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Abstract: Carbon dioxide (CO2) hydrate-based cold thermal energy storage (CTES) is a promising method for 11 
load shifting and demand management of cooling systems and for CO2 utilisation. A challenge of CO2 hydrate-12 
based CTES is to find a compatible CO2 gas storage, the CO2 regeneration and absorption conditions of which 13 
can be coupled with the charging and discharging conditions of the CTES, respectively. Amine diethanolamine 14 
infused hydrogels (DEAIHs) can be an effective CO2 absorber as the gas–DEA surface contact area is greatly 15 
enlarged by infusing the solution into a hydrogel. However, the influencing factors of the CO2 absorption and 16 
regeneration performance of DEAIHs are unknown. This paper investigates the performance of DEAIHs and 17 
explores the possibility of applying them in cyclic CO2 gas storage for CTES. The effects of pressure, 18 
temperature, DEAIH sample mass and amine diethanolamine (DEA) mass fraction on CO2 absorption and 19 
absorption rate are investigated. It was found that a higher pressure prompted CO2 absorption while a 20 
temperature of 12℃ resulted in the highest CO2 absorption rate. The average CO2 absorption rates in the first 21 
100 min were 0.250, 0.228, 0.155 and 0.033 mmol min–1 for 20-g DEAIH sample with 30-wt% DEA and 60-g 22 
DEAIH sample with 30, 47 and 89-wt% DEA, respectively. CO2 regeneration from DEAIH under zero and non-23 
zero gauge pressures are studied. Under non-zero gauge pressures, a pressure rise followed by a pressure drop 24 
caused by CO2 re-absorption appeared in the CO2 regeneration from DEAIH. It was found for the first time that 25 
the system passed through a meta-equilibrium state before it reached an equilibrium pressure. Cyclic absorption 26 
and regeneration at 110℃ under zero gauge pressure showed that the CO2 absorption decreased dramatically 27 
after the third cycle due to the volatility of amine. Operating a coupled CO2 hydrate-based CTES and CO2 gas 28 
storage system demonstrated the possibility of DEAIH material for CO2 gas storage in CTES systems. 29 
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1 Introduction 31 

Cold thermal energy storage (CTES) is used in cooling systems in which cooling capacity is produced at 32 
opportune times and later deployed for cooling services. The use of CTES in cooling systems can lower 33 
electricity costs by accessing off-peak electricity rates and lower the peak load on electricity grids. In addition, 34 
the chiller efficiency can be increased through night-time operation, and the chiller size and initial cost can be 35 
reduced by sharing the cooling load with CTES. Phase change materials (PCMs) enable CTES with large 36 
cooling storage capacity and relatively small footprint. However, they usually have high cost and stability issues 37 
[1].  38 

CO2 hydrates show superior properties compared to other PCMs, including: a phase equilibrium temperature 39 
that is relevant for air conditioning (AC) applications (0–20℃); high latent heat (501–507 kJ kg–1 for pure CO₂ 40 
hydrate [2] and 318.5–440.8 kJ kg–1 for CO₂ hydrate in the presence of promoters [3–5]); low material cost; safe 41 
operation and chemical stability. The phase equilibrium temperature can be adjusted by varying the composition 42 
and pressure, which is a unique property among PCMs. The cooling capacity storage (charge) and release 43 
(discharge) are realised by the exothermic gas hydrate formation process and the endothermic gas hydrate 44 
dissociation process, respectively. There is a number of works on different additives to improve thermodynamic 45 
properties of CO₂ hydrates, including tetra-n-butylammoniumbromide (TBAB) [6], tetrabutylphosphonium 46 
bromide (TBPB) [7] and tetrahydrofuran (THF) [8], etc. It was found that the addition of THF extended hydrate 47 
stability region by elevating equilibrium dissociation temperature and lowering pressure [8]. Adding TBAB and 48 
TBPB to the water at low concentration (TBAB at 5 wt% and TBPB at 0.58 mol%) decreased the pressure of 49 
CO2 hydrate formation to nearly 5 bar at 9℃, instead of 35 bar at the same temperature in the absence of a 50 
promoter [6, 7]. In our previous work, by adding 32-wt% (2.56-mol%) TBAB, the phase equilibrium pressure 51 
was further reduced to 3.8 bar at 12.8℃ [4]. The toxicity of TBAB is lower than that of TBPB and THF. The 52 
phase equilibrium conditions of CO2–TBAB hydrate are shown in Table 1.  53 
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CO2 hydrate crystals formed in a self-developed laboratory-scale CO₂ hydrate reactor are shown in Figure 1 [9]. 1 
In such a cold storage configuration, temperature was controlled by chilled water from a thermostatic bath, and 2 
pressure was adjusted by a regulator connected to a CO2 gas cylinder [10]. This temperature-control method is 3 
widely implemented in hydrate formation studies. In the work of Gambelli [11], a chiller and glycol filled copper 4 
tubes were used for regulating the water-glycol bath to desired temperature to control the reactor temperature. 5 
By Yuan et al. [12] the reactor was immerged into a water bath containing a certain concentration of ethylene 6 
glycol to maintain constant temperature within the range of 253–353 K. The details of the manipulation was 7 
reported in our previous studies [13, 14]. 8 

    9 
Figure 1. CO2 hydrate formed in a hydrate-based CTES [9]. 10 

In CTES systems, CO2 gas storage is essential to temporarily store CO2 released from gas hydrate dissociation, 11 
which is usually omitted from considerations in studies of CO₂ hydrate-based CTES. The released CO2 is of a 12 
large amount, e.g. 0.5-m3 CO₂ (STP) can be released from 10-kg CO2–TBAB hydrate. A typical gas storage in 13 
a CTES–AC system is shown in Figure 2, which can significantly increase the system size and initial cost. The 14 
space-footprint and capital cost of gas storage can be greatly reduced if compatible CO2 sorbents are employed 15 
in the CO2 storage. The desired characteristics of sorbents should enable cost-effective and reversible CO₂ 16 
absorption–regeneration cycling at suitable pressure–temperature conditions with a large volumetric reduction 17 
of CO2 gas.  18 
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Figure 2. Schematic of a typical CO2 hydrate-based CTES system with CO2 gas storage. 20 

Table 1 CO2–TBAB hydrate experimental conditions [4] 21 

TBAB wt% Tequ (℃) Pequ (bar) TBAB wt% Tequ (℃) Pequ (bar) TBAB wt% Tequ (℃) Pequ (bar) 

10 

  

20 

13.0 9.02 

32 

14.3 9.14 
11.0 6.83 12.7 7.33 14.1 6.70 
10.6 5.98 12.4 6.38 13.6 5.50 
9.70 4.73 12.1 5.53 13.2 4.70 
8.65 3.83 11.6 4.48 12.8 3.83 
6.70 2.50 10.2 2.80 11.9 2.20 



3 
 

Suitable CO2 sorbents to reduce gas storage capital and operational cost are to be explored before any CO2 gas 1 
hydrate-based CTES can be prototyped for commercial use. In general, each system has its unique requirements 2 
for CO₂ absorption and regeneration conditions. A CO2–TBAB hydrate-based CTES requires the absorption to 3 
be applicable at around 7℃ and 10 bar and the corresponding regeneration at >12℃ and 5 bar [13, 14]. However, 4 
not a CO2 sorbent meeting these requirements are commercially available. Commonly-used methods include 5 
physical adsorbents [15–18] and chemical absorbents [19–23]. In physical adsorptions, CO2 molecules are 6 
retained on the surface of the solid matrix of a porous medium [16, 24], such as porous carbons [25–32], metal 7 
organic frameworks [33], hypercrosslinked polymers [18, 34] and covalent organic polymers [35] with high 8 
adsorption capacity and selectivity, easy regeneration, and high thermo-chemical stability. However, these 9 
materials are expensive and the adsorption is negatively impacted by the presence of water. Chemical absorption 10 
usually adopts liquid amines that react with CO2, which is cost-effective. However, it is usually achieved in a 11 
high space-footprint plant that can cycle the liquid amine. CO2 capture by aqueous amine scrubbing has been 12 
widely accepted by the industry owing to its maturity, economy, and extensive applicability in related industrial 13 
applications such as acid gases removal from natural gas [36, 37]. The reaction mechanism of CO2 absorption 14 
by primary and secondary amines is referred to as carbamate hydrolysis. The regeneration of stored CO2 from 15 
liquid amine is an energy intensive process due to high regeneration temperatures. The process adds significant 16 
operating cost to the process and leaves a considerable carbon footprint itself [36]. The regeneration at high 17 
temperatures also causes amine to evaporate. Another drawback of amine-based CO2 storage is the heavy 18 
diffusion limitation between CO2 and amine, compared to most solid adsorbents such as zeolites and MOFs 19 
[38]. The reaction between amine solution and CO2 to form carbamate is 20 

CO2 absorption: +
1 2 2 1 2

–
1 2 22 tR R NH + CO R R NH +R R  NC O +O hea→   (1a) 21 

CO2 regeneration: +
1 2 2 1 2 1 2 2

– + R R NH +R R NCOO 2R R NH +he t  a  CO→   (1b) 22 

Amine absorbents can be combined effectively with solid porous media to enlarge CO2–amine contact surface 23 
to alleviate the diffusion limitation and improve CO2 absorption, i.e. amine-functionalised sorbents [39–42]. 24 
They comprise a support, typically porous, with weakly bonded pre-made polymeric amines or small amine 25 
molecules or with covalently bonded small amine molecules or in situ formed polymeric amines [36]. These 26 
supports usually have large surface areas and pore volumes so that the CO2 absorption kinetics and capacity can 27 
be significantly improved compared to that of liquid amines. However, fabrication of supports can be complex, 28 
and they may exhibit poor selectivity towards CO2 [38]. A new CO2 sorbent was developed Xu et al. [43] by 29 
adding commercially available hydrogels into organic amine solutions to generate amine infused hydrogels 30 
(AIHs). AIHs could rapidly absorb CO2 with a high absorption capacity even in the absence of mechanical 31 
agitation with a stable cyclic performance. 32 

Although AIHs are promising as inexpensive and readily available CO2 sorbents, the absorption performance 33 
under various pressures, temperatures and different amine concentrations is unknown. In addition, there is no 34 
proof-of-concept study on the viability of an AIH-enabled CO2 gas storage to assist in the cyclic operation of a 35 
CO2 hydrate-based CTES system. In the present work, we extend the study by Xu et al. [43] to infuse a secondary 36 
amine diethanolamine (DEA) of a commercially available hydrogel for CO2 storage. Fourier-Transform Infrared 37 
(FTIR) spectroscopy is performed to obtain transmission spectra of DEA infused hydrogels (DEAIH) before 38 
and after absorption and regeneration runs. We investigate the CO2 absorption and absorption rate of DEAIH at 39 
various DEAIH sample mass, DEA concentrations, temperatures and pressures. The factors influencing CO2 40 
regeneration and DEAIH cyclic performance under zero and non-zero gauge pressures are investigated. A 41 
coupled CO2 hydrate-based CTES and DEAIH-based CO2 storage system is developed in a laboratory. CO2 gas 42 
regeneration–CO2 hydrate formation and CO2 hydrate dissociation–CO2 gas adsorption are executed in a cyclic 43 
operation to experimentally evaluate the system performance. 44 

2 Experimental system and procedure 45 

2.1 Materials  46 

The materials used in the experiments are reported in Table 2. DEA was selected as the standard amine due to 47 
its high reactivity and low volatility, with the latter a major problem for amines scrubbing in stripper columns 48 
[43]. The choice to use poly(acrylamide-co-acrylic acid) potassium as the base hydrogel material was for its 49 
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good gelation strength, swelling behaviour, small weigh loss due to thermal degradation, low sensitivity to 1 
temperature, pH and salinity changes [44]. It has been tested to show thermal stability up to 300℃ [43].  2 

Table 2. Materials for the experiment 3 
Material Property 
DEA (Sigma-Aldrich) Purity 99% 
Poly(acrylamide-co-acrylic acid) potassium salt (Sigma-Aldrich) Particle size 200 μm 
CO2 gas (BOC Gases) Purity 99% 

2.2 Experimental setups and procedures 4 

2.2.1 CO2 absorption 5 

To study the influencing factors of DEAIH absorption performance towards CO2, experiments were conducted 6 
in a CO2 storage cylinder, with an internal volume of 196 mL, which consisted of a brass cylinder with two 25-7 
mm thick polycarbonate panels on top and at the bottom, as shown in Figure 3. It had eight stainless steel bolts 8 
to tightly hold the polycarbonate panels with O-rings, which enabled it to sustain a pressure to 6.89 MPa 9 
according to calculation and simulation results. The CO2 storage cylinder was put in a thermostatic air chamber 10 
for controlled ambient temperature, as shown in Figure 3. The temperature and pressure in the CO2 storage 11 
cylinder were measured by a calibrated platinum resistance and a calibrated pressure sensor, respectively, and 12 
were collected by a data acquisition system with a time interval of 5 seconds. The systematic error of the 13 
temperature measurement was ±0.1℃ and that of pressure measurement was ±0.005 bar. 14 

 15 
Figure 3. Experimental setup. 16 

IR transmittance spectra were obtained using a Bruker ALPHA FTIR spectrometer. A background scan of air 17 
was first performed. All tests were carried out under ambient conditions and the diamond surface was thoroughly 18 
cleaned with ethanol before each measurement. The spectra were recorded by a data acquisition system. 19 

The influencing factors studied included DEAIH sample mass, DEA concentration in the solution, CO2 feed 20 
pressure, and ambient temperature. All variables in this study are listed in Table 3. In the preparation of DEAIHs 21 
with high-concentration DEA, 30-wt% DEA solutions were infused into hydrogels and then the DEAIH samples 22 
were dried in a desiccator to make sure DEA was uniformly distributed in the hydrogels. Weight measurements 23 
were repeated until the desired DEA concentration was reached. The appearance of DEAIHs at different DEA 24 
concentrations are shown in Figure 4. The DEAIH sample with a high DEA concentration was obviously firmer 25 
and darker.  26 

 27 
Figure 4. DEAIHs with DEA concentration: (a) 30 wt% and (b) 86 wt%. 28 
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Table 3. Conditions applied in the absorption and regeneration experiments 1 

Operation Fixed parameters Variables 

Sorption 

DEA 30 wt%, 3 bar, 23oC 
20g 
60g 

60 g, 3 bar, 23oC 
30 wt% 
47 wt% 
89 wt% 

60 g, DEA 30 wt%, 23oC 
1 bar 
2 bar 
3 bar 

60 g, DEA 30 wt%, 3 bar 
5oC 

12oC 
23oC 

Regeneration 
15 g, DEA 30 wt%, 0 bar 

90oC 
100oC 
110oC 
120oC 

90 g, DEA 30 wt%, 90oC 1.5 bar 
3.0 bar 

 2 

2.2.2 CO2 regeneration 3 

The regeneration of CO2 from DEAIH was conducted under two different cases: under zero gauge pressure and 4 
non-zero gauge pressures. For tests under zero gauge pressure, the regeneration experiments were conducted in 5 
a gravity convection oven (EQ-DHG-9245A) at a fixed temperature with each 15-g CO2-loaded DEAIH sample 6 
(30 wt%) contained in a glass vial for four hours. The selected regeneration temperatures in this experiment 7 
were 90, 100, 110 and 120℃, as shown in Table 3. For tests under non-zero gauge pressures, the samples of 90 8 
g and 30 wt% were placed in the CO2 storage cylinder under different initial pressures: 1.5 and 3.0 bar, as shown 9 
in Table 3. This was achieved by charging the cylinder containing DEAIH with CO2 under constant pressure to 10 
DEAIH’s full capacity. The cylinder was placed in the gravity convection oven for heating and the temperature 11 
and pressure of gas in the cylinder were measured continuously. Cyclic absorption and regeneration processes 12 
were operated with 1-hour CO2 absorption, 3-hour regeneration at 110℃ under zero gauge pressure, and 1-hour 13 
hydrogel recovery with compensating water enhanced by ultrasound. The sample from each regeneration was 14 
cooled to ambient temperature before the following absorption. Multiple cycles were performed to evaluate the 15 
recyclability of the prepared DEAIHs as reported in [38, 43]. 16 

2.2.3 Coupled system of CO2 hydrate-based CTES and CO2 gas storage 17 

As can be seen in Figure 5, the coupled system was composed of a CO₂ hydrate reactor and a CO2 gas storage 18 
cylinder, connected by a soft pipe. The CO₂ hydrate reactor had a total inner volume of 62.5 mL, the gas storage 19 
had an inner volume of 196 mL, and the pipe accounted for 14 mL. There were two valves between the two 20 
pressure vessels on each side of the pipe. The gas storage was initially fed with 90-g DEAIH. The CO₂ hydrate 21 
reactor was filled with 35-g TBAB water solution (32 wt%) from the liquid inlet. This TBAB concentration was 22 
selected from previous results for a suitable phase change temperature and large formation enthalpy according 23 
to the formula of 2.51CO2+TBAB+38H2O, which corresponds to the stoichiometric ratio of TBAB in water of 24 
32 wt% [4, 45]. The rated hydrate formation is 38.8 g with 3.80 g hydrated CO2. 25 

The cyclic operation of the coupled system of CO2 hydrate-based CTES and CO2 gas storage consists of 26 
following steps (Figure 6): (1) charge DEAIH in CO2 storage cylinder with CO2 to its full capacity; (2) manually 27 
place the CO2 storage cylinder in a high-temperature thermostatic bath to regenerate CO2 from DEAIH; (3) when 28 
the pressure in the CO2 storage cylinder reaches a peak, the valves to the CO2 hydrate reactor are opened to let 29 
CO2 in; (4) when the pressure in both pressure vessels are equal, the valves are closed to separate the two vessels; 30 
(5) manually move the CO2 storage cylinder from the high-temperature thermostatic bath to the ambient air for 31 
cooling down; (6) the CO2 hydrate reactor is cooled in a thermostatic bath for CO2–TBAB hydrate formation; 32 
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(7) after hydrate formation ceases, the CO2 hydrate reactor is heated in the thermostatic bath to dissociate CO2–1 
TBAB hydrate; and (8) when the pressure in CO2 hydrate reactor is stable, the valves are opened again to allow 2 
released CO2 to be absorbed by DEAIH. When an equilibrium is reached, a cycle is hereby complete as the state 3 
of CO2 in the storage cylinder, after a following regeneration, can provide sufficient pressurised CO2 for the 4 
next CO2 hydrate formation. This will be illustrated in section 4.6. 5 

 6 
Figure 5. Coupled system of CO2 hydrate reactor and DEAIH-based CO2 gas storage. 7 

 8 
Figure 6. Operation of the coupled system of CO2 hydrate-based CTES and CO2 gas storage. 9 

3 Analysis 10 

The amount of absorbed CO2 in the storage cylinder can be calculated as 11 

2 2 2CO ,abs CO (g),1 CO (g),2= −n n n      (2) 12 

where 
2CO (g),1n and 

2CO (g),2n are the amount of gaseous CO2 in state 1 and 2, respectively. The normalised CO2 13 

absorption is calculated as 14 

2

2

CO ,abs
CO ,abs

DEA

n
n

m
=       (3) 15 

where DEAm is the mass of DEA in the hydrogel. The mass of CO2 regeneration under zero gauge pressure can 16 
be determined from 17 

2 2CO ,reg loss_total loss_H O= −m m m      (4) 18 

where loss_totalm  and 
2loss_H Om are the mass loss of the sample with absorbed CO2 and the reference sample of 19 

DEAIH without having absorbed CO2 during the whole regeneration period, respectively. CO2 regeneration 20 
under non-zero gauge pressures is calculated as 21 
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2 2 2 2 2CO ,reg CO (g),2 CO (g),1 total(g) H O(g) 2 total(g) H O(g) 1( ) ( )n n n n n n n= − = − − −   (5) 1 

where the amount of all gaseous components total(g)n  in state 1 and 2 are found using the ideal gas equation. The 2 
vapour pressure in the closed system is calculated using the Antoine equation. 3 

10log BP A
T C

= −
+

      (6) 4 

where the parameters A, B and C are equal to 8.07131, 1730.63 and 233.426, respectively. For water vapour at 5 
100℃, T is in ℃ and P is in mmHg. The amount of water vapour in the gas mixture 

2H O(g)n in both states are 6 

found from the partial pressure using the Dalton model. The normalised CO2 regeneration is 7 

2

2

CO ,reg
CO ,reg

DEA

n
n

m
=       (7) 8 

CO2 solubility in water is calculated using the model of Henry’s law [46, 47]. It is assumed that the activity 9 
coefficients for both solvent and solute are unity and the Poynting correction is negligible [48]. The solubility 10 
of CO2 in water is not altered by the presence of hydrates [49]. The detailed equations are presented in our 11 
previous works and has been verified for CO2 gas hydrates with additives [4, 5]. The gas in hydrate was found 12 
according to CO2 mass balance in the hydrate reaction tube. The CO2 mass balance in the whole system can be 13 
expressed as 14 

2 2 2 2 2CO ,total CO (g) CO (dissolved) CO (hyd) CO (DEAIH)n n n n n= + + +     (8) 15 

where 
2CO (dissolved)n , 

2CO (hyd)n  and 
2CO (DEAIH)n are the amount of CO2 dissolved in water, hydrated, and stored in 16 

DEAIH, respectively. The detailed chart of the calculation process is shown in Figure 7. 17 

 18 
Figure 7. Chart of amount of CO2 calculation in different parts of the experimental system. 19 

4 Results and discussions 20 

4.1 FTIR analysis 21 

Spectral transmittance of DEAIH with amine concentration of 30 wt% before and after CO2 absorption and 22 
regeneration was measured to elucidate the reaction between CO2 and DEAIHs, as shown in Figure 8. Peaks or 23 
plateaus were observed at wavenumbers of 3330, 3200, 2840–2950, 1550, 1400 and 1040–1070 cm-1 24 
corresponding to O–H stretching, N–H stretching, C–H stretching, O–H bending, C–H2 bending and C–N 25 
stretching. The bands are highlighted in Figure 8. The main indicator of the carbamate formation was the 26 
presence of COO− [38]. New bands appeared at around 1500 and 1260 cm-1 after CO2 absorption, which 27 
corresponds to the asymmetric and symmetric COO− stretching, respectively [50, 51]. These characteristic bands 28 
were not present before CO2 was introduced, indicating the absence of the DEA carbamate. 29 
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   1 
Figure 8. Transmittance spectra of fresh DEAIH (black), DEAIH after CO2 absorption (red), and DEAIH after 2 

regeneration (blue). 3 

4.2 CO2 absorption  4 

In a CO2 hydrate-based cold storage operation, CO2 is gradually released during discharge and thus the excess 5 
reactant is always the CO2 absorbent. Therefore, the absorption experiment in the CO2 storage cylinder in the 6 
study was with excess DEA. The effects of DEAIH sample mass are shown in Figure 9a indicating that with a 7 
same amount of CO2 gas in the closed cylinder, a larger amount of DEAIH resulted in higher CO2 absorption 8 
and absorption rate. The average CO2 absorption rates in the first 100 min were 0.110 and 0.041 mmol min–1 9 
for 60 g and 20 g DEAIH, respectively. The effects of DEA concentration are illustrated in Figure 9b, showing 10 
a slight difference of CO2 absorption between 30 wt% and 47 wt% but a dramatically lower CO2 absorption at 11 
89 wt%. The average absorption rates in the first 100 min were 0.111, 0.109 and 0.043 for 30, 47 and 89 wt% 12 
DEA, respectively. The reason might be that the lower amount of water and the firm character of 89 wt% DEA 13 
sample limited the diffusion of CO2 into DEAIH. The CO2 absorption of 47-wt% DEA sample is higher than 14 
that of the 30-wt% DEA sample, since a higher DEA concentration in water provided more 1 2R R NH molecules 15 
for the reaction, and the physical character of the 47-wt% DEA sample did not cause an obvious restraint on 16 
CO2 diffusion. As seen in Figure 9c, the highest CO2 absorption rate was achieved at 12℃ experimental 17 
temperature, which was very close to the rate at the room temperature of 23℃ in the first 45 min. The lowest 18 
CO2 absorption rate was found in the run at 7℃, in which the CO2 absorption kept increasing until the end of 19 
experiment. The average absorption rates in the first 100 min were 0.149, 0.144 and 0.065 mmol min–1 for 23, 20 
12 and 7℃, respectively. Comparing 12 and 23℃, a lower ambient temperature is more favourable as the CO2 21 
absorption reaction is an exothermic reaction. On the other hand, DEA is a viscous liquid and its viscosity 22 
increases dramatically with reduced temperature [52]. It is believed that the viscosity of DEA at around 7℃ 23 
reached a critical value to impose a major restraint on CO2 mass transfer, which may be the reason for the great 24 
reduction in CO2 absorption at 7℃. However, further studies are required to verify this speculation. Figure 9d 25 
shows that increasing the CO2 pressure from 1 bar to 2 bar significantly raised the CO2 absorption by 86.6%. A 26 
further increase in CO2 pressure from 2 bar to 3 bar only resulted in 6.6% increase of CO2 absorption. Pressure 27 
is a driving force of transport phenomena. In the CO2 absorption, when CO2 mass transfer into DEAIH is weak 28 
under low pressures, increasing the pressure will dramatically improve the mass transfer; while when mass 29 
transfer is dominant, the absorption will no longer be enhanced obviously by increasing the pressure. The 30 
average absorption rates in the first 100 min were 0.035, 0.072 and 0.069 mmol min–1 for 1, 2 and 3 bar, 31 
respectively. In general, initially the CO2 absorption rate was high, but subsequently dropped to 0.005–0.015 32 
mmol min–1 after 100 min and remained approximately constant to the end of the absorption.  33 

The normalised CO2 absorption was used to study the absorption performance. The results are shown in Figure 34 
10. A smaller size of the DEAIH sample dramatically increased the CO2 absorption and absorption rate as a 35 
much larger contacting surface was provided. At DEA concentrations above 30 wt%, a lower DEA 36 
concentration was favourable to maintain a high CO2 absorption and rate. On one hand, water provides a better 37 
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CO2 diffusion into the hydrogels. On the other hand, CO2 reacts in an acid-base buffer mechanism with 1 
alkanolamines in aqueous solutions, in which water plays an important role by providing hydrogen ion and the 2 
hydrolysis reaction of CO2 [53]. DEA has a hydrogen atom directly bonded to nitrogen, showing intermediate 3 
properties compared to primary amines that react directly with CO2 to form carbamate [54]. This necessitates 4 
the presence of a proper amount of water. Overall, the average CO2 absorption rates in the first 100 min were 5 
0.250, 0.228, 0.155 and 0.033 mmol min–1 for 20-g DEAIH sample with 30-wt% DEA and 60-g DEAIH sample 6 
with 30, 47 and 89-wt% DEA, respectively. 7 
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Figure 9. Effects of (a) DEAIH sample mass, (b) DEA concentration, (c) ambient temperature and (d) pressure 10 

of the CO2 storage cylinder on CO2 absorption and absorption rate. 11 
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Figure 10. Normalised CO2 absorption for selected DEAIH sample mass and DEA concentrations. 13 
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4.3 CO2 regeneration process under zero gauge pressure 1 

The reaction of CO2 regeneration from amine is an endothermic reaction. The regeneration heat comprises the 2 
sensible heat which is necessary to bring amine to the regeneration temperature, and the latent heat of which the 3 
absolute value equals to the heat of regeneration and which is needed to overcome the chemical bonding strength 4 
between absorbed CO2 and amine [55]. In this study, the regeneration process was conducted using 15-g samples 5 
of DEAIH (30 wt%) with CO2 absorbed at 3 bar and ambient temperature. Continuous gas injection was 6 
performed to ensure CO2 absorption in DEAIH at its full capacity. It was conducted by heating the samples in 7 
the gravity convection oven at constant temperatures for 4 hours, with the DEAIH sample mass measured every 8 
30 min. The loss of mass due to CO2 regeneration and water evaporation are presented in Figure 11. The DEAIH 9 
sample mass dropped approximately in a linear manner. The majority of mass loss resulted from water 10 
evaporation.  11 

The normalised CO2 regeneration at different regeneration temperatures are compared in Figure 12. The relative 12 
increase of the mass of regenerated CO2 along with temperate rise per 10℃ is shown. The mass of regenerated 13 
CO2 at 100℃ was 130.6% higher than that at 90℃. The mass at 110℃ was 51.34% higher than that at 100℃. 14 
However, the mass at 120℃ was only 11.26% higher than that at 110℃. Consequently, the optimum 15 
regeneration temperature among those reported in Figure 12 is 110℃, which is identified by taking into account 16 
both the effectiveness and the heating energy cost.  17 
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Figure 11. Mass loss of DEAIH samples due to 
water and CO2 loss under zero gauge pressure. 

Figure 12. Normalised CO2 regeneration at selected 
temperatures under zero gauge pressure. 
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Figure 13. CO2 regeneration rate at selected regeneration temperatures under zero gauge pressure. 19 

The CO2 regeneration rate at various regeneration temperatures are shown in Figure 13. At 110 and 120℃, the 20 
regeneration process had a very high rate (around 0.150 mmol min–1) in the first hour. However, the regeneration 21 
rate dropped dramatically after that and became nearly zero at the end. Therefore, at temperatures above 110℃, 22 
the regeneration process is suggested to cease in around two hours for energy saving. At 100℃, the regeneration 23 
rate was only half of those at higher temperatures in the beginning and was maintained above 0.020 mmol min–24 
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1 till the end. At 90℃ regeneration temperature, the rate was very low at the start. It increased in the second 1 
hour slightly and decreased again. For all the runs, the regeneration rate was very low after four hours indicating 2 
the regeneration reached to its full capacity.  3 

4.4 Regeneration process under non-zero gauge pressures 4 

A pressurised CO2 regeneration process from DEAIH was carried out under 1.5 and 3 bar initially in the CO2 5 
storage cylinder. 90-g fresh DEAIH was charged with CO2 to its full capacity under the corresponding pressure 6 
before being put in the cylinder. The cylinder was then placed in a thermostatic bath to perform regeneration at 7 
a constant temperature of 90℃. The cylinder was closed during the entire regeneration process. The pressure 8 
variation during the regeneration process of the run initially under 1.5 bar is shown in Figure 14. As can be seen, 9 
the pressure in the cylinder first rose until it reached a peak of 7.4 bar at 61 min, which is due to the regenerated 10 
CO2 gas and possibly evaporated water at 90℃. It was followed by a sudden and steep pressure drop in 5 min, 11 
which is believed to be caused by the re-absorption of CO2 in DEAIH at the high-pressure condition of 7.4 bar. 12 
It is noted that both CO2 absorption and regeneration are affected by temperature and pressure, so there is an 13 
equilibrium state between absorption and regeneration which is determined by the pressure and temperature 14 
condition. The pressure decreased to 2.3 bar at 66 min and then it started to rise again. This reveals that, at the 15 
performed temperature condition of 90℃, the lowest pressure to initiate re-absorption is around 7.4 bar and the 16 
highest pressure to allow regeneration to start is about 2.3 bar. From 66 min, the system passed through a meta-17 
equilibrium period until it reached an equilibrium pressure at 3.4 bar, indicated by the plateau in the pressure 18 
where the pressure changing rate approached 0. A similar trend was observed in the regeneration under initially 19 
3 bar. However, it is unknown whether the trade-off between re-absorption and regeneration is determined by 20 
the global pressure or CO2 partial pressure. This trade-off was not observed in the regeneration under zero gauge 21 
pressure.  22 

The CO2 regeneration under 1.5 and 3 bar are shown in Figure 15, compared with that under zero gauge pressure. 23 
The amount of CO2 regeneration is calculated as the average of two measurements. The amount of regenerated 24 
CO2 decreases evenly as the pressure increases. The CO2 regeneration reduced by 37% when decreasing the 25 
pressure from 3 bar to 1.5 bar, and then reduces by 25% when decreasing the pressure from 1.5 bar to 0. This 26 
observation reveals that within the studied pressure range, CO2 regeneration is subdued by the gauge pressure. 27 
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Figure 14. Pressure and pressure changing rate during 
CO2 regeneration initially under 1.5 bar. 

Figure 15. Normalised CO2 regeneration under 
different gauge pressures. 

Noted from result of DEAIH regeneration performance under both zero or non-zero gauge pressures, it is found 28 
that the regeneration should be triggered at above 90℃. This elevated temperature may result in concerns about 29 
energy efficiency of this application given the big gap between AC cooling temperature and DEA regeneration 30 
temperature. In fact, in terms of other CO2 sorbent in both solid and liquid forms, temperature has to be elevated 31 
for regeneration. For example, temperature swing adsorption was employed for zeolites as the regeneration 32 
method through heating up to a temperature of approximately 100°C, and there was no full reversibility for 33 
zeolites [56]. More attempts of CO2 regeneration from zeolite were performed at 150, 200, and 250°C [57]. 34 
Some metal–organic frameworks (MOFs), such as MOF-177, failed to exhibit a positive working capacity even 35 
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at regeneration temperatures as high as 200°C [58]. On the other hand, fabrication of these supports is complex 1 
and costly which has hindered large-scale operation. In addition, the performance of some of these sorbents can 2 
be degraded in the presence of water vapour that is abundant in the flue gas and hydrate-based CTES systems 3 
[38]. These can be overcome by using AIHs. For practical systems, the temperatures above 90℃ are comparable 4 
or below the temperatures found in demonstration and commercial systems, such as direct air capture [59] and 5 
solar thermochemical CO2 capture [60]. On the other hand, although the temperature swing method is energy 6 
consuming, this application with low and relatively high temperature parts can still be efficient if implemented 7 
with low-cost heat sources for CO2 regeneration. An example is solar thermal adsorption or absorption cooling 8 
system with chilled water for CO2 hydrate-based CTES and solar hot water for CO2 regeneration.  9 

4.5 Cyclic performance of CO2 absorption and regeneration 10 

The mass of regenerated CO2 in five cycles is shown in Figure 16. The mass of regenerated CO2 in the first 11 
cycle is taken as 100%, and that of the following cycles is calculated through Equation (4). The CO2 absorption 12 
capacity of DEAIH decreased after cycles, which was primarily attributed to the volatility of DEA (boiling point 13 
280 °C), as was reported in literature [38]. However, the cyclic performance in the present study was worse than 14 
the reported DEAIH with 20 wt% DEA that CO2 absorption was as much as 78% of the original value after 10 15 
cycles [38]. This is due to the higher water loss in open systems, higher regeneration temperature and longer 16 
regenerating time in the present study. The DEAIH sample mass may also influence the cyclic performance. 17 
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Figure 16. CO2 regeneration during cycles under zero gauge pressure. 19 

4.6 Coupled CO2 hydrate thermal storage and CO2 gas storage 20 

The temperature and pressure variations in the storage and reactor during a complete operation are shown in 21 
Figure 17. Initially, the gas storage cylinder loaded with CO2 to its full capacity was heated in a thermostatic 22 
bath for regeneration and the temperature in the cylinder was maintained at around 90℃. 90℃ was selected in 23 
this study as a water bath was used for the coupled system experiment for a moderate the capital and operational 24 
cost. In practical systems, there is another option to use steam for the regeneration, which can be more applicable 25 
to reach the ideal regeneration temperature as well as sustain water saturation in the DEAIH. The pressure in 26 
the cylinder increased from 4.10 to 11.2 bar. From previous results of regeneration under non-zero gauge 27 
pressures, the pressure rise was followed by a sudden pressure drop due to CO2 re-absorption. Therefore, in the 28 
coupled system, when a peak in pressure was observed, the valves between the reactor and gas storage cylinder 29 
were immediately opened to allow regenerated CO2 to transport to the reactor for CO2 hydrate formation. The 30 
valves were closed when the pressure in the reactor and cylinder were equal to make both vessels closed systems. 31 
The pressure in the reactor before hydrate formation was 6.64 bar. The reactor was then cooled in the 32 
thermostatic bath at 12.5℃. It was observed that the pressure in the reactor first dropped to 5.66 bar at 145 min 33 
due to CO2 dissolution in water. It was followed by an abrupt pressure drop for CO2–TBAB hydrate formation. 34 
Meanwhile, the temperature of the CO2 gas storage cylinder reduced gradually to the ambient temperature. At 35 
339 min, when pressure in the reactor dropped to 4.40 bar the hydrate dissociation was initiated by setting the 36 
thermostatic bath temperature to 30℃. As the CO2–TBAB hydrate was dissociated, CO2 gas was released, 37 
resulting in a pressure rise in the reactor. When the pressure became constant in the reactor, the valves were 38 
opened again to allow dissociated CO2 to be absorbed by DEAIH in the gas storage cylinder. It was found that 39 
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at the point of opening valves, the pressure in the whole system immediately reduced to zero (as shown in the 1 
zoomed section in Figure 17), indicating that DEAIH at the ambient temperature absorbed CO2 rapidly.  2 

Equations (2), (5), (6), (8) and the equations mentioned in previous studies [4, 5] were used for the calculation 3 
of CO2 in various states. The percent amount of CO2 varied in gas hydrate, dissolved in water, absorbed in 4 
DEAIH, and in gaseous state during the cycle as shown in Figure 18. CO2 in DEAIH became gaseous CO2 5 
during regeneration, which was followed by the dissolution of CO2 in water when CO2 gas was let to the reactor. 6 
The dissolved CO2 accounted for 9% of the total amount of CO2 in the system. The CO2 hydrate formation 7 
started at about 145 min and the amount of CO2 in hydrate gradually grew. The maximum amount of hydrated 8 
CO2 accounted for 14% of the total. At the end, released CO2 from hydrate dissociation was let back to the CO2 9 
storage cylinder, where it was absorbed by DEAIH to up to 87% of the total amount of CO2 in the system. This 10 
amount of CO2 is sufficiently high to allow the following cycle of the coupled system. It is noted that the pressure 11 
and temperature in the system should be controlled as to avoid re-absorption of CO2 in DEAIH during CO2 12 
regeneration and to meet the CO2 hydrate formation and dissociation conditions. The gaseous CO2 is of the 13 
largest proportion in the system to provide a pressure high enough to trigger CO2 hydrate formation. However, 14 
it may lead to a waste of materials and space, and therefore the system needs to be optimised in practical designs. 15 

 

 

Figure 17. Temperature and pressure in reactor and 
storage. 

Figure 18. Amount of CO2 in hydrate, water, 
DEAIH and gas during the operation. 

5 Conclusions 16 

Hydrogels ensure that the CO2–amine reactions are maintained with significantly increased interfacial area and 17 
absorption kinetics. A CO2 gas storage enabled by amine diethanolamine infused hydrogels (DEAIH) was 18 
studied and coupled with a CO2 hydrate-based cold thermal energy storage. The effects of pressure, temperature, 19 
DEAIH sample mass and amine diethanolamine (DEA) concentration on the CO2 absorption performance of 20 
DEAIH were studied. A higher pressure was found to prompt CO2 absorption while a temperature of 12℃ 21 
resulted in the highest CO2 absorption rate. At concentrations above 30 wt%, a lower DEA concentration was 22 
favourable to maintain a high normalised CO2 absorption and absorption rate. In the regeneration at zero gauge 23 
pressure, a higher regeneration temperature was favourable for CO2 regeneration. In the regeneration at non-24 
zero gauge pressures, the pressure rise caused by CO2 regeneration was followed by a pressure drop due to re-25 
absorption. The system passed through a meta-equilibrium before it reached the equilibrium pressure. The CO2 26 
regeneration was lowered with increasing the gauge pressure. Cyclic absorption and regeneration at 110℃ under 27 
zero gauge pressure showed the capacity of DEAIH to absorb CO2 decreased dramatically after the third run, 28 
which was mainly attributed to the volatility of DEA. DEAIH was found to be possible for cyclic CO2 storage 29 
in CO2 hydrate-based cold thermal energy storage through the operations of the coupled system. Generalised 30 
DEAIH-based CO2 storage can be designed for cooling applications such as refrigeration, dehumidification, and 31 
solar absorption and adsorption cooling. Although it is widely admitted that the temperature swing method is 32 
energy consuming, this application with low and high-temperature parts can be high-efficiency if implemented 33 
systems with low-cost heat source for CO2 regeneration. An example is solar thermal-adsorption/absorption 34 
cooling system with chilled water for CO2 hydrate-based CTES and stored solar hot water for CO2 regeneration. 35 
The system performance can be a topic of future work. In addition, for cold storage use, the coupled system in 36 
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a practical air conditioning system is operated on a daily basis. Theoretically, without CO2 leakage, the cyclic 1 
operations can be well maintained. For small leakage of CO2 over time, CO2 must be compensated between 2 
each run. Therefore, for future work, the energy efficiency and the amount of CO2 compensation can be 3 
optimised via appropriate control strategies. 4 
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