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The dynamic adsorption behavior of CO2 under both nonisothermal and nearly isothermal conditions in silica supported
poly(ethylenimine) (PEI) hollow fiber sorbents (TorlonVR -S-PEI) is investigated in a rapid temperature swing adsorption
(RTSA) process. A maximum CO2 breakthrough capacity of 1.33 mmol/g-fiber (2.66 mmol/g-silica) is observed when the
fibers are actively cooled by flowing cooling water in the fiber bores. Under dry CO2 adsorption conditions, heat
released from the CO2-amine interaction increases the CO2 breakthrough capacity by reducing the severity of the diffu-
sion resistance in the supported PEI. This internal resistance can also be alleviated by prehydrating the fiber sorbent
with a humid N2 feed. The CO2 breakthrough capacity of prehydrated fibers is adversely affected by the release of the
adsorption enthalpy (unlike the dry fibers); however, active cooling of the fiber results in a constant CO2 breakthrough
capacity even at high CO2 delivery rates (i.e., high adsorption enthalpy delivery rates). In full RTSA cycles, a purity of
50% CO2 is achieved and the adsorption enthalpy recovery rate can reach �72%. Studies on the cyclic stability of
uncooled fiber sorbents in the presence of SO2 and NO contaminants indicate that exposure to NO at 200 ppm over 120
cycles does not lead to a significant degradation of the sorbents, but SO2 exposure at a similar high concentration of
200 ppm causes 60% loss in CO2 breakthrough capacity after 120 cycles. A simple amine reinfusion technique is suc-
cessfully demonstrated to recover the adsorption capacity in poisoned fiber sorbents after deactivation by exposure to
impurities such SO2. VC 2014 American Institute of Chemical Engineers AIChE J, 60: 3878–3887, 2014
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Introduction

Although renewable energy technologies are under devel-
opment, fossil fuels are still the primary source for energy
production,1–3 and will remain so for decades. Fossil fuel
consumption continues to overburden the natural environ-
ment with billions of tons CO2 released into the atmosphere
every year.4,5 Global efforts to develop cost-effective carbon
dioxide capture technology5–7 to mitigate the adverse effects
of increased CO2 emission are, therefore, high priorities in
the short term. In particular, postcombustion CO2 cap-
ture,3,8,9 which can be implemented as a retrofit option into
existing power plants,2 has received increasing attention.

Temperature swing adsorption (TSA) processes coupled
with amine-oxide hybrid materials10–16 have been investi-
gated to accelerate the development of efficient CO2 capture
technology from flue gas streams. The high CO2 adsorption
capacity, plus desirable selectivity,3,14,17 and favorable
effects of moisture on adsorption capacities in materials of
this type3,18–21 make them especially attractive. Xu et al.14

first reported novel “molecular basket” solid sorbents by
physically impregnating poly(ethylenimine) (PEI) into silica
pores. Other promising amine modified hybrid sorbents, like

amine-tethered silica,10–13,15,16 porous organic polymers with
introduction of polyamine groups,22 have also been reported.

It is important to keep in mind that all the discussed,
amine-based chemisorbents have relatively high CO2 adsorp-
tion enthalpies in the range of 50–120 kJ/mol.16,21,23–25

Although the heat released in a adsorption process is
expected to be small in bench-scale experiments,17 heat man-
agement in such TSA processes has to be addressed in prac-
tical, large-scale applications.26–30 Only few
studies17,26–28,30–37 have investigated the role of heat effects
on the adsorption performance of solid sorbents. Moreover,
considering the substantial energy required to regenerate the
chemisorbents, heat integration38,39 is needed in the entire
TSA process to minimize the overall energy penalty. A rapid
temperature swing adsorption process (RTSA) with heat inte-
gration has been proposed by Lively et al.39,40 as a poten-
tially economically viable postcombustion CO2 capture
process with the use of polymer-/zeolite-based hollow fiber
sorbents. Though the RTSA process, the energetic cost of
capturing CO2 could be dramatically reduced with appropri-
ate heat integration strategies.39 A full TSA cycle time using
fiber sorbents is estimated to be approximately 4 min.

Figure 1 illustrates the cyclic operation process of RTSA.
Four beds are operated in different stages, adsorption, heat-
ing, sweeping, and cooling, respectively. During the adsorp-
tion step, flue gas flows through the shell-side of fiber
module, while cooling water is fed through the fiber bores
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carrying away the heat of adsorption, which could be poten-
tially reused in a heating stage. After the adsorption step, hot
water flowing in the fiber bores heats the fiber and releases
CO2 with the shell-side gas inlet closed. Then, N2, as a
sweeping gas, is fed to the shell-side of the fiber module to
push the desorbed CO2 out of the module. In the specific
case of hollow fiber sorbents within an RTSA process, the
use of N2 as the sweep gas instead of steam or pure CO2 is
preferred in future large-scale processes because N2, derived
from cleaned flue gas, will be low cost and can likely per-
form well in displacing the plug of released CO2 out of the
module without significant axial dispersion/mixing. This
desorption mode, which we refer to as plug flow (PF)
desorption mode, will result in a purified CO2 product, as
discussed below. In the RTSA process with short cycle
times, only a small amount of N2 is needed in the sweeping
stage and the N2 can potentially be recycled after it displaces
CO2 from the module in a PF manner. The last step of
RTSA process is a cooling stage, when cooling water is fed
through the fiber bores to reduce the fiber temperature. Heat
integration is potentially achieved through this process
design by capturing the adsorption enthalpy using the cool-
ing water and heat integrating with other parts of the plant.

In our recent studies, we applied aspects of the RTSA
concept, which was originally developed with zeolite
adsorbents that require flue gas drying,40 with cellulose ace-
tate/silica supported amine hollow fiber sorbents (CA-S-
PEI)41–43 to yield a process that combines the favorable
aspects of the RTSA approach with the advantages (water
tolerance, high CO2 selectivity, and high capacities) of ami-
nosilica adsorbents. Initially, a new process for synthesis of
amine-infused hollow fibers was developed41,42 and subse-
quently, the hollow fibers were coated with a low perme-
ability lumen layer, which is necessary to operate the fibers
as nanoscopic shell-and-tube heat exchangers, as required
for heat integration using the RTSA concept.39 The new
process allows for high dynamic CO2 capacities in the pres-
ence of water and cyclic stability demonstrated over 60
cycles. However, the post-spinning incorporation of the
bore side lumen layer can be cumbersome, and a single
step, dual layer spinning process would be much more effi-
cient and more readily scalable to commercial scales. To
this end, proof-of-concept dual layer poly(amide-imide)
(PAI, TorlonVR , Solvay Advanced PolymersVC )44 silica
hybrid hollow fiber sorbents (TorlonVR -S-PEI) were success-
fully developed in recent work.45 These fibers are evaluated

in depth in this study for the first time. Compared to single
layer CA-S-PEI fibers developed by our team,41 these new
fibers have more robust mechanical properties and highly
improved chemical stability. In particular, the direct addi-
tion of an impermeable lumen layer in the fiber bores dur-
ing the spinning process simplifies the fiber synthesis
process.

In this dynamic study of the TorlonVR -S-PEI fiber sorbents,
cooling water is flowed in the fiber bores to remove the CO2

adsorption enthalpy, thereby enabling nearly isothermal
adsorption conditions. To understand the effects of pread-
sorbed water on fiber adsorption performance, both cooled
non-prehydrated fibers (with only water picked up from the
flue gas in otherwise dry fibers) and prehydrated fibers (fully
water saturated) are compared as a function of flue gas flow
rates. Fiber adsorption-desorption performance in full RTSA
cycles are further evaluated with respect to their potential
for internal heat integration, such that the adsorption
enthalpy captured from the adsorption step could be reused
in the desorption or heating step, in principle.

To achieve widespread deployment of CO2 capture sys-
tems, the practical issues facing CO2 capture from flue gas
such as deactivation by exposure to SOx and NOx need to be
addressed. Thus, the cyclic CO2 adsorption performance on
exposure to simulated flue gases containing SO2 and NO in
uncooled fiber sorbents is evaluated over 120 RTSA cycles.
A technique to recover sorbent adsorption capabilities after
deactivation by impurities is demonstrated.

Experiment

Fiber sorbent formation

Silica containing TorlonVR and pure TorlonVR dual-layer
hollow fibers (TorlonVR -S) were spun and functionalized
using the amine infusion techniques described in our previ-
ous work.41,43 The hollow fibers were a hybrid matrix of
PAI, TorlonVR (Solvay Advanced Polymers, Alpharetta, GA)
and commercial silica (C803, W.R. Grace), with a silica
loading of 50 wt % with pure TorlonVR as an essentially
impermeable lumen layer. The average pore diameter of the
silica powder is 18.5–20 nm and the average particle size is
3.8 mm.41 The fibers are approximately 2000 microns in
diameter with a bore diameter of 1000 microns. Poly(ethyle-
neimine) (PEI) (MW 800, Sigma-Aldrich) was used as the
amine source in the postspinning amine infusion step, via
application of a 10% PEI solution in methanol.41 Defects in
the lumen layer were further treated by poly(dimethylsilox-
ane) to enhance the gas and water barrier properties as
described in previous studies.46,47

CO2 breakthrough experiments

Hollow fiber modules with a length of 24 in. and diameter
of 0.5 in. made from 10 TorlonVR -S-PEI fibers were tested in
a custom-built RTSA system. The specifics of the RTSA sys-
tem has been reported in our previous work.43 T-type hypo-
dermic thermocouples were placed in the middle of the
module to measure the temperature profiles of the fiber sorb-
ents during the experiment. The humidified flue gas compo-
sition was 13% CO2, 13% inert tracer He, which has
negligible adsorption capacity, 6% H2O and the balance N2

(RH 100%). The effluent composition exiting the fiber sor-
bent module was transiently measured by mass spectrometry
(Pfeiffer, Omnistar Quadrupole mass spectrometer QMG

Figure 1. Overview of an RTSA process with heat inte-
gration.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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220). All CO2 adsorption measurements were performed at
atmospheric pressure and 35�C unless otherwise noted. The
simulated flue gas flow rate ranged from 250 SCCM (stand-
ard cubic centimeters per minute, standard is 0�C and 101
kPa) to 650 SCCM and the corresponding gas hourly space
velocity varied in a range of 1300–3400 h21.

The nonadsorbing inert tracer, He, was used to capture the
general flow behavior of the fiber sorbent module (i.e., the
mean retention time of a nonadsorbing gas) and other noni-
dealities of the fiber module. Related to this, the break-
through capacities can be easily calculated by integrating the
He signal and CO2 signal with respect to the time.48 In
uncooled fiber experiments, no water was fed through the
fiber bores and the two bore-side ports of the fiber module
were sealed using a SwagelokVR plug. Adsorption experi-
ments in the cooled fiber were performed at 35�C. Cooling
water was pumped through the bores of the fibers in the
adsorption process using an Ismatec digital gear pump,
which was attached to an in-line water heater (Omega Engi-
neering) that maintained the cooling water temperature at
35�C. The simulated flue gas was fed into the shell side of
the hollow fiber module at various flow rates. The cooling
water flow rate varied from 70 to 170 mL/min.

Prior to each adsorption experiment, the module was
treated at 90�C under flowing N2 at 300 SCCM for 0.5 h to
desorb adventitious CO2 and water, then cooled down to
35�C and exposed to simulated flue gas. The gas lines down-
stream of the fiber modules were wrapped in heat tape and
held at 120�C to prevent the condensation of water in the
gas outlet lines. To study the effects of preadsorbed water in
the fibers on the dynamic adsorption behavior (prehydrated
fibers), a prehumidification step was used in some runs to
ensure the module was saturated with water prior to CO2

adsorption tests.

CO2 breakthrough experiments at different adsorption
temperatures

CO2 breakthrough experiments were performed at differ-
ent adsorption temperatures in both uncooled, non-
prehydrated, and prehydrated fibers, where the two bore-side
ports of the fiber module were sealed using a SwagelokVR

plug. Prior to each adsorption experiment, the module was
treated at 90�C under flowing N2 at 300 SCCM for 0.5 h to
remove preadsorbed CO2/H2O and other impurities (as meas-
ured by the downstream mass spectrometer), then cooled to
the desired adsorption temperature and subsequently exposed
to simulated flue gas at 250 SCCM for 600 s. Various
adsorption temperatures were studied in the range of 35–
75�C using non-prehydrated fibers. Adsorption temperatures
from 35 to 65�C were investigated in prehydrated fibers, due
to cabinet temperature limitations.

Rapid temperature swing adsorption/deadsorption using
cooling/heating water

In the full cycle RTSA experiment, cooling water was
pumped through the bores of the fibers in the adsorption pro-
cess using an Ismatec digital gear pump, which was attached
to the flow from in-line water heater (Omega Engineering)
that maintained the cooling water temperature at 35�C. The
simulated flue gas was fed into the shell side of the hollow
fiber module at 650 SCCM. The cooling water flow rate was
maintained at 70 mL/min. In the desorption step, hot water
with a temperature of �110�C was fed to fiber bores to heat

the module and then desorb the CO2. The water line gauge
pressure was maintained at 34 kPa by a back pressure
regulator.

Cyclic CO2 adsorption experiment on exposure to SO2

and NO in uncooled fibers

Dynamic cyclic adsorption/desorption tests were carried
out using stainless-steel fiber modules in the RTSA system
at 35�C and 1 atm. Two gases containing 200 ppm SO2 and
200 ppm NO, respectively, mixed with 10% CO2 and the
balance N2, were used. The fiber module was exposed to
these simulated dry flue gases for 10 min. After each adsorp-
tion step, the fiber module was heated to 110�C using heat
tape and held at 110�C for 25 min to regenerate the fibers in
flowing N2.

Results and Discussion

Effect of flue gas flow rates and preadsorbed water on
CO2 breakthrough capacity in uncooled fibers

Although most of the work reported in the literature has
utilized equilibrium CO2 capacities to evaluate the adsorp-
tion capacity of candidate adsorbent materials, the break-
through capacity, qb, is a more important parameter in
evaluating sorbent utility in a real process. The breakthrough
point in this work is defined as the point where CO2 was
detected in the effluent gas. The CO2 breakthrough capacity,
qb, was determined by integrating the area bounded by He
and CO2 breakthrough curves within the breakthrough
point.48 Here, He acts as the inert tracer to capture the
system flow characteristics and CO2 is the adsorbate of
interest.

Figure 2 presents the breakthrough curves and temperature
profiles of a non-prehydrated TorlonVR -S-PEI module (10
fibers) at various flow rates. The amine loading of these
fibers was 5.9 mmol N/g-dry fiber. The “roll-up” of the He
tracer signal, which is caused by the replacement of He that
is initially filling the fiber pores by CO2,48 qualitatively indi-
cates rapid mass transfer within the fiber sorbents. The CO2

breakthrough front was observed to move faster as flue gas
flow rates increased. Concomitantly, the breakthrough
capacity, qb, reduced from 0.82 to 0.68 mmol/g, most likely
as a result of internal mass-transfer resistance (Figure 3)
associated with diffusion through the silica pores filled with
PEI. The CO2 capacities were determined by normalizing
the amount of adsorbed CO2 by the dry fiber weight. The
temperature profiles (Figure 2b) showed that higher gas flow
rates of 450 and 650 SCCM gave higher thermal excursions
compared to that of the 250 SCCM condition. The thermal
waves, which are always observed in nonisothermal adsorp-
tion processes, are related to CO2 adsorption rates, the magni-
tude of the adsorption enthalpy and the adsorption enthalpy
management.49 As higher flow rates have faster adsorption
rates, as indicated by sharper breakthrough fronts, an intense
thermal peak was thus observed in the case of the 450 SCCM
condition. The 2�C thermal peak reduction observed when
increasing the flow rate from 450 to 650 SCCM could be due
to the lower adsorption capacity at 650 SCCM, so the total
heat released in the adsorption process was reduced.

Figure 4 compares the breakthrough curve and tempera-
ture profiles in a non-prehydrated fiber module with those of
a prehydrated fiber module (10 fibers) with gas flow rates of
250 SCCM. It was found that CO2 broke through the bed
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40 s later upon prehydrating the fibers and qb increased from
0.82 to 1.14 mmol/g. For other flow rates such as 450 and
650 SCCM, which are not included in this article, the
impacts of preadsorbed water on the breakthrough curves
were similar with what was observed at 250 SCCM. This
positive effect of water on the adsorption capacity in amine
silica hybrid material has been commonly reported in litera-
ture.18–21 Although the increase in CO2 capacity observed
under wet conditions is commonly observed in the literature
using amine adsorbents, the cause of this has been attributed
to several different factors. It is known from solution chem-
istry that carbamates can be converted to carbonates/bicar-
bonates in the presence of water,50 thus, early studies3,25,51,52

reported that this may occur in solid adsorbents as well, where
a theoretical maximum CO2/N ratio of 1 may be achieved,
yielding a high capacity. However, other explanations for the
increase in capacity in the presence of water have been
offered in recent studies. Hedin and coworkers53 found that
the formation of ammonium carbamate ion pair as well as
hydrogen bonded carbamic acid occurred both in the presence
and absence of water, with no evidence for bicarbonate/car-
bonate. The presence of water was thus suggested to release
additional free amine groups to allow more carbamate ions to
be produced,53 thereby showing a positive effect on CO2

Figure 3. Flow rate effects on adsorption capacity in
uncooled, non-prehydrated fibers vs. prehy-
drated fibers.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

Figure 4. Breakthrough curves (a) and temperature
profiles (b) of TorlonVR -S-PEI in uncooled
non-prehydrated and prehydrated fibers.

DT: Tfiber 2 Texperiment, Tfiber is the fiber temperature

and Texperiment is the experimental temperature of

35�C; Qflue gas 5 250 SCCM. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 2. Breakthrough curves (a) and middle-module
temperature profiles (b) of non-prehydrated
TorlonVR -S-PEI at various flow rates with
humidified flue gas feed.

DT: Tfiber 2 Texperiment, Tfiber is the fiber temperature

and Texperiment is the experimental temperature of 35�C.

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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capacity. In a more recent study, Mebane et al.54 proposed
that the adsorption capacity in PEI-loaded silica is most likely
related to the availability of diffusive intermediates to trans-
port CO2, where water molecules in humid CO2 are favorable
for the formation of these intermediates, thereby increasing
the adsorption capacity. Thus, the results here show that at all
three flue gas flow rates, the preadsorbed water in fibers sig-
nificantly enhanced the breakthrough capacity qb (Figure 3),
regardless of the root cause.

From the thermal profiles in Figure 4b, the non-prehydrated
fibers exhibited more intense thermal waves compared to the
prehydrated fiber module. This could be a result of the
increase of the total heat capacity of the prehydrated fiber
module with the addition of water. Although more heat was
released in the prehydrated fiber adsorption process (pread-
sorbed water enhanced the CO2 adsorption), a lower thermal
peak was observed. In this study, a maximum breakthrough
capacity of 1.14 mmol/g was achieved in uncooled prehy-
drated fibers and the thermal excursion as a result of the exo-
thermic properties of CO2 adsorption was as high as 18�C.

Effect of adsorption temperature on adsorption
performance in uncooled fiber sorbents

The adsorption temperature effects on the uncooled fiber
sorbent performance were studied in both non-prehydrated

fibers and prehydrated fibers. The breakthrough capacity, qb,
as a function of the adsorption temperature, is demonstrated
in Figure 5. In the case of non-prehydrated fibers, a maxi-
mum qb was found at 65�C. This is similar to what has been
observed with silica powders whose pores were filled with
PEI, where an interplay between the thermodynamics of
adsorption and the kinetics of CO2 diffusion and reaction
into the PEI contributed to this unusual phenomenon.14 As
the diffusion limitations were minimized at relatively high
temperatures, more amine groups became accessible to the
CO2 molecules, and therefore, qb exhibited an increasing
trend with an increase of adsorption temperature from 35 to
65�C. At temperatures above 65�C, diffusion was fast
enough, and thermodynamic properties of adsorption domi-
nated the breakthrough adsorption capacity, leading to a
reduction of breakthrough adsorption capacity, qb, with fur-
ther increases of the adsorption temperature. Thus, the inter-
nal diffusion resistance through PEI-filled pores is likely a
dominant factor influencing the dynamic adsorption perform-
ance of dry TorlonVR -S-PEI fibers.

Interestingly, the CO2 capacity, qb, in prehydrated fibers
showed a decreasing trend with an increase of adsorption
temperature over the entire temperature range. This result
suggests that diffusion resistance in PEI, as observed in dry
fibers, was not as significant in the prehydrated fibers. This
could be due to a “plasticizing effect” from preadsorbed
water molecules, which weakens inter or intra molecular
hydrogen bonds and dipole–dipole interactions,55,56 thereby
improving PEI dispersity and minimizing internal diffusion
limitations. Alternately, if the carbonate/bicarbonate model
of CO2 adsorption is invoked, the presence of water may
prevent crosslinks from forming between adjacent amines on
different polymer chains, which can occur when ammonium
carbamate species are created under dry conditions.
Although PEI-based solid adsorbents have been extensively
studied, the morphology of the PEI impregnated in the silica
pores is still not understood. In recent studies by Wang and
Song,57 a two-layer model was proposed to explain the
adsorption behavior in SBA-15 impregnated with PEI. Two
layers of PEI in silica pores were postulated in their work,
that is, an exposed PEI layer and an inner bulky PEI layer
(PEI chain cluster). It was proposed that the CO2 could eas-
ily access the amine groups in the exposed PEI layer, while
diffusion limitations had to be overcome for CO2 to
approach the inner bulk PEI layer, where the adsorption
behavior was proposed to be similar to pure liquid PEI.57 In
considering the two-layer model in our work, the presence of
water may greatly swell the PEI cluster, reducing PEI vis-
cosity, and enable CO2 to react with more amine groups.
Correspondingly, the ratio of exposed PEI to bulk PEI layer
was likely increased in prehydrated fibers. Further insights
into the nature of the PEI in the silica pores are necessary
to achieve a more detailed mechanistic understanding of
adsorption and diffusion in PEI impregnated sorbents.

Adsorption capacity in cooled fiber sorbents vs.
uncooled fiber sorbents

In a RTSA fiber sorbent process, cooling water is gener-
ally fed to the bore-side of the fibers to capture and remove
the adsorption enthalpy. This allows the fibers to operate
essentially isothermally.28 Figure 6 compares the break-
through curves and thermal response in uncooled fiber sorb-
ents with cooled, non-prehydrated TorlonVR -S-PEI fibers.

Figure 5. Adsorption temperature Tad effects on
adsorption capacity qb in uncooled non-
prehydrated fiber (a) and prehydrated fiber
(b).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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With flowing cooling water in non-prehydrated fiber bores, it
was interestingly found that the CO2 breakthrough front
moved even faster (Figure 6a), accordingly, the breakthrough
capacity, qb, dropped from 0.82 to 0.54 mmol/g, while the
thermal wave intensity was dramatically reduced (Figure
6b). This trend indicates that heat effects, which are not
favorable in traditional CO2 adsorbents,28,33 improved the
dynamic adsorption performance in this type of adsorbent.
This observation can be understood in light of the unusual
temperature dependence of the adsorption capacity in
uncooled, non-prehydrated fibers, as discussed earlier. The
rise of the fiber temperature as a result of heat released in
the adsorption process led to the reduction of CO2 diffusion
limitations in the PEI. Correspondingly, a higher capacity
was observed under nonisothermal conditions compared to
that in cooled, dry fibers at 35�C.

Additional experiments were performed at various flow
rates in cooled, non-prehydrated fibers. The qb dependence
on the gas flow rates Qflue gas in cooled fibers was compared
with that of the uncooled fibers in Figure 7a. When the flow
rate increased from 250 to 650 SCCM, the qb in cooled,
non-prehydrated fibers was consistently lower than that in
uncooled fibers. The temperature data in Table 1 demonstrate
that flowing cooling water dramatically reduced the thermal

peaks observed in the adsorption process. These results sug-
gest that the heat removal yielded a negative impact on the
adsorption capacity in the case of low temperature adsorp-
tion with non-prehydrated TorlonVR -S-PEI fiber sorbents.
This may be advantageous for applications where the gas
feed is supplied at high temperatures, above 65�C. In that
temperature range, the temperature dependence of the
adsorption capacity in non-prehydrated fibers illustrates the
dominance of thermodynamic properties of adsorption, and
heat removal would be beneficial.

To further understand how preadsorbed water in the fibers
influences adsorption performance with flowing cooling
water, another set of experiments was performed using pre-
hydrated fibers. The comparison of the breakthrough curves
in Figure 8a illustrates that a cooled, prehydrated fiber mod-
ule (10 fibers) has a longer breakthrough time compared to
an uncooled fiber module. The breakthrough capacity, qb,
increased from 1.14 to 1.33 mmol/g and the thermal peaks
showed a reduction of �8�C, indicating efficient heat
removal from the prehydrated fibers. In the case of prehy-
drated fibers, both preadsorbed water in the fibers and cool-
ing water flowing in the fiber bores contributed to the
improved breakthrough capacity. Preadsorbed water, which

Figure 6. Breakthrough curves (a) and temperature
profiles (b) of uncooled vs. cooled non-
prehydrated TorlonVR -S-PEI.

DT: Tfiber 2 Texperiment, Tfiber is the fiber temperature

and Texperiment is the experimental temperature of

35�C; Qflue gas 5 250 SCCM. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Figure 7. Flow rates effects on adsorption capacity in
non-prehydrated fibers (a) and prehydrated
fibers (b).

[Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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can partially solvate the bulky PEI in the silica pores, may
plasticize the PEI polymer chains by weakening inter and
intra molecular hydrogen bonds and dipole–dipole interac-
tions,55 thereby improving PEI chain segment mobility. Dif-
fusion limitations induced by PEI in the silica pores are
expected to be minimized under these conditions. Therefore,
the qb decreased with an increase of adsorption temperature,
as shown in Figure 5. Consequently, flowing cooling water
that could efficiently remove the heat of adsorption enhanced
the breakthrough capacity, qb (Table 2).

In all the experiments performed above, the cooling water
flow rate was maintained at 70 mL/min. To further investi-
gate if the cooling water flow rate was high enough to effi-
ciently remove the adsorption enthalpy, especially at the
high gas flow rate (high heat delivery rate), the highest flue
gas flow rate of 650 SCCM was used while the water flow
rates were varied from 70 to 170 mL/min in a series of
experiments. The breakthrough capacity was found to be
independent of the cooling water flow rates. This result indi-
cates that the water flow rate of 70 mL/min used in this
work can efficiently maintain the fiber sorbent at nearly iso-
thermal conditions. As estimated from the thermal profiles in
the adsorption process, the thermal front velocity in the
uncooled fiber sorbents was around 0.82 cm/s. The water
plug velocity in the fiber bores was 15 cm/s at 70 mL/min,
which was much faster than the thermal front velocity. Con-
sequently, a temperature gradient was created between the
fiber sorbents and rapidly moving cooling water in the fiber
bores so that the thermal front could efficiently transfer heat
to a plug of cooling water in the fiber bores.

Flue gas flow rate effects on qb in cooled, prehydrated
fibers vs. those in uncooled, prehydrated fibers are shown in
Figure 7b. At three different flow rates, cooled prehydrated
fibers exhibited a higher qb compared to that in uncooled
fibers. However, with increasing flue gas flow rate, cooling
water effects on qb in prehydrated fibers were reduced. At
450 SCCM, qb in the cooled fibers was only slightly higher
(�8%) than that in the uncooled fibers. At much higher flow
rates of 650 SCCM, qb in cooled, prehydrated fibers was
quite close to that in the uncooled fibers. This is likely asso-
ciated with high internal mass-transfer resistance in this type
of adsorbent.

Lively et al.28 demonstrated qb in cooled zeolite-based
fiber sorbents was nearly independent of flue gas flow rates,
as heat effects were removed. In our work, although thermal
excursions were greatly inhibited by active cooling water in
fiber bores, qb in cooled fiber sorbents still showed a
decreasing trend with increasing flow rates. Thus, for these
fiber sorbents, the breakthrough capacity was correlated with
both heat effects and mass-transfer resistance. In contrast to
the zeolite-based fiber sorbent, where external mass transfer
was the major limiting factor of the adsorption kinetics,48

internal mass-transfer limitations were postulated to play a

key role in the PEI-impregnated silica fiber adsorbents, as
evidenced by the temperature dependence of their adsorption
capacities, as discussed earlier. In prehydrated fibers, the
presence of preadsorbed water led to additional complexity.
Water, as a plasticizer, to some extent, reduced the internal
diffusion limitation in PEI, thereby enhancing CO2 transport.
In the case of high flue gas flow rates (i.e., much shorter res-
idence times of flue gas in the fiber module), the internal
mass transfer was more relevant to kinetic adsorption per-
formance. Thus, qb in cooled fibers exhibited a decreasing
trend with an increase of gas flow rates, even under nearly
isothermal conditions. Our results indicate that the internal
mass-transfer resistance of the silica-supported amines

Table 1. Cooling Water Effects on Breakthrough Capacity,

qb, and Thermal Excursion in Non-prehydrated Fibers

Qflue gas

(SCCM)

Without CW With CW

qb

(mmol/g)
DT

(�C)
qb

(mmol/g)
DT

(�C)

250 0.82 12 0.54 2.5
450 0.77 18 0.40 2.9
650 0.68 16 0.36 3.8

Figure 8. Breakthrough curves (a) and temperature
profiles (b) of uncooled vs. cooled prehy-
drated TorlonVR -S-PEI.

DT: Tfiber 2 Texperiment, Tfiber is the fiber temperature

and Texperiment is the experimental temperature of

35�C; Qflue gas 5 250 SCCM. [Color figure can be

viewed in the online issue, which is available at

wileyonlinelibrary.com.]

Table 2. Cooling Water Effects on Breakthrough Capacity,

qb, and Thermal Excursion in Prehydrated Fibers

Qflue gas

(SCCM)

Without CW With CW

qb

(mmol/g) DT (�C)
qb

(mmol/g) DT (�C)

250 1.14 100 1.33 2.2
450 0.96 11 1.04 3.4
650 0.80 16 0.82 2.1
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should be reduced to improve the overall dynamic perform-
ance of amine-loaded hollow fiber sorbents.

In summary, cooling water yields opposite effects on non-
prehydrated and prehydrated fibers. Cooled non-prehydrated
fibers showed reduced qb compared to uncooled fibers. In
contrast, cooled prehydrated fibers exhibited increased qb as
a result of efficient heat removal. The discrepancy of adsorp-
tion behaviors, as mentioned earlier, could mainly be attrib-
uted to the plasticizing effect of water molecules
preadsorbed in the wet fibers. In practical operation, the fiber
module may likely be operated at prehydrated conditions,
as complete water removal from fiber sorbents in desorption
processes will consume large amounts of energy and will
be avoided, if possible. Accordingly, preadsorbed water
could greatly benefit the adsorption performance in this
type of adsorbent. Further studies are needed to better
understand how preadsorbed water in fibers influences the
mass transfer and adsorption mechanism in this type of
fiber adsorbent.

Full RTSA cycles

A full RTSA cycle was subsequently performed with
active heating and cooling in the fiber bores. In the adsorp-
tion process, the fiber module (10 fibers) was first saturated

with CO2 by humidified flue gas at 35�C and 1 atm with
cooling water fed in the bores. Next, hot water of �110�C
with back pressure of �34 kPa (gauge pressure) was fed to
fiber bores to heat the module for 5 min, with the module
inlet and outlet valves closed. Finally, nitrogen was utilized
to purge the fiber module to push the desorbed CO2 out of
the module. Figure 9 illustrates the full, non-optimized cycle
CO2 signal and the fiber, water inlet (Tw,i) and water outlet
(Tw,o) temperature profiles, where the He tracer is included
as a reference. The water outlet temperature showed a tem-
perature rise in the adsorption process (Figure 9b), suggest-
ing that the adsorption enthalpy was captured by the flowing
cooling water. By integration of the water outlet temperature
peaks, the total heat captured was estimated to be approxi-
mately 47 kJ/mol-CO2. Based on adsorption enthalpy of 65
kJ/mol-CO2 in the PEI impregnated sorbent, a heat capture
efficiency of �72% was achieved in the adsorption step. In
the desorption step, a purity of �50% CO2 was achieved
using a continuous stirred tank (CST) desorption mode,
where the fiber module was heated by hot water in the fiber
bores with the shell side gas outlet closed. In CST desorption
mode, desorbed CO2 is completely mixed with residual flue
gas in the module, and thus product purity is reduced. In the
future, plug flow desorption mode (PF) mode28,29 will be
performed and higher purity CO2 is anticipated to be col-
lected through this approach. In an optimized PF mode, the
hot water thermal front moves along the fiber sorbent, and
the adsorbed CO2 is quickly released. When the thermal wave
passes the entire fiber length and the majority of the space of
the fiber module is filled with concentrated CO2, N2 is then
used as the sweep gas to push the plug of concentrated CO2

out of the module. Thus, a CO2 stream of high purity may be
produced in this more optimized desorption process.

Cyclic stability of uncooled fiber sorbents on exposure to
SO2 and NO

The cyclic stability of fiber adsorbents is an important
indicator of long-term adsorption performance considering
the practical application of adsorbents in a postcombustion
CO2 capture process. SOx and NOx impurities in flue gases
can react with basic groups in adsorbents to deactivate

Figure 9. Rapid temperature swing adsorption/desorp-
tion cycle in TorlonVR -S-PEI fiber sorbents (a);
water temperature profiles in deadsorption
step (b).

Tfiber: fiber sorbent temperature; Tw,i: water inlet tem-

perature; Tw,o: water outlet temperature; DTw: the dif-

ference between outlet temperature and water inlet

temperature. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 10. Cyclic stability of TorlonVR -S-PEI on expo-
sure to flue gas with 200 ppm SO2 (a) and
200 ppm NO (b).

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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certain adsorption sites.51,58–60 Fiber adsorbents of TorlonVR -
S-PEI were subjected to 120 cyclic rapid adsorption-
desorption tests using two different gas mixtures, which
include �200 ppm SO2, �200 ppm NO, respectively,
besides 10% CO2 and the balance N2.

The carbon dioxide capacity, qb, was compared for 120
cycles, as shown in Figure 10. Only 15% capacity loss was
observed in 200 ppm NO. This is likely due to the low NO
sorption capacity in aminosilica materials, as demonstrated
with powder samples in an earlier study.60 However, signifi-
cant degradation of TorlonVR -S-PEI was observed in the first
80 cycles on exposure to 200 ppm SO2, where there was a
CO2 capacity loss of 60% compared to the qb of the first cycle.
Surprisingly, no changes in qb were observed after 80 cycles.
The plateau capacity may perhaps be due to adsorption at
remaining isolated amine groups,61 adsorption at remaining
active secondary amine groups,60 or adsorption as physisorbed
CO2 in the porous silica structure. With the degradation of the
sorbents, an increasing amount of surface amine sites irreversi-
bly bind to SO2; accordingly, the number of isolated amine
sites rises progressively, which have been indicated to exhibit
much weaker interaction with CO2.

61 These isolated amine
sites are thermally reversible to CO2. Assuming that SO2 has a
similar gas/amine reaction mechanism as CO2,

58 isolated
amines perhaps bind SO2 weakly as well, and may have some
thermal reversibility. Also, secondary amines have been shown
to have a much more reversibility on exposure to SO2 com-
pared to primary amines.60 Moreover, the free Si-OH groups
on porous silica have some adsorption capability for CO2 by
hydrogen bonding. All these factors may contribute to active
adsorbent sites present in the sorbents after SO2 degradation.

In our previous work, we have demonstrated recharging
deactivated CA-S-PEI fibers with fresh PEI could allow for
recovery of the CO2 adsorption capacity (by reinfusing an
amine solution into the fiber module).41,43 The same procedure
was applied to the SO2 deactivated TorlonVR -S-PEI fiber mod-
ule here. It was found that the recharged TorlonVR -S-PEI fibers
had a similar qb as the fresh module (Figure 10a). This means
that acid-gas deactivated fibers can be recharged in the field by
flowing a PEI dissolving (but TorlonVR nonsolvent) solution
through the modules to remove deactivated PEI and then rede-
positing fresh PEI in a second solvent/PEI flushing step.

Conclusions

The dynamic adsorption performance in cooled TorlonVR -
S-PEI fiber adsorbents was compared with that of uncooled
fibers in terms of the effects of adsorption heats and pread-
sorbed water. Heat released in the adsorption process from
the exothermic reaction of CO2 with amines, which is not
favorable for traditional adsorbents, increased the capacity in
non-prehydrated TorlonVR -S-PEI fibers. A distinctive adsorp-
tion behavior was found in prehydrated fibers, where a likely
water plasticizing effect reduced diffusion limitations in PEI,
thus positive effects were observed on qb by heat removal in
prehydrated fibers. This study reveals the important role of
moisture in postcombustion CO2 capture using PEI-
impregnated sorbents, solvating and plasticizing PEI chain
segments to reduce mass-transfer resistance while also poten-
tially influencing the CO2/amine reaction mechanism (bicar-
bonate/carbonate formation). Moreover, the work
demonstrated a high breakthrough capacity achieved in
approximately 3 min that reached 1.33 mmol/g-fiber (corre-
sponding to 2.66 mmol/g-silica). Aggressive concentrations of

200 ppm SO2 led to significant degradation of the fiber sor-
bent, as expected. However, the amine infusion technique can
be successfully applied to recover CO2 capacity in fibers that
was lost to SO2 deactivation.
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