(Vacuum temperature 
swing adsorption) [32,33], PVSA (Pressure swing adsorption) [34]. The 
principle of PSA and VSA is to change the partial pressure of CO2 to 
achieve a difference in adsorption capacity. The processes seem to be 
attractive due to the low regeneration energy, always below 1.5 MJ/kg 
CO2 [29,34]. However, it may not be advantageous considering the high 
quality of electricity used. And the low energy consumption was ob
tained by numerical simulation, which may differ a lot from actual 
capture conditions. For TSA process, adsorbents adsorb at a lower 
temperature while desorb at a higher temperature. The TSA process 
faces the problem of long heating and cooling time due to the low 
thermal conductivity of solid adsorbents. Some studies suggested to 
achieve rapid warming of the adsorbent bed by microwave [35] or 
electrical heating [36], but these methods also face the problem of high 
quality of electricity. When using TSA, purge gas needs to be considered. 
To avoid further mixing of CO2 with the purge gas, one solution is to use 
pure CO2 as the purge gas [37,38]. However, amine-functionalized ad
sorbents maintained high adsorption capacity at high temperatures and 
pure CO2 gas streams. When the temperature exceeds 130 ◦C, the hy
drothermal, thermal and chemical stability of the adsorbents face 
challenges [39,40].

Another suitable purge gas is steam because CO2 and steam can be 
separated conveniently by cooling to room temperature [41,42]. Li [43] 
firstly introduced steam purge to the regeneration of amine- 
functionalized adsorbents in 2010, he also discovered that the CO2 
adsorption capacity 3-aminopropylsilyl-functionalized silica decreased 
by 20 % in just three cycles. Then it triggered many scholars to study the 
effect of water vapor on the stability of the amine-functionalized ad
sorbents [44–46]. Hammache [47] summarized five factors by which 
steam may affect amine-functionalized adsorbents: (1) the effect of the 
support, (2) a change in the nature of the amine, (3) a thermal effect, (4) 
a leaching of the amine by water, and (5) a change in the distribution of 
the amine on the support. Many studies have found that steam affected 
mostly on the support, so scholars focused on adjusting the support 
material to improve the hydrothermal stability. Min [48] observed that 
the thick-walled silica-based mesoporous MACS could improve the hy
drothermal stability, amine-functionalized MACS only decreased by 
about 10 % when exposed to steam for 14 days, while SBA-15 decreased 
by 50 %. Compared to commonly used silica-based supports, alumina- 
supported amine adsorbents give better performance in terms of both 
capture capacity and amine efficiency [49]. Nonetheless Sakwa-Novak 
found that γ-alumina still converted to boehmite after more than 12 h 
of steam exposure, leading to a 60 % decrease in adsorption capacity. He 
also mentioned that short-term, multiple exposures affected less than 
long-term exposures. Unlike the general case where the steam regener
ation occurs over 100 ◦C, Fujiki [50] combined steam regeneration with 
VSA process. The presence of pure steam at 40–60 ◦C enabled the use of 
steam purge at lower temperatures.

Considering the great CO2 emission of about 8 t/min from a 600 MW 
coal-fired power plants, to reduce the carbon capture scale, the cycle 
time of the solid adsorbents is required to be as short as possible. Some 
studies have suggested that the cycle time is 15–30 min [42]. All the 
current cycle processes have adsorption and desorption conditions, and 
switching between these two conditions often takes a long time. 

Thermostatic concentration swing adsorption (TC-CSA) was proposed in 
this paper, which can realize adsorption and desorption process by only 
swapping the gas components. Compared to existing cycle strategies, 
TC-CSA has two main innovations: Compared to the commonly 
employed TSA, TC-CSA avoids the heating and cooling process, so the 
utilization efficiency of adsorbents is greatly improved; Although PSA 
and VSA also avoid the heating and cooling process, energy input is still 
needed to offset the CO2 desorption heat and the temperature drop 
during desorption greatly reduces the desorption rate of solid amine 
adsorbents. While the temperature will increase during the desorption 
process in TC-CSA, thus increasing the desorption rate.

2. Materials and experimental methods

2.1. Preparation of PEI-γ- Al2O3

PEI-γ- Al2O3 was prepared as described in the literature [51]. 1 g 
γ-Al2O3 (Pore diameter: 20 nm, Purity: 99.99 %, Aladdin) was degassed 
at 100 ◦C for more than 3 h. 1 g PEI (Molecular weight Mw = 600, 
Purity: 99 %, Aladdin) was stirred in 30 mL methanol (Purity: 99.9 %, 
Concentration: 24.69 mol/L, Macklin) at room temperature for 30 min. 
Then the above solution was poured into the degassed γ-Al2O3 and 
stirred at 60 ◦C for 30 min in a 100 mL closed beaker. The beaker lid was 
then removed to vaporize the methanol and when the liquid was nearly 
evaporated, the residue was transferred to a vacuum oven and dried at 
60 ◦C overnight. The final product is 50 % PEI-γ-Al2O3. The CO2 
adsorption capacity and amine loading of three batches of 50 % PEI- 
γ-Al2O3 were measured, as shown in Table 1. It can be found that these 
prepared adsorbents have good repeatability.

2.2. Measurement of cyclic CO2 adsorption capacity

The CO2 adsorption cycle unit is shown in Fig. 1. The CO2 adsorption 
cycle experiment was performed as following: 1 g 50 % PEI-γ-Al2O3 was 
first placed in a cylindrical quartz adsorption column (Inner diameter: 
13 mm, Height: 30 mm). Then, the furnace was turned on, after reaching 
a predetermined temperature, the adsorption/desorption occurs.

In the adsorption experiments, 14 SCCM premixed gas carried a 
certain amount of water vapor after passing through the water bubbler, 
and the oil bath temperature was fixed at 53 ◦C to control the water 
vapor content. The gas proportions of simulated flue gas were measured 
by gas chromatography (GC) and were: 12.9 % CO2, 13 % H2O and 
74.1 % N2. The CO2 proportion of gas leaving the adsorption column was 
measured by GC. Then the CO2 adsorption capacity q can be calculated 
by Equation (1) [52]. It was worth noting that there was a certain 
amount of dead volume from the adsorption column to GC, so a blank 
experiment was required to eliminate the effect before performing ex
periments. In the pre-experiment, the mass difference of the adsorption 
column was consistent with the adsorption capacity obtained by Equa
tion (1), proving the accuracy of measurement results. 

q =

∫ t

0
C0(1 − C/C0)⋅V⋅ dt/(22.4⋅m) (1) 

where, C, C0 represents the CO2 concentration at the outlet and inlet of 
the adsorption column, V is flow, SCCM. m is adsorbents mass.

In the desorption experiments, close the valves of the adsorption 
module, open the valves of the desorption module and turn on the sy
ringe pump. 0.05 mL liquid water was completely vaporized by the 

Table 1 
CO2 adsorption capacity and amine loading of three batches of 50% PEI-γ-Al2O3.

Batch 1 2 3

CO2 adsorption capacity (mmol/g) 2.13 2.18 2.10
Amine loading (%) 49.39 49.67 50.37
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heating line into the adsorption column. By periodically opening the 
valves of the adsorption and desorption modules, continuous cyclic 
adsorption experiments could be operated.

2.3. Characterization

N2 physisorption was conducted on ASAP2460 at 77 K to estimate 
the pore structures of the supports and amine sorbents. Elemental 
analysis was conducted using Elementar vario MACRO cube to deter
mine the N and C contents in poly-ethylenimine and amine-impregnated 
sorbents. Then the amine loading of amine-functioned adsorbents could 
be calculated. Before the N2 physisorption and the elemental analysis 
test, samples were vacuum degassed at 60 ◦C overnight. The CO2 
adsorption and desorption rates were examined using NETZSCH STA 
449 F5 (TGA) instrument.

3. Results and discussions

3.1. Difference between steam and nitrogen purge

The scheme of thermostatic concentration swing adsorption was 
shown in Fig. 2. Unlike conventional TSA, both adsorption and 
desorption process occurred at a constant temperature of 105 ◦C. In the 
adsorption process, CO2 was adsorbed when simulated flue gas passed 
through the adsorption column. While during the adsorption process, 
CO2 was desorbed when steam flowed through the adsorption column.

Fig. 3 represented the cyclic adsorption capacity of amine-modified 
adsorbent by TC-CSA. It can be found that there is no obvious loss of 
adsorption capacity within 20 cycles, indicating that the cycle process 
had a good cyclic stability. There was a decrease in adsorption capacity 
between the first and the second cycle because the adsorbent may not be 
able to desorb completely during the 30 min desorption time (the ad
sorbents before first cycle was desorbed overnight at 60 ◦C under vac
uum), but the subsequent cyclic adsorption capacity maintained when 
the desorption conditions were fixed. In contrast to the results of most 
studies investigating the hydrothermal stability of amine-functionalized 
adsorbents, short-term, multiple exposures to steam did not lead to a 
decrease in CO2 adsorption capacity, and this kind of exposure type was 
closer to the actual desorption scenarios. Hydrothermal stability of 
amine-modified adsorbents might not be a necessary research focus for 

certain supporting materials.
Although nitrogen purge resulted in remixing of CO2 with nitrogen, 

here comparison with nitrogen purge indicated some specific effects of 
steam purge on CO2 adsorption. The desorption time was fixed to 30 min 
and the nitrogen desorption flow rate was 62 SCCM, consistent with the 
steam flow rate after vaporization. Fig. 4(a) showed the comparison of 
adsorption breakthrough curves under nitrogen purge and steam purge. 
CO2 adsorption capacity could be calculated by integrating over the 
upper left region of the breakthrough curve, as shown in Equation (1). 
The results showed that the CO2 adsorption capacity under nitrogen 
purge was 1.32 ± 0.01 mmol/g, whereas the CO2 adsorption capacity 
under nitrogen purge was 1.93 ± 0.02 mmol/g. Changing only the purge 
gas led to a change in the breakthrough curve. For steam purge condi
tions, the breakthrough time was 9 min, then C increased rapidly with 
adsorption time and approached to C0. While for nitrogen purge, CO2 
could be detected at the initial moment, and then C/ C0 grew slowly with 

Fig. 1. CO2 adsorption cycle unit. Orange lines represent heating lines.

Fig. 2. The scheme of thermostatic concentration swing adsorption (TC-CSA).
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time. The slope of the breakthrough curves stood for the adsorption 
kinetics [53]. Therefore, the adsorbent after steam purge had faster 
adsorption kinetics and higher CO2 adsorption capacity compared to 
nitrogen purge.

Fig. 4(b) showed the temperature change of the adsorbent within a 
cycle. For desorption process of nitrogen purge, the temperature 
decreased to 103 ◦C at the initial moment because rapid CO2 desorption 
took much heat. After 30 min, the inlet gas was switched to the simu
lated flue gas, the adsorbent temperature rose to 109 ◦C due to CO2 
adsorption. While for desorption process of steam purge, the tempera
ture went up firstly, indicating steam could be adsorbed onto the amine- 
functionalized adsorbents. CO2 was not desorbed at the initial moment 
of the steam purge as shown in Fig. 4(c), which was consistent with the 
former study [46,47]. The adsorbents adsorbed steam firstly, and CO2 
was desorbed only when the adsorbed steam reached a certain amount 
due to the adsorption sites occupancy and gas purging. The reason for 
the judgement that steam purge did not act only as purge effect was the 
huge difference in the desorption curves in Fig. 4(c). After a period of 
time, the outlet CO2 flow of the nitrogen purge was significantly higher 
than that of the steam purge, which allowed for faster desorption. It was 
also worth noting that the temperature change during the steam purge is 
favorable to the CO2 adsorption and desorption. High temperature 
promoted complete CO2 desorption, while low temperature favored CO2 
adsorption.

3.2. The effect of adsorption temperature

Experiments at different adsorption temperatures (Tads) were carried 
out to compare TC-CSA with the conventional TSA process. Fixed 
desorption temperature of 105 ◦C and steam purge for 30 min. Fig. 5(a) 
showed breakthrough curves at different adsorption temperatures. The 
breakthrough time gradually increased as the adsorption temperature 
decreased, while the slopes of the post-breakthrough CO2 concentrations 
were indistinguishable, implying that there was no significant difference 
in the adsorption kinetics. The adsorption capacities were 
3.53 ± 0.11 mmol/g, 2.82 ± 0.11 mmol/g and 1.93 ± 0.02 mmol/g at 
adsorption temperatures of 55 ◦C, 80 ◦C and 105 ◦C, respectively. The 
adsorption capacity decreased with increasing adsorption temperature 
in the range of 55–105 ◦C.

Fig. 5(b) showed the temperature variation within a cycle at different 
adsorption temperatures, where the small short lines in the corre
sponding colors represented the demarcation of the different processes 

in a cycle. There were only two processes at Tads = 105 ◦C. For Tads = 55 
◦C and 80 ◦C, i.e. conventional TSA process, one cycle included five 
processes in the order in Fig. 5(b): Heating process, steam purging 
process, nitrogen purge process (To remove steam from the system, 
otherwise direct cooling would result in water immersion of the adsor
bent which would significantly reduce the adsorption capacity, and this 

Fig. 3. CO2 cyclic adsorption capacity of 50% PEI-γ-Al2O3 by TC-CSA.

Fig. 4. (a) Breakthrough curves, (b) Temperature variety of adsorbent, (c) 
outlet CO2 flow, under steam and nitrogen purge conditions.
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process was not shown in the figure as the process took only 30 s), 
cooling process and adsorption process. The adsorbent temperature 
increased during the steam purging process, indicating that the 
exothermic effect of steam adsorption exceeded the endothermic effect 
of CO2 adsorption. The peak of the adsorbent temperature of 
Tads = 55 ◦C and 80 ◦C was lower than that of Tads = 105 ◦C because less 

water was adsorbed during the steam purging process. When the water 
vapor content in the simulated flue gas was fixed, the lower adsorption 
temperature corresponded to the higher relative humidity, and the 
moisture adsorption capacity of the amine-functionalized adsorbents 
was positively correlated with the relative humidity [54,55]. The Outlet 
CO2 flow rate at 105 ◦C was the highest as shown in Fig. 5(c) because of 
the highest desorption temperature. The shorter duration of one cycle of 
the TC-CSA process due to the elimination of the warming and cooling 
process facilitated rapid adsorption, as will be emphasized in the sub
sequent sections.

Fig. 6 showed the thermogravimetric curves of the 50 % PEI-γ-Al2O3 
at different temperatures with 100 SCCM 15 %CO2/85 %N2 for the first 
20 min and 100 SCCM pure nitrogen for the last 20 min. The first 20 min 
represented the adsorption process and the last 20 min represented the 
desorption process at the same temperature. Before the adsorption 
experiment, adsorbents were degassed at 120 ◦C for 20 min. Different 
from the humid CO2 adsorption experiments, CO2 adsorption capacity 
without moisture increased firstly and then declined with the increase of 
the adsorption temperature. At 100 ◦C, CO2 adsorption capacity reached 
the maximum. The phenomenon was consistent with [23,56], at high 
amine loading, there was an optimal temperature for solid amine ad
sorbents to achieve highest CO2 adsorption capacity. High temperature 
improved CO2 diffusion, thus more amines could react with CO2, which 
was also reflected in the figure, at the temperatures of 110 and 120 ◦C, 
the CO2 adsorption reached equilibrium during the experiment period. 
At low temperatures, the CO2 adsorption capacity was still slowly 
increasing after 20 min⋅H2O adsorption could also enhance the CO2 
diffusion [37]. Therefore, CO2 adsorption capacity was high at low 
temperature in the presence of humidity.

As mentioned in the previous paragraph, the CO2 adsorption of some 
amines in the 50 % PEI-γ-Al2O3was affected by CO2 diffusion. Therefore, 
the common pseudo-first order kinetic model [57] as shown in Equation 
(2) might not be suitable to describe the adsorption kinetic here, which 
regarded the adsorption rate as a constant. A dual-kinetic model worked 
well here [58,59], which posited the existence of two distinct adsorption 
rates within the solid amine. The faster rate indicated the reaction of 
CO2 with the surface amine, while the slower rate represented the re
action rate of CO2 with deep-layer amines after diffusing through the 
surface amine layer. It was worth noting that, adsorption rate k here 
included the effect of adsorption capacity. The value could not only 
indicate the time required for reaching the adsorption capacity equi
librium, but also was a comprehensive parameter to reflect the time to 
achieve a certain CO2 adsorption capacity. As shown in Fig. 7, the dual- 
kinetic model could fit the experimental curve more accurately 
compared to the pseudo-first order kinetic model. The fitting results at 
different temperatures were presented in Table 2. 

q = qe(1 − e− kt) (2) 

q = qe[φ(1 − e
− k1 t
qe ) + (1 − φ)(1 − e

− k2 t
qe )] (3) 

where qe is the equilibrium CO2 adsorption capacity, mmol/g, q is the 
CO2 adsorption capacity at time t, mmol/g, k1 is the fast rate constant 
and k2 is the slow rate constant, mmol/(g•s), φ is the percentage of rapid 
adsorption rate stage.

As shown in Table 2, φ showed an upward trend as the adsorption 
temperature increased, indicating that more amines were not influenced 
by CO2 diffusion at high temperatures. Consistent with CO2 adsorption 
capacity, fast adsorption rate increased firstly and then declined as the 
adsorption temperature rose. At high temperatures, CO2 desorption 
dominated, greatly inhibiting the adsorption rate. While slow adsorp
tion rate rose with the growth of temperature, which also signified that 
the CO2 diffusivity increased with increasing temperature. Pseudo-first 
order kinetic model was used to describe the CO2 desorption. As 
shown in Fig. 6, the desorption rate was mere below 70 ◦C, so the 
desorption rate was not displayed here. The desorption rate increased 

Fig. 5. (a) Breakthrough curves, (b) Temperature variety of adsorbent, (c) 
outlet CO2 flow, at different adsorption temperatures.
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monotonically with the growth of temperature. For a given adsorbent, 
there is often an optimal temperature interval for a TC-CSA cycle, 
influenced by the adsorption and desorption kinetics and the adsorption 
thermodynamics. Notably, the results may be also useful for deter
mining the optimal temperature for PSA and VSA. For 50 % PEI-γ-Al2O3, 

the appropriate temperature interval for TC-CSA should be 90–110 ◦C.

3.3. Economic analysis

Currently the most important factor limiting the large-scale indus
trial development of the carbon capture process is the high energy 
consumption, so the main focus here is on the possibilities of the TC-CSA 
process to reduce the energy consumption. The most commonly used 
energy consumption formula for solid adsorbents is shown in Equation 
(4) [60,61]. The regeneration energy is divided into three main parts: 
the sensible heat rising the adsorbents from adsorption temperature to 
desorption temperature, the desorption heat of CO2 and H2O. 

Q =
Cp,s⋅(TDes − TAds)

qCO2

+ΔHCO2 +
qH2O

qCO2

ΔHH2O (4) 

where Q means the total energy consumed in a complete adsorp
tion–desorption cycle, kJ/kg CO2. qCO2 is cyclic adsorption capacity, 
represents the amount of CO2 that can be adsorbed by 1 g sorbent in one 
cycle, kg CO2/kg adsorbent. Cp,s is specific heat capacity at constant 
pressure, kJ/(kg•K). Tdes is desorption temperature and Tads is adsorp
tion temperature, K. ΔHCO2 and ΔHH2O is the adsorption heat of CO2 and 
H2O, kJ/kg. qH2O is H2O adsorption capacity and qH2O/qCO2 represents 
the selectivity of H2O for CO2.

To ensure the purity, it is necessary to purge pure CO2 for desorption 
in real TSA. The CO2 adsorption capacity in 100 % CO2 environment was 
shown in Table 3. For 50 % PEI-γ-Al2O3, the adsorption capacity 
remained high at high temperatures. 170 ◦C was chosen as the desorp
tion temperature to ensure sufficient cyclic adsorption capacity. Ther
mogravimetric curve in one cycle was shown in Fig. 8(a). Adsorbed CO2 
could not be fully desorbed at 170 ◦C under 100 % CO2 environment, 
and the difference was equal to the CO2 adsorption capacity under these 
conditions (0.51 mmol/g). As shown in Fig. 8(b), the adsorption ca
pacity reduced by 17 % over 20 cycles. Therefore, the cyclic stability of 
50 % PEI-γ-Al2O3 in TSA was poor. Based on the calculated parameters 
[61] and Equation (4), the theoretical energy consumption was calcu
lated to be 3.55 MJ/kg.

For TC-CSA, the first term on the right side of Equation (4) is zero, 
while the second term is fixed for a fixed adsorbent, and the third term is 

Fig. 6. Adsorption and desorption curves measured by TGA at different temperatures.

Fig. 7. Experimental curves and fitting results at 80 ◦C.

Table 2 
CO2 adsorption capacity and k of desorption and adsorption process at different 
adsorption temperatures.

Tad (◦C) CO2 adsorption capacity Adsorption Desorption

φ k1 k2 k

30 1.21 0.79 0.145 0.004 −

−

−

−

−

40 1.39 0.81 0.159 0.004
50 1.59 0.81 0.171 0.004
60 1.80 0.81 0.196 0.005
70 2.03 0.83 0.200 0.005
80 2.29 0.82 0.214 0.006 0.004
90 2.57 0.82 0.194 0.006 0.009
100 2.77 0.83 0.140 0.008 0.019
110 2.59 0.87 0.105 0.010 0.033
120 2.09 0.89 0.085 0.015 0.044

Table 3 
CO2 adsorption capacity of 50%PEI-γ-Al2O3 in 100% CO2 environment.

Adsorption Temperature (◦C) 150 160 170

CO2 adsorption capacity(mmol/g) 1.88 1.11 0.51
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also low because H2O adsorption capacity is low at a high adsorption 
temperature. In summary, TC-CSA is able to reduce energy consumption 
compared to the conventional TSA process.

Considering that the temperature of flue gas from coal-fired power 
plants is 55 ◦C, sensible heat raising the flue gas to 105 ◦C may be 
required for TC-CSA. The sensible heat can be calculated by Equation 
(5), the detailed calculation parameters are shown in Table 4. 

Qsen =
∑

xiΔHi (5) 

where xi is the mass ratio of component i to CO2 in the flue gas, ΔHi is the 
enthalpy difference of component i between 55 ◦C and 105 ◦C, kJ/kg. 
The energy required to raise the temperature of flue gas containing 1 kg 
CO2 was 273.89 kJ/kg CO2. While the energy required to raise the 
temperature of solid adsorbent containing 1 kg CO2 was 832.09 kJ/kg 
CO2 as shown in Table 5. The energy consumption to raise the flue gas 
temperature is much lower than energy to raise the adsorbent temper
ature. In some scenarios, the flue gas temperature itself is near 105 ◦C, 
TC-CSA can be directly applied to carbon capture of these flue gas as 
well.

The energy consumption of TC-CSA is mainly the enthalpy of water 
vapor supplied to the adsorption bed, which has an extremely high 
latent heat of vaporization of 2258.4 kJ/kg. To reduce the consumption 
of water vapor, one strategy is to reduce the desorption time. According 
to the results in Fig. 6, the desorption rate was fast in the early stage of 
desorption. To utilize the property, the desorption capacity at 
decreasing desorption time was measured, as shown in Fig. 9. The two 
curves represented the ratio of the CO2 desorption capacity at Tads = 55 
or 80 ◦C to the CO2 desorption capacity at Tads = 105 ◦C. All the 
desorption capacity declined with decreasing desorption time, repre
senting an increase in the degree of incomplete desorption. Although 
shorter desorption duration reduced the CO2 desorption capacity, the 
reduction in desorption capacity was much lower than the reduction in 
desorption time. Compared with nitrogen purge, steam purge favored 
rapid CO2 desorption, and a large CO2 desorption capacity can be ob
tained in a short desorption time. The ratio of CO2 desorption capacity at 

Tads = 55 or 80 ◦C to the CO2 desorption capacity at Tads = 105 ◦C 
gradually decreased as the desorption time decreased, indicating CO2 
desorption capacity at Tads = 55 or 80 ◦C decreased faster. At low 
adsorption temperatures, CO2 bonded to some adsorption sites that are 
difficult to desorb, and these CO2 could not desorb within a short 
desorption time. There was a lift at the end of the curve because some 
CO2 desorbed during the heating process as shown in Fig. 5(c), and the 
effect became more prominent during the shorter desorption time.

The mass of water vapor required to desorb 1 kg CO2 can be calcu
lated in Equation (6). 

α = mH2O/mCO2 (6) 

α at different desorption time was shown in Fig. 10. As desorption 
time decreased, α gradually decreased. When the desorption duration 
was 4 min, the desorption of 1 kg CO2 still required about 5 kg of water 
vapor, demanding a minimum latent heat consumption of 11.27 MJ, 

Fig. 8. (a) Thermogravimetric curve of 15 % CO2 adsorption at 110 ◦C, pure CO2 desorption at 170 ◦C and pure N2 desorption at 170 ◦C (b) 20 cycles of CO2 
adsorption capacity in TSA.

Table 4 
The sensible heat needed to raise the temperature of flue gas.

Component Ci (%) xi ΔHi(kJ/kg) Qsen (kJ/kg CO2)

CO2 12.9 1 44.72 273.89
H2O 13 0.412 94.14
N2 74.1 3.655 52.09

Table 5 
The sensible heat needed to raise the temperature of adsorbent.

Cp,s (kJ/kg•K) ΔT (K) qCO2 (g /g) Qsen (kJ/kg CO2)

2.23 50 0.134 832.09

Fig. 9. CO2 desorption capacity at different desorption time.
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which is an impractical energy cost.
The enthalpy of water vapor can be recovered with a heat exchanger, 

as illustrated in Fig. 11. The mixture of desorbed CO2 and water vapor 
enters into the heat exchanger and is cooled to 60 ◦C as a hot stream, 
causing most of the water vapor to condense and releases significant 
latent heat. Then the mixture enters into gas–liquid separator, liquid 
water passes through the heat exchanger as a cold stream and is heated 
and vaporized to water vapor again as purge gas. Additionally, during 
steam purge, some of the water vapor is adsorbed by adsorbents, which 
is desorbed again during adsorption. Fig. 12 illustrated the variation of 
water vapor flow during adsorption, where the horizontal line on the 
lower side indicated the water vapor flow rate contained in the simu
lated flue gas itself. The area between the two lines represents the water 
vapor desorption capacity. The large content of water vapor in the early 
stage of the adsorption process can likewise be used for heat transfer.

The proportion of reusable water vapor χ can be calculated by 
Equation (7) [62,63]. 

χ = δadsθ(1 −
(1 − yads,H2O)PT,sat

yads,H2O(1 − PT,sat)
)+ (1 − δads)(1 −

(1 − ydes,H2O)PT,sat

ydes,H2O(1 − PT,sat)
) (7) 

Here, the first term on the right indicates the proportion of water vapor 
that can be reused in the adsorption process, while the second term is 
that during desorption. δads denotes the mass ratio of adsorbed water 
vapor to the total water vapor, θ means the mass ratio of utilized water 

vapor with highwater vapor content to the adsorbed water vapor, y 
denotes the water vapor content, and PT,cold represents the ratio of the 
saturated water vapor pressure to the ambient pressure at the temper
ature of cold flow.

When the desorption time is 8 min, it was calculated that after heat 
exchange, about 87 % of the water vapor could be recycled as purge gas. 
Only an additional 0.79 kg of water vapor must be supplied for an en
ergy requirement of 2049 kJ/kg, significantly lower than the energy 
consumption for conventional TSA. In addition, there is still a significant 
amount of waste heat in the system that is not recovered, such as the gas 
with low water vapor content at 105 ◦C during adsorption and the 60 ◦C 
CO2 at the outlet of the gas–liquid separator.

It is worth noting that the energy analysis here is specific to the 
experimental conditions in this study, for TC-CSA, there are still opti
mization opportunities, such as the solid amine adsorbents, adsorption/ 
desorption flow rates, adsorption bed heat transfer conditions, adsorp
tion temperature, and so on. The system holds significant potential for 
further energy consumption reduction

Table 6 exhibited the comparison of TC-CSA with industrial bench
marks in terms of adsorption capacity, energy consumption, and 
regeneration rate. It can be found that TC-CSA have advantages in terms 
of energy consumption and regeneration rate.

Nevertheless, adsorption at 105 ◦C led to a decrease in the adsorption 
capacity as described in Fig. 5(a). And the duration of a cycle was shorter 
by eliminating the heating and cooling process. For rapid adsorption, a 
parameter, productivity W, was usually used to express the CO2 
adsorption capacity per unit time. 

W = qCO2/tcycle (6) 

Fig. 13 showed productivity W at different adsorption temperatures 
with desorption time. At Tads = 105 ◦C, the reduction in desorption time 
had a significant effect on increasing productivity due to the short cycle 
duration time, so productivity increased rapidly at short desorption 
time. The productivity at Tads = 105 ◦C was greater than at lower tem
peratures under all conditions, implying that TC-CSA favored rapid CO2 
capture. It is worth noting that the above results were obtained in the 
experimental conditions. There were extremely large CO2 emissions of 
8 t/min in a 600 MW coal-fired power plant, to reduce the scale of 
carbon capture devices, the solid adsorbents were required to be able to 
quick adsorption/desorption. It had been suggested that a full cycle of 
adsorption/desorption should be 15–30 min [42]. In such a short cycle 
time, heating and cooling a large amount of adsorbent was difficult, and 

Fig. 10. Water vapor consumption at different desorption time.

Fig. 11. The flowsheet of TC-CSA combined with steam heat exchange.

Fig. 12. The variety of water vapor flow rate with time during the adsorp
tion process.
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the long duration of heating and cooling process would contribute to the 
further decrease in productivity, consequently increasing the amount of 
adsorbent. Therefore, TC-CSA is definitely more suitable for carbon 
capture from flue gas of coal-fired power plants than the conventional 
TSA process.

4. Conclusion

In this paper, the adaptability of thermostatic concentration swing 
adsorption for amine-modified adsorbents was explored, a comparison 
was made between the use of steam purge and nitrogen purge, the effect 
of different adsorption temperatures on CO2 adsorption was analyzed. 
Finally, the advantage of thermostatic concentration swing adsorption 
was verified in terms of the energy consumption and the productivity. 
The following conclusions were obtained:

Steam purge was more advantageous than nitrogen purge in 
adsorption capacity and adsorption/desorption kinetics. In addition to 
purging, steam could adsorb on the adsorbent as a replacement of CO2, 
thus exhibiting the opposed temperature variations compared to nitro
gen purge. The adsorption capacity increased with the decrease of 
adsorption temperature, and the adsorption capacities were 
3.53 ± 0.11 mmol/g, 2.82 ± 0.11 mmol/g and 1.93 ± 0.02 mmol/g at 
the adsorption temperatures of 55, 80, and 105 ◦C, respectively. While 
for CO2 adsorption without humidity, the adsorption capacity firstly 
increased and then declined with the growth of adsorption temperature. 
The presence of humidity improved the CO2 diffusion. Consistent with 
CO2 adsorption capacity, fast adsorption rate increased firstly and then 
declined as the adsorption temperature rose. The temperature interval of 
90–110 ◦C contributed to fast adsorption and desorption for 50 % PEI- 
γ-Al2O3. Thermostatic concentration swing adsorption had a great po
tential for energy-saving by avoiding sensible heat energy compared to 
conventional TSA. Also, the cycle process presented advantages in pro
ductivity. Reducing the desorption time had a minimal effect on the CO2 
adsorption capacity at the adsorption temperature of 105 ◦C. Consid
ering the extremely high CO2 emissions from coal-fired power plants, 

Thermostatic concentration swing adsorption without heating and 
cooling time is a competitive alternative cycle process for amine- 
functionalized adsorbents.
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