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Abstract

Post combustion CO2 capture is most commonly carried out using an amine solution that

results in a high parasitic energy cost in the stripper unit due to the need to heat the water which

comprises a majority of the amine solution. It is also well known that amine solvents suffer

from stability issues due to amine leaching and poisoning by flue gas impurities. Solid sorbents

provide an alternative to solvent systems that would potentially reduce the energy penalty of

carbon capture. However, the cost of using a particular sorbent is greatly affected by the usable

lifetime of the sorbent. This work investigated the stability of a primary amine-functionalized

ion exchange resin in the presence of O2 and SO2, both of which are constituents of flue gas

that have been shown to cause degradation of various amines in solvent processes. The CO2

capture capacity was measured over multiple capture cycles under continuous exposure to

two simulated flue gas streams, one containing 12 vol% CO2, 4% O2, 84% N2, and the other

containing 12.5 vol% CO2, 4% O2, 431 ppm SO2, balance N2 using a custom-built packed bed
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reactor. The resin maintained its CO2 capture capacity of 1.31 mol/kg over 17 capture cycles

in the presence of O2 without SO2. However, the CO2 capture capacity of the resin decreased

rapidly under exposure to SO2 by an amount of 1.3 mol/kg over 9 capture cycles. Elemental

analysis revealed the resin adsorbed 1.0 mol/kg of SO2. Thermal regeneration was determined

to not be possible. The poisoned resin was, however, partially regenerated with exposure to

1.5M NaOH for 3 days resulting in a 43% removal of sulfur, determined through elemental

analysis, and a 35% recovery of CO2 capture capacity. Evidence was also found for amine

loss upon prolonged (7 days) continuous exposure to high temperatures (120 ◦C) in air. It is

concluded that desulfurization of the flue gas stream prior to CO2 capture will greatly improve

the economic viability of using this solid sorbent in a post-combustion CO2 capture process.

Introduction

It is widely agreed upon that anthropogenic CO2 emissions are a contributing factor to global

climate change.1 The combustion of fossil fuels such as coal, oil, and natural gas for energy is

responsible for a significant fraction of CO2 emissions.2 Specifically, 39% of the total U.S. CO2

emissions in 2009 were due to electricity generation.3 One potential approach to mitigating the

impact of these emissions on climate change is post combustion carbon capture and sequestra-

tion, which would allow the current energy infrastructure to remain largely intact while continued

research into alternative fuels and energy production is done.

Post combustion CO2 capture from coal requires selective separation of CO2 from a gas stream

at 40-60 ◦C and nominal gas composition of 12 vol% CO2, 6% H2O, 4% O2, 400 ppm SO2, and

balance N2, as well as other contaminants such as CO and NOx.4 The most mature technology for

post combustion CO2 capture is absorption via a liquid amine, such as monoethanoloamine (MEA)

using an absorber and stripper to capture CO2 cyclically.5 Amine solvents react reversibly with

CO2 to form an amine-CO2 complex that is lower in energy than the reactants. This complex is

typically either a carbamate or bicarbonate depending on the structure of the amine, with primary

and secondary amines forming the carbamate.6 A driving force is needed to release CO2 from
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the solvent, typically by increasing the temperature of the system and/or decreasing the chemical

potential of CO2 in the system. In practice, MEA is used as part of an aqueous solution, typically

30% MEA.5 As a result, due to the high heat capacity of water, an additional parasitic energy cost

is incurred to heat the solution in the gas stripper. Although much of this heat can be recovered

through heat-exchangers, there is still a substantial energy cost due to the water. Additionally,

MEA solutions tend to gradually lose MEA over time due to its volatility and through oxidation.7

Furthermore, it has been shown that flue gas contaminants such as SO2 can also interact with MEA

and reduce its capability for CO2 capture.8 It has been found that SO2 and O2 accelerate the rate

of MEA degradation, to an increasing extent as the concentration of SO2 increases.8

A promising alternative to liquid amine systems is CO2 capture with a solid sorbent. A wide

variety of solid sorbents can be used for CO2 capture including physical sorbents, which adsorb pri-

marily through van der Waals interactions, such as zeolites9 or activated carbon10 based sorbents

as well as a wide range of chemisorbents, which involve chemical reaction between the surface

sites and adsorbates. Amine-functionalized chemisorbents can be divided into three main types.11

The first type is that of a porous support impregnated physically with an amine species.4 The

second type is that of a polymeric support with covalently bonded side chains containing amine

functionality.12 Lastly, the third type is that of a porous support which contains amine-containing

polymers polymerized in situ.12 Solid sorbents systems present a number of potential advantages

over the traditional MEA process. For instance, they typically have lower heat capacities than

aqueous amine solutions and thus have a reduced energy cost due to support heating during the

regeneration. The gas phase diffusion of CO2 through the porous sorbent provides fast mass trans-

fer of CO2 to adsorption sites. On the other hand, successful implementation of a solid sorbent is

dependent on many material properties.

A good solid sorbent for CO2 capture must have several characteristics. These include a high

working adsorption capacity, fast adsorption/desorption kinetics, high selectivity to CO2, a low

temperature for regeneration, mechanical stability, thermal stability, chemical stability, and low

cost of manufacturing the material.13 In this work we specifically address the long-term thermal
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and chemical stability in a simulated flue gas environment of a solid polymeric amine sorbent, the

ion exchange resin Lewatit VP OC 1065 (Lanxess). It is a divinylbenzene polystyrene co-polymer

with primary amine functionality and 8-10% crosslinking for stability.

Previous work has shown this material to exhibit several favorable characteristics of a CO2

capture sorbent.14 It has shown capture capacities from a 10 vol% CO2 in N2 stream in the range

of 1.85 to 1.15 mol/kg depending on the adsorption temperature ranging from 30 to 70 ◦C.14 OC

1065 captures CO2 through two mechanisms, one tied to a pressure swing desorption, and the

other to a temperature swing desorption. In our previous work we decoupled these contributions to

the CO2 capture capacity and showed that the temperature swing component is tied to a chemical

reaction between CO2 and the amine functional group on the resin to from carbamic acid and/or

carbamate ion. We also postulated that the pressure swing component is a result of the solubility

of CO2 in the resin.

Thermogravimetric analysis has shown the resin to have relatively low moisture adsorption

compared to other sorbents.14 Low moisture adsorption is important because the sorbent will be

required to selectively remove CO2 from a flue gas stream that is saturated with moisture.15 Ther-

mogravimetric analysis of the resin exposed to a wet N2 stream with 9.1 vol% H2O for 40 minutes

at 50 ◦C resulted in a moisture uptake of 2.7 wt%, or 1.5 mol H2O/kg resin, which is significantly

lower than other values reported in literature.16 For example, silica supported sorbents exposed to

a lower H2O concentration of 0.8 vol% for one hour at 28 ◦C is reported to have a moisture uptake

of 9.5 wt%.17 Previous work on supported amidine on activated carbon showed greater than 40

wt% moisture adsorption.16 The resin also has shown to be completely regenerated under an inert

N2 gas stream at 120 ◦C and under a 100% CO2 gas stream at 200 ◦C.14 In a packed bed reactor,

the resin was exposed to a 10 vol% CO2 stream as the temperature of the reactor was changed

back and forth from 50 and 120 ◦C for 18 cycles. The working capacity remained stable over this

timescale.

The key issues we did not address in our previous work are the chemical and thermal stability

of OC 1065. In particular the effect of O2 and SO2 on the CO2 capture capacity is of crucial
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importance for the successful use of a sorbent for post-combustion CO2 capture applications. SO2

is of great concern for amine-based sorbents as much work has shown it to react strongly with

amines and inhibit CO2 adsorption in amine-based sorbents as well as form heat stable salts with

amine solvents.8,18,19 O2 is also a major concern because amine oxidation has been shown to have

a negative impact on CO2 capture capacity making it a significant factor in determining the useful

lifetime of the amine for CO2 capture from oxidative environments such as post-combustion flue

gas.7,20,21

The aim of this work is to investigate the tolerance of the OC 1065 resin to O2 and SO2. Both

of these constituents are commonly found in flue gas and have been shown to accelerate the rate

of degradation of MEA.8 This work focuses on identifying the effect of these constituents on the

working capacity of OC 1065, and seeks to characterize any degradation that is observed. Whether

the resin is poisoned by these constituents reversibly or irreversibly, as well as the means necessary

to restore its activity are important information to determine the feasibility of a sorbent for large-

scale CO2 capture from flue gas. The manuscript is organized as follows: we first present elemental

analysis on OC 1065 and comment on the total nitrogen-loading and available amine adsorption

sites of the resin. We then show the effect of 4% O2 in simulated flue gas on the capture capacity

of the resin. We then show that the CO2 capture capacity of the resin decreases as a result of

exposure to 431 ppm SO2 in simulated flue gas. We then investigate the nature of the observed

SO2-poisoning as well as means for regenerating the SO2 poisoned resin. Finally we comment

further on the long-term thermal stability of the resin.

Methods

The CO2 capture capacity of OC 1065 was measured under a variety of controlled conditions in

a custom-built packed bed reactor apparatus.14 The apparatus is equipped to control, and mea-

sure key variables such as reactor temperature, flow rate, CO2 concentration, and pressure drop

via a Labview acquisition module. The CO2 concentration in the reactor effluent is measured si-
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multaneously using both a (Valtronics 2015SP3) OEM CO2 analyzer and a high resolution mass

spectrometer (Hiden HPR-20). Quantitative measurement of the CO2 concentration from the mass

spectrometer intensity is done through a calibration procedure done prior to every experiment with

3 gases of known concentrations, typically 0%, 100% CO2 as well as the test gas, typically either

10 or 12 vol% CO2.

During a typical packed bed reactor experiment, a sample of resin (3-4 g) is first dried in the

oven at 120 ◦C to constant mass (typically 2-3 hours) to eliminate excess water it contains in its

shipped state. A sample of the dried resin of known mass is loaded into the tubular reactor (0.375

in I.D.) suspended between two pieces of glass wool making a column approximately five inches

high. The resin has a bulk density of 630-710 g/L with a column porosity between 0.42 and 0.48

according to the manufacturer’s specifications. A purge step is then conducted by passing N2 at a

nominal flow rate of 200 cc/min through the reactor at elevated temperature (up to 120 ◦C) as the

resin captures up to 1 mol CO2 per kg from exposure to ambient air. The typical pressure drop

through the bed is about 0.2 psi. Following the purge step the reactor is switched offline, and the

mass spectrometer is calibrated to gases of known CO2 concentration as described above. Follow-

ing calibration, adsorption is carried out at a fixed temperature (50 ◦C in this work). The simulated

flue gas is passed through the reactor until breakthrough is observed and the gas composition has

returned to the original baseline composition, indicating that adsorption is complete. The reactor is

switched offline to prepare for the desorption step. The amount of CO2 adsorbed is calculated from

the average volumetric flow of CO2 in the effluent stream over the period following breakthrough

when the concentration of CO2 has stabilized to determine a baseline value. The volumetric flow

of CO2 is then subtracted from the baseline value and integrated over the adsorption time to give

the volume of CO2 adsorbed by the resin using equation 1.

VCO2 =
∫
(QbCO2 −Q(t) ·CCO2(t))dt (1)

Where QbCO2 (mL/min) is the baseline value of the volumetric CO2 flow, Q(t) is the measured

total volumetric gas flow (mL/min), and CCO2(t) is the measured CO2 concentration (vol%) in the
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effluent stream. This calculated volume of adsorbed CO2 is converted to a molar quantity using

the ideal gas law at the temperature and pressure (25 ◦C, 1.01325 bar) of the effluent gas stream

and normalized by dividing by the mass of the resin to calculate the adsorption capacity in units

of mol/kg. Desorption is carried out via both a pressure swing and temperature swing by passing

inert N2 through the reactor at the constant adsorption temperature for 20 minutes then increasing

the temperature at a rate of 3 ◦C/min until CO2 stops desorbing as can be seen in Figure 1.

The dead volume, or void space due to the volume of gas trapped within the reactor upon

valve changes, correction was taken in account in all capacity calculations. This correction was

empirically derived from experiments with an inert support with an equivalent bulk density to OC

1065. The void space was found to contribute 0.12 mol CO2 to the apparent capacity. All values

reported in this manuscript have taken this into account where appropriate.
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Figure 1: Typical adsorption and desorption data used for capacity calculation.

Equation 2 is used to calculate the volume of CO2 desorbed.

VCO2 =
∫

Q(t)CCO2(t)dt (2)
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The calculated volume of CO2 is converted to a molar quantity with the ideal gas law and

normalized by the mass of the resin to calculate the desorption capacity in units of mol/kg.

The packed bed reactor apparatus can also be used to measure the CO2 capture capacity over

multiple consecutive cycles of adsorption and desorption from a continuous gas stream by simply

cycling the reactor temperature without changing the feed stream to the reactor. The capture ca-

pacity is then calculated by integrating the flow rate and CO2 concentration data about the baseline

CO2 flow present in the inlet gas stream.

Elemental analysis was used to identify any changes in chemical composition of the resin as

a result of exposure to O2 and SO2. The mass-based analysis was carried out by Micro Analysis

Inc., and done using combustion for C, H, N, and S, and using pyrolysis for O. Surface area and

pore size measurements were conducted following packed bed stability tests from N2 adsorption

isotherm experiments using a Nova 2100 (Quantachrome). Samples were degassed at 125 ◦C for

2.5 hours prior to measurement. The surface area was determined through the BET method and

the pore volume and pore size was determined through the BJH method.22,23

Results and Discussion

Estimating available amine sites

In our previous work the maximum theoretical amine loading was deduced from energy-dispersive

x-ray spectroscopy measurements to be 6.7 mol N/kg.14 However, elemental analysis provides

another, complementary estimate of the amine loading of the resin. In this work the value of 7.9%

N averaged over 4 measurements (Table 1) represents an amine loading of 5.9 ± 0.1 mol N/kg.

However, since only a fraction of the total amine sites are accessible to reaction with CO2, the

more critical value is the number of accessible amine sites. This value can be estimated from the

sulfate loading on the resin following saturation with sulfuric acid which based on the average of

3 measurements (Table 2) was 2.7 mol H2SO4/kg. Assuming a 1:1 molar stoichiometry the amine

loading available to reaction is 2.7 mol/kg. This suggests that the measured CO2 capture capacity
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of the resin at 50 ◦C from a pure CO2 stream, 2.5 mol/kg, is approaching the capacity limit of this

sorbent.

Table 1: Mass-based Elemental analysis of OC 1065 as received and dried (precision: ± 0.30%).

Sample %C %H %N %O %S
1 81.79 8.25 8.00 3.48 0.00
2 82.09 8.36 7.97 4.13 0.00
3 81.11 8.26 7.94 4.19 0.00
4 81.28 7.85 7.77 3.15 0.00

Table 2: Mass-based Elemental analysis of OC 1065 following saturation with 1.5M H2SO4 aque-
ous solution (precision: ± 0.30%).

Sample %C %H %N %O %S
1 64.31 7.12 6.03 15.22 6.59
2 63.66 7.08 6.08 16.60 7.00
3 63.15 6.87 6.13 15.16 6.47

Effect of O2 in flue gas on OC 1065

The tolerance of OC 1065 to O2 was studied by conducting 17 continuous cycles of adsorption and

desorption with a test gas of 12 vol% CO2, 4% O2, 84% N2. This gas was passed continuously

through the loaded reactor during the entire course of the experiment and adsorption and desorption

occurred via a thermal swing between 50 ◦C and 127 ◦C. Each cycle lasted 2 hours and 12 minutes.

All capacity calculations are calculated using the baseline concentration of 12% CO2 for the entire

experiment. The resulting calculated capture capacities can be seen in Figure 2. The average

capacity was 1.27 mol/kg. Our past work indicated a reproducibility of ± 0.1 mol/kg, thus we

believe that the variations in capacity here are due to precision, and not due to any degradation of

capacity under these conditions.
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Effect of SO2 on OC 1065 CO2 capture capacity

A similar experiment was conducted to determine the effect of SO2, at concentrations typical of

coal flue gas, on the CO2 capture capacity of OC 1065. A test gas of 12.5 vol% CO2, 4 % O2, 431

ppm SO2, balance N2 was passed continuously through the reactor with a thermal swing between

50 and 127 ◦C conducted as done with the O2 stability test. This experiment was repeated twice

and the CO2 capture capacity throughout all three experiment can be seen in Figure 3.

The CO2 capture capacity of OC 1065 decreased in each cycle of exposure to SO2 until the

capacity was practically gone. The loss of activity occurred rapidly and in a near linear fashion

throughout the first 7 cycles before stabilizing at a minimal capacity of approximately 0.2 mol/kg.

The mass spectrometer intensity of SO2 and the concentration of CO2 in the effluent gas stream

was tracked with the analyzer and mass spectrometer throughout experiment #1 and can be seen in

Figure 4.

It can be seen that during the course of the first 6 temperature swing regeneration cycles practi-

cally no SO2 is detected in the mass spectrometer, suggesting that all of the SO2 is captured by the

resin until the resin becomes saturated around the 6th cycle where the first tiny peak is shown for

SO2 in the mass spectrometer signal. After that there are peaks in the SO2 spectrum that indicate

thermally reversible SO2 species on the resin. During the period prior to the first small peak in the

SO2 intensity, observed at approximately 11.8 hours, the amount of SO2 adsorbed on the resin can

be approximated from the SO2 flow rate into the reactor as 0.82 mol/kg. This value is less than the

reduction of CO2 capture capacity during the same 6 temperature swing regeneration cycles.

This reduction in CO2 capture capacity could be a result of both physical and chemical effects.

To determine whether exposure to SO2 caused a reduction in either the surface area or pore size of

the resin which in turn would decrease the CO2 capture capacity of the resin, a series of nitrogen

adsorption isotherm measurements were carried out on the resin both before and after the SO2

packed bed experiment. The results of these measurements can be seen in Table 3.

A small increase in surface area was observed for the SO2-poisoned resin, but we do not believe

that this is significant (for small surface areas such as these, the surface area is reproducible to
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Table 3: Surface area and pore size analysis of SO2-poisoned resin.

Untreated resin SO2-poisoned resin
BET Surface Area (m2/g) 34 40
BJH Pore Volume (cc/g) 0.23 0.23
BJH Pore Radius (nm) 15.4 15.3

approximately 5 m2/g). The results do not show any significant differences in the surface area,

pore volume, or pore radius of the as received and SO2-poisoned resin. Thus, a reduction in

surface area or pore volume is not responsible for the reduction in CO2 capture capacity and so the

reduction in CO2 capture capacity is predominantly a result of an interaction between SO2 and the

primary amine functional groups in OC 1065.

The adsorption of SO2 onto the resin was confirmed by the results of mass-based elemental

analysis done on the resin following the experiments with O2 and SO2 which can be seen in Table

4. The increase in the %S after the SO2 experiment corresponds to a loading of 0.98 mol/kg.

This value is higher than the loading of 0.82 estimated from the flowrate prior to the first tiny

peak in SO2 intensity, indicating that additional SO2 adsorbed onto the resin during the 7th, 8th,

and 9th temperature regeneration cycles. The reduction in CO2 capture capacity during the same

experiment was 1.31 mol/kg. The exact mechanism of degradation aside, it is clear that SO2 at the

concentrations typical of flue gas from coal is a contaminant of great concern if OC 1065 is to be

used for post-combustion CO2 capture applications. It is likely that other sorbents with primary

amines will be similarly poisoned by SO2 as well.

Table 4: Elemental Composition of resin following SO2 poisoning. Values are reported as mass
percent with a precision of ± 0.3%.

Sample %C %H %N %O %S
Following SO2 experiment #1 76.0 6.9 6.8 6.0 2.9
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Regeneration of SO2 Poisoned OC 1065 resin

It is of interest to determine whether it is possible to reclaim the activity of the poisoned resin

through either thermal or chemical means. This is an advantage for solvents, which can be re-

claimed by treatment with activated carbons and ion-exchange resins to remove heat-stable-salts.6

We first examined the feasibility of poisoned sorbent regeneration via a thermal swing by exposing

a sample of poisoned resin to a N2 environment in the packed bed reactor at temperatures up to

208 ◦C. We hypothesize that being a stronger acid gas, it could take a higher temperature to des-

orb SO2. No significant increase in the mass spectrometer intensity of SO2 was observed during

this experiment (see supplemental information). Following this treatment, the sample of resin was

tested at an adsorption temperature of 50 ◦C with a 10 vol% CO2, N2 stream and did not exhibit a

measureable CO2 capacity. This shows that the adsorbed SO2 species is stable up to 208 ◦C.

We next consider chemical regeneration. Since SO2 is an acid gas and may interact with

the resin through acid-base chemistry, we hypothesized that treatment of the poisoned resin with

aqueous NaOH could regenerate the resin in the same way that ion exchange resins are normally

regenerated. To simultaneously show that the reaction of an acid with the resin poisons the resin,

and to determine whether a reaction of the resin with a strong acid can be reversed using NaOH,

a sample of resin was treated with 1.5M sulfuric acid at room temperature for 1 day, washed in

distilled water for 1 day to remove excess acid, and then tested in the packed bed reactor. The result

was a complete loss of CO2 capacity due to protonation of the amines by the acid with sulfate ions

providing charge neutrality. The same sample of resin was then treated with 1.5M NaOH at room

temperature for 3 days to deprotonate the amines and remove the sulfate ions, washed in distilled

water for 1 day to remove excess base, and tested in the packed bed reactor at 50 ◦C, and 10 vol%

CO2, exhibiting a CO2 capture capacity of 1.5 mol/kg. This demonstrated that the resin could be

completely poisoned by an acid (H2SO4) and completely regenerated by a chemical method.

This same chemical treatment with NaOH was used on the SO2-poisoned resin from experi-

ment #1. However, we only observed the reclamation of approximately 1/3 (0.49 mol/kg) of the

CO2 capture capacity at the capture conditions of 50 ◦C and 10 vol% CO2. Elemental analysis
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(Table 6) of all these samples showed that the resin poisoned by sulfuric acid indeed took up a

lot of sulfur, but that the chemical regeneration was able to completely remove all the sulfur. The

SO2-poisoned resin also showed significant uptake of sulfur. The chemical treatment, however,

was only able to remove 43% of the sulfur which is in reasonable agreement with the 35% recov-

ery of CO2 capture capacity. The increase in %O and %S is stoichiometrically consistent with an

adsorbed SO2 species, while the increase in %O and %S from treatment with sulfuric acid solution

is stoichiometrically consistent with addition of SO4-containing species. The CO2 capture capacity

at these conditions of the resin before and after poisoning and regeneration can be seen in Table 5.

In all of the work presented here, the gas stream was dry due to limitations of the experimental

apparatus employed. SO2 is known to react with sodium hydroxide solutions to make sodium

bisulfite (NaHSO3). We conjecture that the primary amine can react with SO2 in a similar way

that is not very reversible, but we were unable to obtain spectroscopic (Raman or IR) evidence of

that reaction. It is possible that the presence of water could promote the formation of the bisulfite

ions, which could make SO2 sorption more reversible. Further investigation of this is outside the

current scope of work, and would require a different approach to humidifying the gas stream than

our apparatus uses.

Table 5: CO2 capture capacity at 50 ◦C, 10 vol% CO2 of the untreated OC 1065, resin poisoned
by 1.5M H2SO4 solution for 1 day, resin regenerated fully by exposure to a 1.5M NaOH solution
for 3 days, resin following SO2 packed bed experiment, and SO2-poisoned resin following 3 day
treatment with 1.5M NaOH solution.

CO2 Capture capacity (mol/kg)
Untreated 1.39
Sulfuric Acid poisoned 0.08
Regenerated with NaOH 1.51
SO2 poisoned 0.1
Partially Regenerated with NaOH 0.48
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Table 6: Elemental Analysis of resin following treatment with sulfuric acid, as well as following
regeneration with NaOH.

Sample % C % H % N % O % S
SO2-poisoned resin partially regenerated with NaOH 76.6 6.8 6.4 4.6 1.7
Treated with sulfuric acid 63.2 6.9 6.1 15.2 6.5
Fully regenerated with NaOH 80.9 7.8 7.8 3.1 0.0

Thermal Stability of OC 1065 in air

In the packed bed reactor experiments described above, we have investigated the stability of OC

1065 over timescales much shorter than the estimated 1000 cycles needed for a solid sorbent to

be economically viable.24,25 Long-term thermal stability in an oxidative environment is just as

critical to the success of a sorbent as the chemical stability investigated above. In previous work,

it was shown that OC 1065 loses its activity from exposure to the combination of high tempera-

ture(120 ◦C) and vacuum for a long time such that the resin becomes completely dehydrated and

a significant reduction in surface area and pore size occurs.14 On the other hand the packed bed

reactor experiments have shown the resin to be quite stable under conditions more typical of post

combustion CO2 capture where the resin is exposed to high temperature (120 ◦C) but only during

temperature swing desorption where the amine is mostly reacted with CO2. However, it is known

that primary amines can become reactive at high temperatures and can either be oxidized or react

with CO2 to form stable urea groups following which the sorbent ceases to be effective.20,26

To assess the stability of OC 1065 in a hot oxygen-rich environment over longer timescales a

sample of resin was kept at 120 ◦C in air for 7 days. The CO2 capture capacity of the sample was

then measured in the packed bed reactor at 50 ◦C from a 10 vol% CO2, N2 stream and determined

to be 0.28 mol/kg, which is a 79% reduction in capacity from the untreated resin. This reduction

is evident in the desorption-profile of the resin before and after this treatment shown in Figure

5. It can be seen that a substantial decrease in both the temperature swing and pressure swing

components occurred and that the temperature swing contribution to the desorption capacity was

completely eliminated. However, this reduction in CO2 capture capacity is not a result of a decrease
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in surface area and pore size as described in our past work. We confirmed this with a series of N2

adsorption isotherm measurements (Table 7).

Table 7: Surface area and pore size analysis of resin following 7 days of exposure to 120 ◦C in air.

Untreated After 7 days
BET Surface Area (m2/g) 34 42
BJH Pore Volume (cc/g) 0.23 0.28
BJH Pore Radius (nm) 15.4 15.3

Table 8: Elemental analysis of resin after 7 days exposure to 120 ◦C in air.

Sample %C %H %N %O %S
Following 7 day heating treatment 81.8 7.4 6.4 4.0 0.0

Elemental analysis revealed a significant reduction in the nitrogen content of the resin (Table

8). The decrease in %N corresponds to a 1.1 mol amine/kg decrease in the amine loading which is

in good agreement with the 1.11 mol CO2/kg decrease in CO2 capture capacity. Additionally the

%H decreased by an amount corresponding to 7.6 mol H/kg, while the carbon and oxygen-content

of the resin remains unchanged within the 0.3% precision of the measurements. Clearly prolonged

(days or more) continuous exposure to air at high temperatures (120 ◦C) leads to irreversible amine

loss for OC 1065.

Conclusions

The tolerance of a primary amine-functionalized ion exchange resin (OC 1065) to O2 and SO2

was evaluated in this work. The CO2 capture capacity remained stable over 17 capture cycles

under continuous exposure to a 12% CO2, 4% O2, 84% N2 gas stream indicating that irreversible

oxidation did not significantly occur over this timescale. The resin was, however, poisoned quickly

by continuous exposure to a 12.5% CO2, 4% O2, 431 ppm SO2, 84% N2 gas stream resulting in
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an adsorption of 0.98 mol/kg of SO2 and a decrease in CO2 capture capacity of 1.31 mol/kg after

only 9 temperature swing regeneration cycles. The poisoned resin was not thermally regenerable.

Treating the poisoned resin with NaOH resulted in a 43% SO2 removal and 35% reclamation of

CO2 capture capacity under 10 vol% CO2 and 50 ◦C capture conditions. The difficulty in fully

regenerating the poisoned resin is most likely due to an irreversible reaction between SO2 and

the amine due to the stronger acidity of SO2 in comparison with CO2. That the poisoned resin

is partially regenerable could indicate that SO2 is adsorbing on the resin through more than one

mechanism, one of which, is reversible. Additionally evidence was found for amine oxidation

during extended exposure to a hot (120 ◦C) oxygen-rich environment.

This work highlights in particular, the negative impact of SO2 which strongly suggests SO2

should be removed from the flue gas or converted to SO4-containing species such as sulfuric acid

prior to an amine-based CO2 capture process. Ultimately, chemical and thermal stability will be

an issue with any sorbent, and the process conditions and economics will dictate whether a sorbent

is sufficiently chemically and thermally stable.

DISCLAIMER

This project was funded by the Department of Energy, National Energy Technology Laboratory, an

agency of the United States Government through a support contract with URS Energy & Construc-

tion Inc. Neither the United States Government nor any agency thereof, nor any of their employees,

nor URS Energy & Construction, Inc., nor any of their employees, makes any warranty, expressed

or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or useful-

ness of any information, apparatus, product, or process disclosed, or represents that its use would

not infringe privately owned rights. Reference herein to any specific commercial product, process,

or service by trade name, trademark, manufacturer, or otherwise, does not necessarily constitute

or imply its endorsement, recommendation, or favoring by the United States Government or any

agency thereof. The views and opinions of authors expressed herein do not necessarily state or

16



reflect those of the United States Government or any agency thereof.

Acknowledgement

We gratefully acknowledge Lanxess for providing us with the samples of OC 1065 used in this

work. As part of the National Energy Technology Laboratory’s Regional University Alliance

(NETL-RUA), a collaborative initiative of the NETL, this technical effort was performed under

the RES contract DE-FE0004000.

Supporting Information Available: All of the data files used in this work, including the rep-

resentative data of the total volumetric flowrate and the data used in the BET analysis, as well as

all of the analysis used in generating the figures is available in the Supporting Information. This

information is available free of charge via the Internet at http://pubs.acs.org.

References

(1) Prepared by Working Group III of the IPCC , IPCC Special Report on Carbon Dioxide Cap-

ture and Storage; 2005 (accessed January 2013).

(2) International Energy Agency, CO2 Emissions from Fuel Combustion - Highlights; 2012 (ac-

cessed May 2013).

(3) US-EPA, Inventory of U.S. Greenhouse Gas Emissions and Sinks:1990-2009; 2011 (accessed

January 2013).

(4) Xu, X.; Song, C.; Andresen, J. M.; Miller, B. G.; Scaroni, A. W. Novel Polyethylenimine-

Modified Mesoporous Molecular Sieve of MCM-41 Type as High-Capacity Adsorbent for

CO2 Capture. Energy & Fuels 2002, 16, 1463.

(5) Rochelle, G. T. Amine Scrubbing for CO2 Capture. Science 2009, 325, 1652.

(6) Reynolds, A. J.; Verheyen, T. V.; Adeloju, S. B.; Meuleman, E.; Feron, P. Towards Commer-

cial Scale Postcombustion Capture of CO2 with Monoethanolamine Solvent: Key Consider-

17

http://pubs.acs.org


ations for Solvent Management and Environmental Impacts. Environ. Sci. Technol. 2012, 46,

3643.

(7) Voice, A. K.; Rochelle, G. T. Oxidation of Amines at Absorber Conditions for CO2 Capture

from Flue Gas. Energy Procedia 2011, 4, 171.

(8) Uyanga, I. J.; Idem, R. O. Studies of SO2- and O2-Induced Degradation of Aqueous MEA

during CO2 Capture from Power Plant Flue Gas Streams. Ind. Eng. Chem. Res. 2007, 46,

2558.

(9) Fisher, J. C.; Siriwardane, R. V.; Stevens, R. W. Zeolite-Based Process for CO2 Capture from

High-Pressure, Moderate-Temperature Gas Streams. Ind. Eng. Chem. Res. 2011, 50, 13962.

(10) Drage, T. C.; Blackman, J. M.; Pevida, C.; Snape, C. E. Evaluation of Activated Carbon

Adsorbents for CO2 Capture in Gasification. Energy & Fuels 2009, 23, 2790.

(11) Li, W.; Choi, S.; Drese, J. H.; Hornbostel, M.; Krishnan, G.; Eisenberger, P. M.; Jones, C. W.

Steam-Stripping for Regeneration of Supported Amine-Based CO2 Adsorbents. Chem-

SusChem 2010, 3, 899–903.

(12) Samanta, A.; Zhao, A.; Shimizu, G. K. H.; Sarkar, P.; Gupta, R. Post-Combustion CO2 Cap-

ture Using Solid Sorbents: A Review. Ind. Eng. Chem. Res. 2012, 51, 1438.

(13) Choi, S.; Drese, J. H.; Jones, C. W. Adsorbent Materials for Carbon Dioxide Capture from

Large Anthropogenic Point Sources. ChemSusChem 2009, 2, 796–854.

(14) Alesi, W. R.; Kitchin, J. R. Evaluation of a Primary Amine-Functionalized Ion-Exchange

Resin for CO2 Capture. Ind. Eng. Chem. Res. 2012, 51, 6907.

(15) Gray, M.; Soong, Y.; Champagne, K.; Pennline, H.; Baltrus, J.; Stevens, R.; Khatri, R.;

Chuang, S. Capture of Carbon Dioxide by Solid Amine Sorbents. International Journal of

Environmental Technology and Management 2004, 4, 82.

18



(16) Alesi, W. R.; Gray, M.; Kitchin, J. R. CO2 Adsorption on Supported Molecular Amidine

Systems on Activated Carbon. ChemSusChem 2010, 3, 948.

(17) Franchi, R. S.; Harlick, P. J. E.; Sayari, A. Applications of Pore-Expanded Mesoporous Silica.

2. Development of a High-Capacity, Water-Tolerant Adsorbent for CO2. Ind. Eng. Chem. Res.

2005, 44, 8007.

(18) Belmabkhout, Y.; Sayari, A. Isothermal versus Non-isothermal Adsorption-Desorption Cy-

cling of Triamine-Grafted Pore-Expanded MCM-41 Mesoporous Silica for CO2 Capture

from Flue Gas. Energy & Fuels 2010, 24, 5273.

(19) Khatri, R. A.; Chuang, S. S. C.; Soong, Y.; Gray, M. Thermal and Chemical Stability of

Regenerable Solid Amine Sorbent for CO2 Capture. Energy & Fuels 2006, 20, 1514.

(20) Bedell, S. A. Oxidative Degradation Mechanisms for Amines in Flue Gas Capture. Energy

Procedia 2009, 1, 771.

(21) Bollini, P.; Choi, S.; Drese, J. H.; Jones, C. W. Oxidative Degradation of Aminosilica Adsor-

bents Relevant to Postcombustion CO2 Capture. Energy & Fuels 2011, 25, 2416.

(22) Brunauer, S.; Emmett, P. H.; Teller, E. Adsorption of Gases in Multimolecular Layers. J. Am.

Chem. Soc. 1938, 60, 309.

(23) Barrett, E. P.; Joyner, L. G.; Halenda, P. P. The Determination of Pore Volume and Area

Distributions in Porous Substances. I. Computations from Nitrogen Isotherms. J. Am. Chem.

Soc. 1951, 73, 373.

(24) Sjostrom, S.; Krutka, H. Evaluation of Solid Sorbents as a Retrofit Technology for CO2

Capture. Fuel 2010, 89, 1298.

(25) Drage, T.; Smith, K.; Arenillas, A.; Snape, C. Developing Strategies for the Regeneration of

Polyethylenimine Based CO2 Adsorbents. Energy Procedia 2009, 1, 875.

19



(26) Sayari, A.; Belmabkhout, Y. Stabilization of Amine-Containing CO2 Adsorbents: Dramatic

Effect of Water Vapor. J. Am. Chem. Soc. 2010, 132, 6312.

List of Figures

1 Typical adsorption and desorption data used for capacity calculation.

2 CO2 capture capacity of resin over 17 temperature swing regeneration cycles in

presence of O2.

3 CO2 capture capacity of resin in presence of SO2. Experiments #1 and #2 tested a

3 gm sample of resin, while experiment #3 tested a 4 gm sample of resin.

4 CO2 and SO2 variation throughout experiment #1.

5 Pressure and Temperature Swing desorption profiles for resin before and after 7

days at 120 ◦C.

20



0 5 10 15 20
Cycle #

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8
C

O
2
 C

a
p
tu

re
 C

a
p
a
ci

ty
 (

m
o
l/
kg

)

Adsorption
Desorption

Figure 2: CO2 capture capacity of resin over 17 temperature swing regeneration cycles in presence
of O2.
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Figure 3: CO2 capture capacity of resin in presence of SO2. Experiments #1 and #2 tested a 3 gm
sample of resin, while experiment #3 tested a 4 gm sample of resin.
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Figure 4: CO2 and SO2 variation throughout experiment #1.
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Figure 5: Pressure and Temperature Swing desorption profiles for resin before and after 7 days at
120 ◦C.
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