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Abstract 

Aminopolymer-based sorbents are preferred materials for extraction of CO2 from ambient air (direct air capture of 

CO2, or DAC) owing to their high CO2 adsorption capacity and selectivity at ultra dilute conditions. While those 

adsorptive properties are important, the stability of a sorbent is a key element in developing high-performing, cost-

effective, and long-lasting sorbents that can be deployed at scale. Along with process upsets, environmental 

components such as CO2, O2, and H2O may contribute to long-term sorbent instability. As such, unraveling the 

complex effects of such atmospheric components on sorbent lifetime as they appear in the environment is a critical 

step to understanding sorbent deactivation mechanisms and designing more effective sorbents and processes. Here, 

PEI/Al2O3 sorbent is assessed over continuous and cyclic dry and humid conditions to determine the effect of the co-

presence of CO2 and O2 on stability at an intermediate temperature of 70 °C. Thermogravimetric and elemental 

analysis in combination with in situ HATR-IR spectroscopy are performed to measure the extent of deactivation, 

elemental content, and molecular level changes in the sorbent due to deactivation. The thermal/thermogravimetric 

analysis results reveal that incorporating CO2 with O2 accelerates sorbent deactivation using these sorbents in dry and 

humid conditions compared to CO2-free air in similar conditions. In situ HATR-IR spectroscopy results of PEI 

deactivation under a CO2-air environment show the formation of primary amine species in higher quantity (compared 

to conditions without O2 or CO2), which arise due to C-N bond cleavage at the primary and secondary amine due to 

oxidative degradation. We hypothesize the formation of bound CO2 species such as carbamic acids catalyze C-N 

cleavage reactions in the oxidative degradation pathway by shuttling protons, resulting in a lower activation energy 

barrier for degradation, as probed by metadynamics simulations. In the cyclic experiment after 30 cycles, results show 

a gradual loss in stability (dry: 29%, humid: 52%) under CO2 containing air (0.04% CO2/21% O2 balance N2). 

However, the loss in capacity during cyclic studies is significantly less than continuous deactivation as expected.  
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Introduction 

Global greenhouse gas (GHG) emissions from various economic sectors have been growing rapidly for several 

decades.1 GHGs present in the atmosphere absorb and retain heat released from Earth increasing the global surface 

temperature, warming oceans, melting of arctic ice, and causing sea level rise. CO2 emissions, which were 80% of the 

released GHGs in 2019, have increased the atmospheric CO2 concentration from 331 ppm (1975) to 416 ppm (current), 

raising the global average surface temperature by nearly 1°C.1 Maintaining the current GHG emissions profile will 

lead to an increase of the global surface temperature by more than 1.5°C in the near future.1, 2 Therefore, it is essential 

to develop robust technologies to limit the future emissions of GHGs and reverse the already existing damage.  

Direct air capture (DAC) technologies for the removal of CO2 from the atmosphere (negative emissions) and carbon 

capture technologies for large point sources (avoided emissions) such as coal-fired power plants are proposed 

technologies to address continuously increasing greenhouse gas emissions.3 Considering the large amount of CO2 

present in the atmosphere and the goal of limiting the global surface temperature increase below 2 °C, quickly 

developing and deploying DAC processes, alongside other negative emissions technologies,4 is important to climate 

stabilization.  To this end, developing practical sorbent materials with high CO2 selectivity, adsorption capacity and 

cyclic stability is necessary.1, 5, 6 

Amine-functionalized sorbents are components of promising DAC technologies that are in the early stages of 

commercialization due to their high CO2 selectivity, moderate regeneration energies, high CO2 adsorption capacities 

and capability to perform under dry and humid conditions.7, 8 Poly(ethylenimine) (PEI) supported in porous γ-Al2O3 

(PEI/γ-Al2O3) is a well-known and well-studied supported aminopolymer sorbent in the DAC literature and is the 

focus of this study.7, 9 One drawback of amine functionalized adsorbents is their susceptibility to loss of their high 

CO2 adsorption capacity when operating continuously over multiple adsorption/desorption cycles in DAC systems. In 

a typical DAC adsorption/desorption cycle, sorbents are exposed to ambient air composed of several components such 

as O2, CO2, N2, H2O, and other small atmospheric molecules and particles. These components together with varying 

process parameters during different parts of the cycle (temperature, pressure, etc.) affect the long-term sorbent stability 

in a complex way.10-14 One main example of this is the co-presence of high O2 concentration (~21 mol%) and elevated 

temperatures associated with sorbent regeneration for short periods of time, which is considered to be the primary 

opportunity for oxidative degradation. The presence of other components of ambient air such as CO2 and H2O, in 

addition to the elevated O2 concentration, alongside constantly changing process conditions, leads to an array of factors 

that may affect the sorbent’s oxidative degradation behavior, mechanism(s), and the resulting longevity of the sorbent.  

 

Studies of materials and processes for DAC to date have mostly focused on improving CO2 adsorption capacities of 

solid sorbents. While adsorption capacity is an important factor, several studies have indicated that a sorbent material 

that can be used for thousands of adsorption/desorption cycles would substantially reduce overall DAC technology 

costs.9 Of the studies on sorbent deactivation to date, most have focused on investigating the effects of exposure to 

O2, H2O, or CO2 at elevated temperatures.15-18 Furthermore, high temperatures that may not be directly relevant to the 

process are often used to accelerate the deactivation kinetics. The most explored deactivation paths include CO2-

induced deactivation and oxidative degradation in the presence of simulated air (21% O2 balance N2, dry, CO2-free). 

In 2012, Heydari-Gorji et al.10 investigated thermal, oxidative, and CO2-induced deactivation of 

poly(ethylenimine)(PEI)-impregnated mesoporous silica (SBA-15) with platelet particle morphology and short pore 

channels under inert gas, simulated air, simulated flue gas and various CO2/O2/N2 conditions. They found that the 

presence of humidity helped mitigate CO2-induced deactivation using a 5% CO2/N2 mixture. Similarly, in pre-

humidified CO2/O2/N2 mixtures, they observed improved sorbent stability, suggesting that CO2 and/or H2O protected 

them against oxidative degradation.10 In a follow up work by the same group, CO2-induced deactivation under dry 

cyclic conditions using a flow of pure CO2 both for adsorption at 50 °C or 100 °C and desorption at 130 °C-160 °C 

was explored.11 Several amine-grafted MCM-41 and wet impregnated PEI (branched and linear) mesoporous silica 

sorbents were explored to understand the reaction mechanism(s) and products formed. Both studies suggested urea 

formation as a result of CO2-induced deactivation at elevated temperatures and atmospheric pressure. As such, reaction 

pathways for open chain and cyclic urea formation were explored by others.10, 11 Didas et al. explored the thermal, 
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oxidative, and CO2-induced deactivation of primary amine grafted mesoporous silica (SBA-15) adsorbents with alkyl 

linker lengths varying from methyl to propyl under pure CO2 at 135 °C. Ethyl and propyl linkers showed better 

resistance to oxidative and thermal deactivation; both, however, were vulnerable to CO2 induced deactivation.12 

 

While these studies helped build foundational knowledge of sorbent deactivation, mainly on CO2-induced 

deactivation, they mostly explored flue gas CO2 capture conditions where the CO2, H2O and O2 concentrations differ 

from direct air capture. As such, the roles of CO2, H2O, and O2 in sorbent stability might not be directly transferable 

to DAC conditions where the concentrations are different and temperatures are lower. Notably, a recent study from 

our group on the impact of atmospheric humidity on the stability of PEI/Al2O3 sorbent showed that H2O plays a 

significant role in accelerating degradation reactions on some sorbents, which is contrary to the other reports in 

literature as briefly mentioned above.17 To this end, a broad understanding of the impact of ambient air components 

(H2O/CO2/O2/N2) as they appear in the environment needs in depth exploration. A coherent and fundamental 

understanding of the deactivation mechanisms and behaviors is critical to the development of sorbent materials with 

significantly improved stability, reducing the cost of DAC. Furthermore, utilizing exemplar mixtures used in practical 

DAC applications allows for the accelerated implementation.19 

In this work, we investigate environmental parameters that influence sorbent stability that have not been fully explored 

in the DAC literature. Specifically, we assess the impact of incorporating dry and humid CO2 in air on the stability of 

a model aminopolymer sorbent (PEI/Al2O3) and its influence on the oxidative degradation behavior at intermediate 

temperatures (70 °C) directly relevant to the CO2 desorption process. Furthermore, we explore the effect of humidity 

on sorbent stability in the presence and absence of CO2 at the same temperature. In situ and ex situ spectroscopic, 

thermal, and elemental characterization of pristine and oxidized sorbents is performed using ATR-IR spectroscopy, 

alongside thermal analysis via thermogravimetric analysis to achieve the experimental goals. Metadynamics 

simulations are performed to gain further insight into the role of CO2 during oxidation degradation. The knowledge 

gained from this study will enable further identification of aminopolymer sorbent deactivation pathways and products.  

Experimental Methods 

Materials & Sorbent Synthesis  

Aminopolymer sorbents were synthesized by wet impregnation of PEI (branched, 800 g/mol, Sigma-Aldrich) onto a 

mesoporous gamma-alumina (Catalox HP 14/15 γ-Al2O3, Sasol) support (surface area 136 m2/g and pore volume 

0.95±0.05 cm3/g). Branched PEI (without γ-Al2O3) was used for infrared spectroscopic analysis studies while 45 wt.% 

PEI/ γ-Al2O3 sorbent was used for thermal analysis studies. 

N2 physisorption was used to characterize the pore volume and pore size of the sorbent (PEI/ γ-Al2O3) and 

the support (γ-Al2O3). N2 Physisorption was performed on Micromeritics TriStar II 3020 Version 3.02 at 77 K using 

100 – 150 mg of sorbent. The samples were pretreated under vacuum at 100 °C for 10 h prior to the adsorption 

measurement. The pore size distribution was calculated using the Barrett-Joyner-Halenda (BJH) method.20   

Elemental analysis of the fresh and deactivated sorbents was carried out by Atlantic Microlabs to determine the CHN 

content of the samples before and after various treatments. Specifically, C/N, and H/(C+N) ratios were calculated to 

understand the evolution of the elemental composition as the sorbent deactivates. 

Thermogravimetric Combustion Analysis was used to determine the total organic content (PEI) of the 

sorbent. Organic combustion analysis was performed on a TGA (TA Instrument Q550) by heating the sample from 

room temperature to 700 °C with a ramp rate of 10 °C/min under Air (Airgas, UZG UZ300, 21% O2 balance N2). The 

weight loss of the sorbent from 160 °C to 700 °C was taken as the organic content.  

 

CO2 Adsorption Experiments 

CO2 adsorption experiments were conducted using a TGA (TA Instruments Q500) with 22 ±0.2 mg sample on a 50 

μL platinum pan to investigate the CO2 adsorption capacity. To pretreat the sample, He (Airgas UHP300) gas at 90 

mL/min was flowed and the temperature was increased to 100 °C from room temperature at a ramp rate 10 °C/min 

and maintained for 1 h. Then, the temperature was lowered to 30 °C at a ramp rate of 10 °C/min. Once the system 

equilibrated at 30 °C, the gas was switched to 400 ppm CO2 (balance He) at the same flow rate and held for 3 hours 

to allow for CO2 adsorption. After 3 h of adsorption, the gas was switched back to He (Airgas UHP300) at 90 mL/min 

and the temperature was increased to 100 °C at a ramp rate of 10 °C/min to desorb the CO2. The temperature was held 
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at 100 °C for 1 h to allow complete desorption of CO2. At the end of the desorption, the temperature was reduced to 

30 °C at a ramp rate of 10 °C/min to cool the instrument and prepare for the next run. 

Thermal Analysis Experiments 

Oxidation experiments were performed using a TGA-DSC (TA Instruments Q600) at 70 °C and 1 atm using 28±0.3 

mg of sorbents (45% PEI/γ-Al2O3) on a 40 μL alumina ceramic pan. Prior to performing the deactivation study, the 

sample was purged with N2 (Airgas UHP 99.999%) at flow rate of 100 mL/min at room temperature for 25 min 

followed by pretreatment at 100 °C for 1 h to remove adsorbed moisture and CO2. After pretreatment, the temperature 

was reduced to 70 °C at a ramp rate of 5 °C per minute. Then, the temperature was held at 70 °C (isothermal) and the 

gas was switched to air (Airgas, UZG UZ300, 21% O2 balance N2) (CO2-free air), 0.04% CO2/21% O2 balance N2 

(0.04% CO2-air), or 0.04% CO2 balance N2 (0.04% CO2-N2) at 100 mL/min for the specified period of deactivation. 

For humid deactivation experiments, the deactivating gases were pre-humidified by flowing through a saturated 

K2CO3 solution at a temperature of 23°C, which provides ~43% relative humidity (RH). The relative humidity of the 

gas stream was monitored using a LI-COR 850 H2O/CO2 analyzer and was constant throughout the experiment. When 

the deactivation experiment was completed, the gas was switched back to N2 and the temperature was lowered to 25 

°C to limit further deactivation of the sorbent.  

In situ ATR-IR spectroscopy 

In situ IR experiments were conducted using Themo Scientific Nicolet 8700 HATR-IR (horizontal attenuated total 

reflection infrared) spectrometer with a ZnSe crystal cell to observe the effect of oxidation on fresh PEI (with no γ-

Al2O3 support), tracking functional group formation due the various thermal treatments. For each experiment, about 

0.1 mm PEI layer was coated on a ZnSe crystal and pretreated at 100 °C for 1 h under N2 (Airgas UHP 99.999%) at 

100 mL/min. Afterwards, the PEI was exposed to continuous flow of deactivating gas (simulated air (Airgas UZG 

UZ300, 21% O2 balance N2), 0.04% CO2/21% O2 balance N2, or 0.04% CO2 balance N2) at 100 mL/min while the cell 

temperature was held at 70°C for 7 days. The HATR-IR spectra shown in this study were produced by subtraction of 

the spectrum of fresh PEI at 70 °C under the respective gas mixtures. As such, the spectra shown in the figures (with 

both positive and negative bands) are a result of changes in the sample due to exposure to the experimental conditions.  

A period of 7 days of deactivation was chosen based on the sorbent deactivation data obtained from the thermal 

analysis study. A peak deconvolution feature of Origin Pro 2021 was used to deconvolute peaks collected from the in 

situ ATR-IR experiments that are of interest and overlap with each other. The app used a built-in Gaussian function 

to perform the peak analysis.  

First-principles metadynamics simulations 

Ab initio molecular dynamics (AIMD) and metadynamics simulations were performed with the Vienna ab initio 

simulation package (VASP), version 5.4.4,21  using the projector augmented wave treatment of core-valence 

interactions22, 23  with the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation24 for the exchange-

correlation energy. DFT-D3 method of Grimme et al. was employed for vdW-dispersion energy corrections.25 

Triethylenetetramine (TETA) was used in all simulations as a small molecule surrogate for PEI. A 15 Å × 15 Å × 15 

Å cubic supercell was used to accommodate TETA and CO2-bound TETA molecules and the Brillouin zone was 

sampled at the Γ-point only. 10 ps of NVT AIMD simulations at 343 K were run to pre-equilibrate structures before 

initiating metadynamics simulations. Coordination numbers as defined in VASP were used as the collective variables 

(CVs). To reduce sampling errors, a fine set of Gaussian hill parameters were used: height 0.0025 eV and width 0.02 

CV unit. Gaussian hills were added to the underlying potential energy surface every 20 fs. Metadynamics simulations 

were terminated after CVs crossed from the reaction basin into the target product basin following a previously reported 

protocol.26 The free energy barrier was computed by summing up the amounts of bias potentials accumulated in the 

reactant basin.  

Results and Discussion 

Thermal Analysis: Oxidative and thermal degradation of the 45% PEI/ γ-Al2O3 sorbent 

A model PEI/Al2O3 sorbent with PEI loading of 45 wt.% which about 98% pore fill (0.028 cm3/g) was used for the 

thermal analysis study. The physical characteristics of the sorbent are determined using N2 physisorption. TGA-DSC 

was used to follow the weight loss and heat flow of 28 - 35 mg of the 45 wt.% PEI/ γ-Al2O3 sorbent as a function of 

time. The sorbent was exposed to CO2-free air (21% O2) for 3, 7, 10, and 14 days and to 99+% N2 for 3, 7, and 14 
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days continuously at 70 °C for oxidative and thermal degradation experiments respectively. The weight loss recorded 

at 70 °C was assumed to be a result of PEI deactivation. This assumption is supported by the thermogravimetric 

combustion measurement which shows organic content loss until after 160 °C. Figure S1 shows the thermogravimetric 

combustion measurement of the model sorbent (45 wt.% PEI/γ-Al2O3). The CO2 adsorption capacities of the fresh and 

oxidized samples were determined using 400 ppm CO2 balance He stream. Sorbent deactivation is defined as the 

percent loss in CO2 adsorption capacity (mmol CO2/g sorbent) from a fresh sorbent after an exposure to a specified 

gas mixture and deactivation period at 70 °C. The CO2 adsorption capacity of a fresh sorbent was 1.34 mmol CO2/g 

sorbent. 

 

As the results in Figure 1 show, oxidative and thermal degradation appeared to have similar impact on the loss of 

adsorption capacity until day 7 (4% vs 3% loss in capacity, respectively). We assign this region of the degradation as 

“temperature dominant,” as most of the impact can be attributed to thermal effects. After day 7, there was more 

significant sorbent deactivation under oxidative degradation conditions compared to the thermal only conditions. This 

region is assigned as the “oxidative degradation” dominant region.  

 

 
Figure 1.  Oxidative and thermal degradation of the 45% PEI/ γ-Al2O3 sorbent at 70 °C 

 

Building on these results as a baseline, we then investigated the presence of CO2 and H2O together and separately.  As 

shown in Figure 2, after 3 and 7 days of continuous exposure to 0.04% CO2-N2 flow, the loss in CO2 adsorption 

capacity was minimal (3% and 2%, respectively; purple diamonds), indicating limited deactivation. On the contrary, 

under 0.04% CO2-air, notable loss in CO2 adsorption capacity was observed, even in the early stages of deactivation 

(17% loss after 3 h, blue triangles). Though the deactivation rate is moderate, it eliminates the induction period 

observed under oxidative and thermal degradation conditions in the absence of CO2 (Figure 1). After 3 h, the 

deactivation continues to increase, reaching 80% loss after 7 days.  Thus, the combination of CO2 and O2 leads to 

more rapid deactivation than with either species alone. 

 

In a humid environment (43% relative humidity (RH); olive triangles), a stream of 0.04% CO2-air yielded similar 

deactivation behavior as the dry 0.04% CO2-air mixture. The initial deactivation rate appeared slightly accelerated 

under dry conditions and slightly slower at longer times, relative to humid conditions, but these apparent differences 

are likely within the margin of experimental error. The data in Figure 2 show that in the absence of CO2, the 

differences between dry and humid environments were magnified (dry, red triangles; humid, black squares), with 

higher deactivation under humid conditions, after 7 days. This difference suggests CO2 has a bigger impact on 

oxidative degradation than H2O under the continuous deactivation conditions explored, with H2O enhancing 

degradation in the absence of CO2. The enhancement of oxidative degradation in the presence of H2O vapor is 

consistent with the impact of H2O in accelerating oxidative degradation reported in our recent work.17 
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Fig. 2. Deactivation of 45% PEI/ γ-Al2O3 sorbent under CO2-free air (for 3, 7, 10 and 14 days), under N2 (for 3, 7 and 14 days), 

under 0.04% CO2-air (for 3 h, 18 h, 36 h, 72 h, and 7 days, and 0.04% CO2 balance N2 environments at 70 °C for 3 and 7 days 

 

The above results (Figure 2) show the implications of the co-presence of CO2 and O2, as they appear in ambient air, 

on the stability of amine-based sorbents at an intermediate temperature. As briefly mentioned above, these results 

differ from what has been reported in the literature over different amine sorbents and under slightly different 

conditions. Previously, the presence of CO2 in O2-containing streams was reported to improve stability of amine-based 

sorbents based on the fact that amine species react faster with CO2 compared to O2, forming carbamate and bicarbonate 

species that reportedly enhance stability.10 In the work of Heydari-Gorji et al.,10 the thermal, oxidative and CO2-

induced deactivation of PEI (branched and linear)-impregnated mesoporous silica (SBA-15) sorbents with platelet 

particle morphologies and short pore channels was explored. In their specific study pertaining to the co-presence of 

CO2 and O2, a 55 wt.% PEI (branched, Mn ~600)-SBA-15 sorbent was deactivated continuously under pre-humidified 

CO2/O2/N2 streams at different concentrations (1%-20%/10.5%-17%/balance N2) and temperatures ranging from 50 - 

120 °C for 30 h. The lowest CO2 concentration explored was a 1%/17%/82% (CO2/O2/N2) gas mixture. The study 

reported no significant deactivation below 100 °C for all CO2/O2/N2 mixtures. At 100 °C, 70% CO2 uptake loss was 

obtained for the 1%/17%/82% (CO2/O2/N2) gas mixture after 30 h and the uptake loss decreased significantly as the 

CO2 concentration increased to 20% (2.6% loss).10 In contrast, in the current study, the 45 wt.% PEI/Al2O3 sorbent 

deactivation treatments at 70 °C in both dry and humid 0.04% CO2-air mixtures yielded noticeable losses in CO2 

adsorption capacity even after 3 h of deactivation (loss of 17% for dry and 10% for humid). Previously, the presence 

of H2O was reported to have a positive effect during the oxidative degradation, retarding oxidation;10 however, as seen 

in Figure 2 and as reported in our recent work, the outcome in our system is reversed.17 When rationalizing these 

differing results, it is important to note the key differences between the two studies, which include the deactivation 

temperature (50 – 120 °C  for Heydari-Gorji and 70 °C for this study), CO2 concentration (1-20% for Heydari-Gorji 

and 0.04% for this study), CO2 uptake temperature (75 °C for Heydari-Gorji and 30 °C for this study), and support 

type (lab-synthesized ordered mesoporous silica vs. disordered, commercial mesoporous alumina). Further discussion 

comparing and contrasting our results to the literature will be presented after additional analysis in the forthcoming 

sections. 

Spectroscopic Analysis  

To investigate the accelerated sorbent deactivation in the co-presence of CO2 and O2, in situ HATR-IR 

spectroscopy experiments were performed using a branched PEI sample with a molecular weight (MW) of ~800 g/mol 

as a model sorbent. Experiments were conducted using different gas/vapor compositions, including dry CO2-free air, 

0.04% CO2-air (21% O2 balance N2), and 0.04% CO2-N2 at 70 °C for 7 days (Figures 3 and S2). Complementing the 

TGA studies above, these experiments allow the elucidation of molecular level changes due to PEI deactivation under 

the above conditions and investigation of possible changes in the PEI structure. Before every experiment, the sorbent 
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was pretreated at 100 °C for 1 hour under N2 to remove adsorbed species (such as H2O and CO2) acquired during 

sample storage or preparation steps. After pretreatment, the temperature was reduced to 70 °C, and the samples were 

deactivated under a continuous flow of dry gas for 7 days. Spectra were collected every 30 minutes. Figures 3 and S2 

show the absorption spectra of PEI over 7 days at 70 °C under the three experimental conditions.  

 

The main characteristics of branched PEI in the infrared spectra are two N-H stretching bands of primary amines 

(3400 – 3300 cm-1 and 3330-3250 cm-1), one of secondary amines (3350-3310 cm-1), C-H stretching bands (2950 – 

2720 cm-1), an N-H bending band ~ 1590 cm-1, and a C-H bending band ~ 1454 cm-1.27 

 

In the early phase of the deactivation of PEI under 0.04% CO2-N2 at 70 °C,  adsorbed CO2 dominated the difference 

spectra since the thermal deactivation of PEI should contribute only minimally to the spectral changes under these 

conditions (see Figure 1). Figures 3a and 3b show bands of species such as COO-(~1430 cm-1), N-COO (~1330 cm-

1) and NH2
+ at 1630 cm-1, which indicate the formation of ammonium carbamate ion pairs in the early stages of the 

experiment and their growth in intensity with time.28-41 In CO2 capture studies using amines like PEI, the dominant 

species that form due to the interaction of CO2 with primary and secondary amines under dry conditions are carbamate 

species.28, 30, 41-44  

   

  
Figure 3. IR spectra (1800 – 1000 cm-1) of PEI deactivation under (a) 0.04% CO2-N2, (b) 0.04% CO2-air (21% O2-N2), (c) CO2-

free air, and (d) 100% N2 for 7 days (168 hours with 6 hours gap between each spectra shown)) at 70 °C. (Full spectra (3500 – 

1000 cm-1) in Figure S2. 

Figure 3(a-d) also shows bands in the region of 1666 - 1671 cm-1 that increase in intensity as the treatment time 

increases. This band has been discussed in the literature as characteristic of amine-related oxidation products as a 

result of exposure to O2 and has been assigned to vibrations of C=N (imines) and/or C=O (carbonyl) groups.27, 36, 39, 45, 

46 A recent study from our group on the oxidative degradation of PEI/γ-Al2O3 sorbent at high temperatures illustrated 

the individual contributions of the imine and carbonyl species to the band in the region around 1666 cm-1 for the first 

time.17 The study links C-N bond cleavage events to the formation of carbonyl and imine species, new primary amine 

species, and other low molecular weight amine products.17 To briefly discuss the proposed mechanism(s), in dry 

conditions, degradation begins with the formation of radical species (ɑ- or β-amino alkyl radicals) due to thermal 

stress, which leads to chain relaxation and breakage,17 or due to metal impurities within the sorbent that catalyze free 

radical formation.17, 47 In the presence of O2, the radical species react quickly with O2 forming peroxyl radical species 

(b) 

(c) 

(a) 

(d) 
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(ɑ- or β-amino peroxyl radicals). The peroxyl radicals extract hydrogen from the PEI chain, forming hydroperoxide 

species (ROOH), which decompose to form carbonyl species in the PEI chain.17 The formation of the carbonyl species 

requires cleavage of the C-N bond and depending on the location of the C-N bond (terminal primary amine, terminal 

secondary amine, or secondary amine along the PEI chain), volatile organic products (e.g., ammonia and 2-

aminoacetaldehyde) and new primary amine species can form.17, 48 

  
Figure 4. (a) Deconvoluted spectra of 0.04% CO2-air at the 168th hour (end of day 7) from 1730 cm-1 – 1520 cm-1 (b) Integrated 

peak area of 1590 cm-1 (N-H bending band) for the three conditions studied for 7 days (168 hours) (c) for 48 hours deactivation 

 

In this study, a similar deconvolution analysis was performed in the region between 1750 cm-1 and 1500 cm-1 to 

distinguish contributions of the imine and carbonyl species to the 1666 cm-1 band under 0.04% CO2-air and 0.04% 

CO2-N2 conditions.  Figure 4a shows the results of the deconvolution analysis of the 0.04% CO2-air condition. Three 

peaks (1695 cm-1, 1676 cm-1 and 1662 cm-1) contributed to the 1666 cm-1 band. The contribution at 1662 cm-1 can be 

attributed to carbonyl species (C=O) on the PEI chain while the one at 1676 cm-1 can be assigned to imine species 

(C=N).17, 27 Another interesting outcome of the deconvolution of the peaks in Figure 4a are the bands at 1695 cm-1, 

1565 cm-1, and 1556 cm-1. These bands can be attributed to the formation of urea linkages, reported in the literature 

as U-2 or U-4.11, 49 Similar to the intensity shown in Figure 4a, these bands were also reported to have relatively weak 

peaks.10, 11, 49, 50 The weak intensity is expected, as the likelihood of the formation of urea species at an intermediate 

temperature of 70 °C and CO2 concentration of 0.04% is low.49 The band at 1630 cm-1, which represents NH2
+ 

deformations, appears only during PEI deactivation under 0.04% CO2-air (and under 0.04% CO2-N2 as mentioned 

above) as a result of the formation of alkyl ammonium carbamate ion pairs.38 The 1630 cm-1 band might also be 

ascribed to the bending vibration of H2O vapor,51 however, considering the higher concentration of CO2 in the system 

compared to H2O, it is most likely a contribution from alkyl ammonium carbamate ion pairs. 

    
Figure 5. (a) C/N (b) H/(C+N) molar ratio of deactivated 45 wt.% PEI/γ-Al2O3 sorbent as a function of time under dry 0.04% 

CO2-air and humid 0.04% CO2-air  

 

(a) 

(b) 

(a) 
(b) 
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Figure 4a also shows the band at 1590 cm-1, which represents an N-H bending (N-H deformation) mode,17, 27, 40 had 

no additional contributing peaks. N-H bending/deformation vibration bands appear in the region between 1650 – 1580 

cm-1 for primary and secondary amines species.27 Furthermore, in liquid amines, the N-H bending band gives rise to 

a shoulder/overtone band near the N-H stretching regions that can be seen from the band around 3135 cm-1 in Figure 

S2(a-d).27 As briefly discussed above, the increased intensity of the 1590 cm-1 band has been reported in our recent 

work as an indication of the formation of new primary amine species as a result of C-N bond cleavage near secondary 

amine sites.17 Similarly, Figure 3(a-c) showed an increase in the intensity of the bands around 1590 cm-1 with time 

for 0.04% CO2-N2, 0.04% CO2-air, and  CO2-free air. The integrated area of the peak at 1590 cm-1 for the sample 

treated in 0.04% CO2-air was much larger than that for the samples under CO2-free air and 0.04% CO2-N2 (Figure 

4b). This result suggests that the formation of new primary and secondary amine species and C-N bond cleavage 

reactions occur more frequently in the co-presence of CO2 and O2, which agrees well with the thermal analysis results 

shown in Figure 2, where deactivation of the PEI/γ-Al2O3 sorbent is more significant under a 0.04% CO2-air 

environment compared to a CO2-free air and 0.04% CO2-N2 environments. The disproportional loss of hydrogen and 

nitrogen species with respect to carbon species is shown by C/N and H/(C+N) molar ratios in Figure 5a and 5b during 

the deactivation of the sorbent under both dry and humid 0.04% CO2-air conditions. The higher loss of N and H 

content compared to C content is an additional sign of the C-N bond cleavage indicated by the spectra in Figure 3b. 

Figure S3 also shows the loss of hydrogen and nitrogen species and an increase of carbon species under both dry and 

humid conditions. 

 

    
Figure 6. (a) Deconvoluted spectra of 0.04% CO2-N2 at the 168th hour (end of day 7) from 1730 cm-1 – 1520 cm-1, Integrated 

peak area for 0.04% CO2-N2 and pure N2 for 7 days (168 hours) (b) 1671 cm-1 (C=N stretching band) (c) 1590 cm-1 (N-H bending 

band) 

 

Figure 3(a-d) also shows an increase in the 1666 cm-1 band intensity for CO2-free air and 0.04% CO2-air and in the 

1671 cm-1 band intensity for 0.04% CO2-N2 and N2. The increase in the 1666 cm-1 band can be attributed to the 

formation of carbonyl and imine species, as shown from the deconvolution results in Figure 4a, and from evidence 

for C-N bond cleavage reaction as also indicated by the negative bands at 1211 cm-1 and 1050 cm-1 for 0.04% CO2-

air and at 1210 cm-1 and 1039 cm-1 for CO2-free air. Similarly, the 1671 cm-1 band can be attributed to the formation 

of imine species due to the absence of O2 in the deactivating mixture (Figure 3a and 3d). To confirm the contribution 

of imine species to the 1671 cm-1 band, we performed deconvolution of peaks in the region between 1750 cm-1 and 

1500 cm-1 for sample treated in 0.04% CO2-N2. As shown in Figure 6a, only one main peak contributed to the 1671 

cm-1 band and that is the imine species. Comparing the integrated peak areas of the 1671 cm-1 band for the samples 

treated in 0.04% CO2-N2 and N2  highlights the significant difference in the integrated peak area between the two 

deactivating environments, where the peak area for the sample treated in 0.04% CO2-N2 was higher (Figure 6b). 

While this result suggested more deactivation under 0.04% CO2-N2 compared to N2 alone due to more frequent C-N 

bond cleavage, the thermal analysis results for the deactivation of the PEI/γ-Al2O3 sorbent in a 0.04% CO2-N2 and N2 

environment at 70 °C showed similar deactivation (Figure 2). This may be due to differences in the C-N bond cleavage 

sites between the two conditions/environments, where in a CO2-N2 environment C-N cleavage forms amines that 

participate in adsorbing CO2, maintaining CO2 capture performance (Figure 2), or that the radical species that form 

are stabilized by reacting with each other, terminating the deactivation, and maintaining sorbent stability. The change 

(a) (b) (c) 
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in the 1590 cm-1 band shown in Figure 6c supports the former hypothesis, as it indicates new primary amine formation 

under a 0.04% CO2-N2 environment and a relatively consistent total number of primary amine species under the N2 

environment.  

 

C-N bond cleavage leading to the formation of new primary amine species (as well as other products mentioned above) 

has been reported as paths of oxidative and thermal degradation at high temperatures in solid amine sorbents.16, 17, 48 

As such, these results suggest the possible occurrence of oxidative and thermal degradation under CO2-free air and 

0.04% CO2-air conditions and thermal degradation under 0.04% CO2-N2 and N2 conditions. However, the accelerated 

PEI/γ-Al2O3 sorbent deactivation and new primary amine species formation under 0.04% CO2-air, as shown in Figure 

2 and 4b, along with the significant differences in the 1671 cm-1 and 1590 cm-1 bands between the 0.04% CO2-N2 and 

N2 cases, as shown in Figure 6a, indicate the presence of additional reaction mechanism(s) occurring in the presence 

of CO2.  

 

Metadynamics simulations 

A previous modeling study by Li et al. used triethylenetetramine (TETA) as a molecular proxy for PEI and accessed 

the kinetic feasibility of C-N bond cleavage in the presence of radicals but without CO2 using enhanced sampling, i.e. 

metadynamics, simulations.16 To this end, we performed first-principles metadynamics simulations using CO2-bound 

TETA as a molecular proxy to analogously evaluate the kinetics of C-N bond cleavage of PEI under CO2-air 

conditions.  

 

To model the interactions between CO2 and amines, we constructed bimolecular structural models consisting of one 

TETA with CO2 adsorbed to a primary amine site as carbamic acid. CO2 adsorbed as an ammonium carbamate ion 

pair will behave similarly due to dynamic equilibrium between a hydrogen bonded carbamic acid-amine pairs and the 

ammonium carbamate. The adsorbed CO2 further interacts with either a primary or secondary amine on another TETA 

with a preformed alkyl radical, presumably resulting from radical propagation under oxidative conditions. The AIMD-

equilibrated structures are presented in Figure 7 and were prepared for metadynamics simulations with a temperature 

set at 70°C to replicate the experimental conditions. The metadynamics approach adds periodic biasing potentials to 

the original potential surfaces along predefined collective variables (CVs), which discourage the system from 

revisiting points in the configurational space, resulting in the acceleration of energy barrier crossing for the sampled 

reactions.52 To determine the kinetics of C–N bond cleavage, two CVs were defined: C–N coordination number (CNC-

N) and N-H coordination number (CNN–H) of amines interacting with the carbamic acid in proximity. 
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Figure 7. Time evolution of CVs along the trajectories of metadynamics simulations of CO2-catalyzed C–N bond 

cleavage near (a) primary amine and (b) secondary amine. Structural snapshots near transition states and product 

states are shown. Atom color code: C–black, N–blue, O–red, H–pink.  

 

 
Scheme 1. Reaction pathways of C–N bond cleavage near primary and secondary amines in the presence of CO2 

 

Figure 7 displays the evolution of CVs during metadynamics simulations for C–N bond cleavage near primary and 

secondary amines. The successful cleavage of C–N bonds is observed in both cases, as evidenced by sharp decreases 

in CNC-N from approximately 1 to 0. Additionally, simultaneous increases in CNN–H and structural snapshots near 
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transition states demonstrate that for both primary and secondary amines, H transfer occurs from a neighboring amine 

group to the affected amine, resulting in the formation of NH3 and ethylene diamine, respectively. Scheme 1 illustrates 

that carbamic acids function as effective H-shuttles, facilitating the proton and electron transfer necessary to cleave 

the C-N bonds. The products consist of fragments of TETA and a regenerated TETA with a carbamic acid tail. The 

formation of a new primary amine in the case of C–N bond cleavage near secondary amine is consistent with 

observations from spectroscopic experiments. Significantly, the sum of the biasing potentials indicates that in the 

presence of CO2, both reactions of C–N bond cleavage have free energy barriers of ~ 20 kJ mol-1, which is considerably 

lower compared to that in the absence of CO2 (~ 90 kJ mol-1).16 This manifests the strong catalyzing effect of CO2 on 

the C–N bond cleavage kinetics through acid-base interactions, consistent with the accelerated PEI/γ-Al2O3 sorbent 

deactivation under 0.04% CO2-air conditions.  

 

Based on the spectroscopic, thermal, and elemental analysis and metadynamics simulations performed in this study 

and the accumulated knowledge in the aminopolymer degradation literature, we rationalize the accelerated 

deactivation in the co-presence of CO2 and O2. Figure 4c shows that in the first 24 hours of deactivation, the rate of 

formation of new primary amines is similar for 0.04% CO2-N2 and CO2-free air, but after 24 hours the formation rate 

under CO2-free air is much higher (Figure 4b). However, the thermal analysis data in Figure 2 showed that the 

deactivation under both conditions was similar, even after 7 days. The similarity in deactivation between the two 

conditions suggests that under a CO2-free environment, the C-N cleavage process occurs at a slower rate (compared 

to 0.04% CO2-N2). Based on the oxidative degradation pathway proposed in our recent work17 and the basic 

autoxidation mechanism,51 the slower rate of C-N cleavage is likely due to the substantial energetic barrier for the 

decomposition of hydroperoxide species to hydroxyl and alkoxyl radical species in the oxidative degradation 

process.51 The deactivation temperature studied here (70 °C) is most likely not sufficiently high to allow the 

decomposition process to occur rapidly. In the co-presence of CO2 and O2 (0.04% CO2-air), CO2 reacts with amine 

sites forming carbamic acids that can further react with primary or secondary amines in the surrounding region via 

acid-base interactions. Some of these species become captured CO2 in the form of alkyl ammonium carbamates, while 

some facilitate H-transfer and C-N bond cleavage forming ammonia, primary amine, or secondary amine species, 

depending on the site of CO2 adsorption, as supported by metadynamics simulations. This acid catalyzed process 

requires the presence of alkyl radicals on the PEI chain where C-N cleavage occurs. Oxygen, which is present in much 

higher concentration than CO2, can then participate in the formation of peroxyl radicals that abstract hydrogen atoms, 

leading to more alkyl radical species in what appears to be a carbamic acid catalyzed decomposition reaction. As a 

result, the carbamic acid catalyzed deactivation is proposed to provide an alternative pathway for the C-N bond 

cleavage that bypasses the hydroperoxide decomposition step and subsequently accelerates the deactivation and 

formation of the various species discussed above.  

 

Adsorption-Desorption Cycles  

Cyclic adsorption-desorption experiments were performed to develop relationships with the continuous deactivation 

study under dry and humid 0.04% CO2/air (21% O2 balance N2) conditions at 70 °C and to observe sorbent deactivation 

under close-to-realistic DAC process conditions. A typical cyclic process involves adsorption of CO2 from the 

atmosphere, consuming most of the process time, followed by desorption of CO2 captured from the atmosphere, and 

finally cooling of the sorbent to the adsorption temperature. During these adsorption-desorption processes, sorbent 

materials are exposed to conditions and environments that cause deactivation over an extended period of operation. 

In practice, on occasions where process upsets occur due to operational malfunctions or for other reasons, additional 

deactivation factors are introduced, such as the co-presence of high temperatures and high oxygen concentrations.  

In these cyclic studies, the 45 wt.% PEI/γ-Al2O3 sorbent was exposed to dry or humid (43% RH or 12 mmol H2O/mol 

air absolute humidity) 0.04% CO2-air for 2 hours, which represents roughly two thirds of the laboratory process/cycle 

time. The captured CO2 is desorbed at 100 °C for 30 minutes under dry N2 or humid N2 (1.3% RH (absolute humidity 

of 12 mmol/mol)) to mimic the vacuum assisted desorption during a temperature-vacuum swing desorption process. 

After 30 minutes of desorption, the temperature is ramped down to 70 °C under N2 (dry or humid). Following that, 

the sorbent is cooled to the adsorption temperature of 30 °C under dry or humid 0.04% CO2/air (21% O2 balance N2).  
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This cooling step is typically performed in an inert environment such as N2 in prior literature studies of amine sorbent 

stability; the conditions here more closely mimic those that might be encountered in practical operation. The cooling 

process takes about 30 minutes on average in the laboratory, but would be more rapid in realistic, low pressure drop 

gas-solid contactors. Cooling the sorbent under CO2 containing air (atmospheric concentration air) removes the use 

of inert gases in this step, which is common in the laboratory, and it allows for CO2 to be captured during the cooling 

process. In addition, cooling using atmospheric concentration air eliminates the use of inert gas, reducing energy and 

process cost. Figure 8 shows the adsorption-desorption cycle used in this study.   

 
Figure 8. Adsorption – desorption cycle deployed in TGA cycling. 

 

During the adsorption and cooling process, the sorbent interacts with O2 and CO2 at low and intermediate temperatures 

after desorption in flowing N2 (simulating vacuum) at higher temperatures. In this cyclic process, the most important 

time when oxidative deactivation would be a concern is during the cooling process where the sorbent is exposed to 

intermediate temperatures under the co-presence of CO2 and O2 leading up to the next adsorption step. The results in 

Figures 9a and 9b show that 30 adsorption-desorption cycles result in a CO2 uptake loss of 23% under dry and 48% 

humid conditions, as well as a gradual loss in sorbent mass (~6% for dry and ~4% for humid). Consistent with the 

continuous deactivation study in Figure 2, the co-presence of CO2 and O2 results in noticeable deactivation under 

cyclic conditions, and the use of consecutive cycles seeks to ascertain if numerous short exposures begin to approach 

the deactivation of extended exposure times. 

Another interesting finding from this study is that during continuous deactivation, the presence of H2O only slightly 

affected sorbent deactivation in the co-presence of CO2 and O2 as shown in Figure 2. On the contrary, under cyclic 

conditions, the presence of H2O shows considerable deactivation after 30 cycles compared to the dry cyclic condition 

(about 2X higher). This might be due to H2O gaining more access to the PEI domain and radical species in the absence 

of CO2 (desorption and ramp down step) which can lead to accelerated deactivation.17 Notably, this result is consistent 

with our recent finding on the effect of humidity in accelerating sorbent deactivation which shows 2X faster 

deactivation under in the presence of H2O conditions.17 It is important to note that the cyclic CO2 uptake under humid 

conditions was determined by performing the same cyclic experiment under humid N2 for 15 cycles and then 

subtracting the H2O vapor uptake from that measured in the 0.04% CO2-air humid cyclic experiment. During the 

humid N2 cyclic experiment, the H2O adsorbed per cycle was around 2.2 mg (shown in Figure S4). In the 0.04% CO2-

air humid cyclic experiment, this amount will most likely be less than 2.2 mg due to the competitive interaction 

between CO2 and H2O vapor with amine sites during the adsorption step. As such, the CO2 uptake reported in Figure 

9b for the humid cyclic condition likely slightly underestimates the actual capacity. 
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Figure 9. Sorbent mass and CO2 adsorption capacity change after 30 cycles under dry (a) humid (b) 0.04% CO2-air. 
 

The total time the sample was exposed to elevated temperature, during the desorption step at 100 °C and the cooling 

step from 100 to 70 °C, sums up to approximately 17 hours across the 30 cycles. During these steps, the sample is 

only exposed to inert atmosphere, and so thermal degradation due to loss of sorbent mass is the dominant loss 

mechanism, 6% and 4% for the dry and humid cyclic conditions respectively.  

The total time the sample was exposed to oxygen, during the cooling step from 70 to 30 °C and the following 2-hour 

adsorption step at 30 °C, sums up to approximately 3 days across the 30 cycles. Therefore, it is reasonable to compare 

the loss in capacity across the cyclic experiment with the 3-day continuous deactivation experiment. Under both 

conditions, the loss in capacity under the cyclic conditions is lower (dry: 29% vs 64%, humid: 52% vs 68%). This 

difference in capacity loss shows that continuous exposure exaggerates deactivation. However, continuous 

deactivation studies can help estimate the lifetime of a sorbent over an extended period of operation if suitable 

correlations can be developed for real operation. As such, below we will use the deactivation mechanism(s) presented 

in Scheme 1 to rationalize the differences in capacity loss between the continuous and cyclic conditions. 

One of the primary reaction intermediates in the deactivation of the sorbent, the peroxyl radicals, forms by the reaction 

of alkyl radicals with molecular oxygen. Peroxyl radicals form at similar rates at any temperature once alkyl radicals 

form and the sorbent is exposed to an O2 containing stream.51, 53 However the subsequent step of the reaction, the 

formation of hydroperoxide species, requires the abstraction of a hydrogen atom from a C-H bond, and this reaction 

is temperature dependent. At higher temperatures, more energy is available to overcome the activation energy required 

for the hydrogen abstraction.51, 53 Similarly, the rate of decomposition of hydroperoxide species to alkoxyl and 

hydroxyl radical species increases with temperature.51, 53 As such, during the cooling (from 70 °C to 30 °C) and 

adsorption step (at 30 °C) of the cyclic process, it is expected to have a lower concentration of hydroperoxide species 

and the decomposition of hydroperoxide species to occur at a slower rate compared to continuous deactivation cases 

at 70 °C. It is also important to note that during the cyclic process, the limited co-existence of O2 and heat compared 

to the continuous deactivation likely plays a role in maintaining sorbent stability. Correspondingly, during the cooling 

and adsorption periods of the cyclic process, recombination reactions of radical species may occur, causing the sorbent 

to “recover” some stability. These reasons combined lead to delayed deactivation in the cyclic processes. Furthermore, 

in industrial-scale adsorption-desorption units, the adsorption, desorption, and cooling time are much shorter than the 

conditions used in this cyclic study, leading to even slower sorbent deactivation. In the Supporting Information we 

provide various simple mathematical fits based on the cyclic deactivation data to estimate sorbent lifetime. However, 

high fidelity predictions require a much larger data set than is available here. 

Like the continuous deactivation studies, we compare and contrast our results from the cyclic experiments with the 

literature. To the best of our knowledge, there have not been any adsorption-desorption cyclic studies on the impact 

of the co-presence of CO2 and O2 in amine sorbent degradation under dry and humid conditions. The closest relevant 

example is the study by Heydari-Gorji et al., which performed cyclic studies under humid and dry pure CO2 

(a) 
(b) 
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(adsorption at 75 °C and desorption at 105 and 120 °C under N2 for 30 mins each) and humid 15% CO2/N2 (adsorption 

at 50 °C and desorption at 85 °C under humid N2 for 30 mins each) for 66 cycles. Their results showed a significantly 

higher loss in CO2 uptake under the dry conditions compared to the humid conditions studied (dry: 40% and 52% loss, 

humid: 2% and 3.5% loss, at 105 and 120 °C desorption conditions, respectively).10 Similar to the pure humid CO2 

conditions, the sample treated in humid 15% CO2/N2 also showed relatively little loss after 66 cycles.10 The authors 

attributed the significant loss under dry conditions to urea formation due to exposure to high CO2 concentrations. In 

the presence of humidity, however, urea formation is suppressed, and sorbent stability is maintained.10 

To rationalize the discrepancy in the continuous deactivation behavior of the two studies, we consider the major 

differences between the two studies, including support type, CO2 uptake temperature, and CO2 concentration. First, 

we note that γ-Al2O3, the mesoporous oxide support used in this study, is often produced by extracting alumina from 

metakaolin, a dehydroxylated form of the clay mineral kaolinite.54 As a result, γ-Al2O3 often has trace metal impurities 

in higher concentration than laboratory synthesized silica supports, as used by Heydari-Gorji et al.10  Mesoporous 

silica SBA-15, often synthesized in the laboratory from Pluronic P-123 and tetraethyl orthosilicate (TEOS), has 

notably lower transition metal impurities due to the use of TEOS in the synthesis.55 Metal impurities are one of the 

key contributing factors in initiating alkyl radical species formation and accelerating sorbent deactivation.47 A recent 

study from our group reported higher metal impurities (mainly Fe and Ni) in γ-Al2O3 (similar to the γ-Al2O3 used in 

this study) compared to SBA-15.17 The presence of such transition metals in higher concentration can lead to O2 

activation, accelerating oxidation reactions, thereby catalyzing the sorbent deactivation process. As such, the higher 

concentration of metal impurities in γ-Al2O3 compared to SBA-15 is one likely reason for the differences observed in 

the loss in CO2 uptake between the two studies.  

Additional factors that also may contribute to the differences in stability are the conditions used for the CO2 uptake 

measurement during and after deactivation experiments (specifically CO2 concentration and CO2 uptake temperature). 

In the study by Heydari-Gorji et al.,10 long-term deactivation experiments were performed under different CO2/O2/N2 

concentrations (1%-20%/10.5%-17%/balance N2) and temperatures ranging from 50 - 120 °C for 30 h, whereas in this 

work deactivation experiments were performed under 0.04% CO2-air, 0.04% CO2-N2 and CO2-free air at 70 °C. Our 

first-principles modeling indicates that adsorbed CO2 significantly decreases the free energy barrier of C-N bond 

cleavage, likely altering the oxidation rate-determining step from C-N bond cleavage (either through direct cleavage 

or alkyl hydroperoxide decomposition48) to radical propagation that generates the necessary on-site alkyl radicals 

before cleaving C–N bonds. In the CO2 concentrations explored in the Heydari-Gorji et al. study, the interaction of 

amines and CO2 occurs quickly. This rapid interaction between CO2 and amine sites due to the high concentration of 

CO2 interlocks amine chains, slowing down radical propagation, likely preventing carbamic acid catalyzed C-N bond 

cleavage from occurring and additional CO2 and O2 from fully accessing the polymer domains. Consequently, in the 

work of Heydari-Gorji et al., sorbent stability was more effectively maintained under the deactivation conditions 

explored. This hypothesis is consistent with studies probing the diffusion of CO2 through supported PEI as a function 

of CO2 concentration and time, where concentrated CO2 rapidly crosslinks amine chains and limits further CO2 and 

O2 penetration into the bulk of the sorbent,56 as well as studies that invoke such behavior to rationalize cases where 

comparable CO2 uptakes were achieved at both air and flue gas CO2 concentrations.57 

Conclusion 

The impact of O2, CO2, and H2O on the long-term stability of PEI/Al2O3 sorbent is evaluated using TGA, in situ 

HATR-IR spectroscopy, metadynamics calculations, and elemental analysis techniques at an intermediate temperature 

of 70 °C. The thermal analysis results for oxidative and thermal degradation show a similar impact on the sorbent 

stability until day 7 where thermal effects are dominant. After day 7, the oxidative degradation condition becomes 

dominant, showing significant sorbent deactivation compared to the exclusively thermal conditions. In the co-presence 

of CO2 and O2 (0.04% CO2/ 21% O2) in both humid and dry streams, sorbent deactivation is further accelerated, 

eliminating the induction period observed in the early stages of oxidative degradation experiments.  
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In situ HATR-IR study of PEI deactivation in the presence of CO2 and O2 reveals that the presence of CO2, which 

leads to surface carbamic acid and ammonium carbamate species, contributes to accelerated oxidative degradation. 

HATR-IR spectra over 7 days of deactivation show the formation of new primary amine, carbonyl, and imine species 

which is evidence for C-N and C-H bond cleavage due to oxidative degradation. Based on metadynamics calculations, 

we hypothesize that carbamic acid species can catalyze the cleavage of C-N bonds on adjacent amine chains that 

contain a carbon-based radical, leading to loss of some amine binding sites.  Interestingly, prior literature by Heydari-

Gorji et al.10 showed that in the presence of higher concentrations of CO2 and lower concentrations of O2, H2O and 

CO2 protect amines from oxidative or thermal degradation reactions.  Our analysis attributes this differing behavior 

to two major factors.  First, the alumina supports used in this work likely contain larger concentrations of transition 

metal impurities, which can catalyze oxidative degradation reactions, compared to the silica supports used by Heydari-

Gorji et al. in their study that focused primarily on flue gas conditions.  Additionally, under DAC conditions, the 

kinetics of CO2 uptake are slower than under flue gas conditions. We hypothesize that longer-lived carbamic acid 

species that form in a dilute CO2 stream can catalyze the decomposition of adjacent amine chains that contain carbon 

centered radical species, as supported by metadynamics calculations.  In contrast, CO2 sorption is much more rapid 

under flue gas conditions, leading to short-lived carbamic acid species and predominant alkyl ammonium carbamate 

species formation, which crosslinks the amine chains and prevents deep penetration of CO2 and O2 species into the 

polymer domains. We hypothesize that this limits CO2-induced deactivation under flue gas conditions. 

 

Sorbent stability studies under close-to realistic cyclic DAC conditions (30 adsorption-desorption cycles) show a 

gradual loss in stability (dry: 29%, humid: 52%) under CO2-containing air conditions (0.04% CO2/21% O2 balance 

N2). The loss in capacity during the sorption/desorption cycling is significantly less than the degradation under 

continuous deactivation conditions, as expected.  

The main limitations to this study include (i) the use of a TGA for cycling experiments, which differs in flow 

characteristics from practical DAC gas/solid contactor mased on monoliths, fibers or laminates, and the (ii) differing 

cycle times that results from such TGA use, compared to the more practical contactors.  Additionally, desorption is 

done under gas purge in these studies, instead of through use of vacuum and/or steam flow, which are favored in some 

large-scale process designs. Finally, the work here and elsewhere17 demonstrates that sorbent degradation is impacted 

by the nature of the supports used, so further extrapolation is not facile to other systems.  Nonetheless, performing 

studies at these close-to realistic conditions (compared to exiting literature studies) aids close comparison to industrial 

scale DAC operations and provides means for the expedited development and implementation of sorbent materials 

with significantly improved stability.   
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