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Tuning sorbent properties to reduce the
cost of direct air capture†

Hannah E. Holmes, ‡ Sayan Banerjee,‡ Anthony Vallace, Ryan P. Lively,
Christopher W. Jones* and Matthew J. Realff *

The question has shifted from whether solid sorbents can work in direct air capture (DAC) technologies

to which solid sorbents are more economically advantaged. Determining this is challenging due to the

influence of many different yet interconnected sorbent properties on the cost of CO2 capture. Existing

DAC economic models oversimplify sorbent stability by treating it as a simple replacement rate,

neglecting crucial factors such as capacity loss rate and form. To address this challenge, we have

developed an economic model that accounts for sorbent degradation in DAC processes. By factoring in

capacity loss over time, our model provides a more accurate estimate of the cost associated with DAC

and highlights the optimum time for sorbent replacement. We then identified sorbent characteristics and

process features that minimize both the carbon footprint and the cost of captured CO2. To further

investigate the interplay of sorbent properties and DAC cost, we constructed a series of alkyl- and

epoxy-functionalized polyamine sorbents. The sorbents’ CO2 uptake, heat of adsorption and capacity

fade were adjusted via a one-step modification, varying the proportions of primary, secondary, and

tertiary amines. We then integrated the experimentally-measured parameters, including the form of

degradation, into our economic model to probe which combination of sorbent properties results in the

lowest cost of DAC for a fixed operating condition. The results provide guidelines and priorities for

sorbent performance metrics that will yield the most cost-effective DAC technologies.

Broader context
Direct air capture (DAC) technologies are expected to play a critical role in addressing climate change. By removing carbon dioxide from the atmosphere, DAC
offers a pathway to mitigate the long-term effects of existing atmospheric carbon dioxide and achieve net-zero emissions. A key component of DAC is the
sorbent used to separate carbon dioxide from the air. As efforts are made to scale up DAC, it is essential to understand the complex relationships between
sorbent properties and overall process cost. Current economic analyses simplify sorbent stability by assuming constant sorbent performance until replacement,
but this shortcoming potentially leads to important errors in both the cost and environmental impact. In particular, failure to account for the loss in sorbent
performance can result in turning the direct air capture plant into a net positive emitter if the sorbent is not replaced soon enough. We developed an economic
model that accounts for sorbent degradation, including the rate and form of capacity loss over time. By coupling the capacity-fade model with experimental
tuning of sorbents, we gain insight into how competing sorbent properties influence the overall cost. The findings offer priorities for sorbent properties that
will facilitate scale-up of cost-effective DAC technologies.

1 Introduction

Direct air capture (DAC) technologies are projected to play a
crucial role in addressing climate change by removing carbon
dioxide (CO2) from the atmosphere, allowing us to mitigate the

long-term consequences of existing atmospheric carbon dioxide
and achieve net-zero emissions.1,2 The key component in DAC
technologies is the material used to capture and separate CO2

from the air. Solid adsorbents, in contrast to liquid absorbents,
offer advantages such as lower energy requirements for regenera-
tion, modularity, and mitigation of corrosion and evaporation
challenges.3,4 Many promising adsorbents have been proposed for
DAC to date, including metal–organic frameworks,5–7 zeolites,8,9

and supported amine materials.3,4,10,11

The primary challenge for widescale DAC implementation is
not whether sorbents can effectively remove CO2 from the air,
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as operational DAC plants currently exist.12,13 Instead, the most
significant hurdle is the economic viability of DAC. In contrast
to post-combustion CO2 capture processes, in which revenue
for the CO2 emitter is still possible, DAC lacks an intrinsic
revenue source. Post-combustion processes capture CO2

from flue gas that is emitted from electricity generation (i.e.,
combustion to produce steam for turbines also produces
CO2-rich flue gas). Thus, post-combustion processes will con-
tain a revenue stream from the produced electricity, which
is intrinsic to the process. In contrast, direct air capture
does not follow a production process and therefore does not
have an associated revenue stream. This has driven an intense
effort on advancing sorbent materials to reduce process costs,
including increasing CO2 capacity,14,15 reducing regeneration
energy requirements,16–18 and increasing sorbent stability.19,20

However, many of these sorbent properties are intercon-
nected, often in inverse relationships. For example, increasing
the CO2 affinity increases the CO2 uptake, but it also increases
the CO2 heat of adsorption, thus increasing regeneration
energy demands. Similarly, increasing the desorption tempera-
ture can improve the working capacity, but it may also accel-
erate the degradation rate and shorten the sorbent lifetime.
Without the guidance of an economic model tailored to DAC, it
is challenging to determine whether improving one property
actually reduces overall process costs when considering other
properties. While many promising adsorbents with varying
capacity, heat of adsorption, and stability have been proposed
for DAC, it is unclear which combination of properties provides
the most economically viable option due to the complex rela-
tionships between sorbent properties and process cost. This
complexity has left materials researchers without clear guide-
lines or priorities for performance metrics.

Furthermore, there is a shortcoming in current DAC eco-
nomic models when accounting for a sorbent’s stability. Exist-
ing models assume the sorbent (or in some cases solvent) has
constant performance until replacement and thus incorporate
stability as a simple replacement rate.21–29 However, this over-
simplification fails to consider sorbent capacity fade over time,
which is inevitable as a sorbent degrades (e.g., oxidation, amine
loss, fouling, poisoning, urea formation). Our prior analysis
of a bioenergy with carbon capture and storage (BECCS)
process revealed that incorporating a sorbent’s capacity
fade into the economic model significantly increases the pre-
dicted process cost and alters the recommended sorbent repla-
cement times.30 These findings indicate that the details of a
sorbent’s degradation, specifically the rate and form of capacity
fade over time, are crucial to include when evaluating compet-
ing properties and comparing process costs for different
sorbents.

These gaps lead to the first two questions addressed in this
work: (1) how does sorbent degradation affect the DAC carbon
footprint and cost of CO2 capture? (2) do the capacity fade (loss)
rate and form (e.g., linear, exponential) affect the optimal
replacement time? To answer these, we developed a capacity-
fade economic model for DAC. The model can be used for any
sorbent and contactor combination, but we focused our

analysis on amines supported in structured contactors in a
temperature vacuum swing adsorption process.

Amine-based sorbents are a common choice in DAC tech-
nologies due to their high affinity for CO2, even at low
concentrations.31 Amines bind CO2 through chemical bonds
to form carbamate, carbamic acid, hydronium carbamate,
carbonate, or bicarbonate. The end-product depends on the
amine surface coverage, presence of water, and amine–solid
support interactions.18,32–35 This results in steep adsorption
isotherms (strong type I) that lead to significant CO2 uptakes at
low CO2 partial pressures – a critical feature for DAC
applications.36–38 Implementing amines in structured contac-
tors can enable a lower pressure drop, indirect heating, and
thermal management (i.e., cooling) during adsorption.39 Tem-
perature or temperature/vacuum swing adsorption are the
process modes typically coupled with amine sorbents, as the
high uptake at low partial pressures makes adsorption based
on pressure swing alone a challenging option.40

Polymeric or oligomeric amines (polyamines) are a particu-
larly promising form of amine due to their high density of
amine sites and lower volatility compared to smaller amine
molecules. Modification of polyamines with epoxide groups has
been explored previously as a method for enhancing sorbent
properties.41–47 Choi et al. demonstrated that functionalizing
poly(ethyleneimine) with 1,2-epoxybutane reduces the heat of
adsorption and increases the stability by altering the primary,
secondary, and tertiary amine fractions.42,48 Increasing the
extent of functionalization increasingly benefits the heat of
adsorption and stability, but it also negatively impacts the
sorbent’s capacity.42

It remains unclear which functional group and extent of
functionalization result in the most economically advantaged
DAC process, but we hypothesized based on previous work from
Min et al. that this functionalization could be used to system-
atically tune sorbent properties for optimal DAC
performance.48 All previous optimization has been performed
for post-combustion CO2 capture processes, but the optimum
properties will depend on the concentration of CO2 in the feed.
For example, Lively and Realff demonstrated that as the adsor-
bate mole fraction decreases, the adsorbate–adsorbent affinity
resulting in the highest separation efficiency increases.49 When
coupled with a capacity-fade economic model, the one-step
modification of polyamines could be used to target a combi-
nation of sorbent properties that results in the lowest cost of
CO2 capture. This led us to the final two questions addressed in
this work: (3) can we modify polyamine sorbents with different
functional groups to systematically tune performance in DAC
(working capacity, heat of adsorption, degradation rate)? (4)
which combination of properties results in the most economic-
ally advantaged sorbent for DAC?

To address all four questions, we first developed a capacity-
fade economic model for DAC that includes sorbent degrada-
tion. We used the model to explore how various types and rates
of sorbent degradation affect the viability of DAC, specifically
through the carbon footprint and cost of captured CO2. The
most critical sorbent characteristics and process features for
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minimizing the carbon footprint and cost were identified. We
then experimentally synthesized a series of polyamines functio-
nalized with various side chains (methyl, propyl, and 2-
hydroxypropyl, with the latter made via 1,2-epoxypropane func-
tionalization) in mesoporous silica SBA-15 supports. The func-
tionalization is used to systematically alter the working
capacity, energy requirement, and degradation rate, and the
experimentally-measured parameters are integrated into the
model to compare the economic feasibility. Combining a
capacity-fade economic model with experimental tuning of
sorbents provides insight into how competing sorbent proper-
ties balance and influence the overall cost of direct air capture.
These findings provide guidelines and priorities for sorbent
performance properties as scale-up of DAC processes is
pursued.

2 Methodology
2.1 Analysis framework

A detailed description of the economic model is provided in
Section S3 of the ESI.† The model framework aligns with our
previous work focused on BECCS.30 The economic analysis
methodology for chemical processes from Turton et al. was
used.50 We also followed guidelines on CCS economic analysis
methodology from Rubin et al., Danaci et al., van der Spek et al.,
Roussanaly et al., and the U.S. National Energy Technology
Laboratory.51–56

The cost of direct air capture is comprised of capital costs,
operation and maintenance costs (O&M), and sorbent costs,
and the total cost is expressed as the levelized cost of CO2

capture (LCOC), defined in eqn (1),

LCOC ¼ Ccapital þ CO&M þ Csorbent

NCO2

(1)

where Ccapital, CO&M, and Csorbent refer to the capital, operation
& maintenance, and sorbent costs, respectively ($$ per year or
$$ per lifetime), and NCO2

is the cumulative amount of CO2

captured (t-CO2 per year or t-CO2 per lifetime).23,30 The main
components within the capital cost are the blowers, vacuum
pumps, contactor infrastructure (e.g., silica support, polymer,
module housing), downstream compression and purification,
and auxiliary equipment (e.g., sorbent handling, instrumenta-
tion and control systems, buildings). Operation and mainte-
nance costs include utilities (electricity for blowers, vacuum
pumps, downstream processes, and thermal energy for sorbent
regeneration) and non-energy costs, such as labor, transporta-
tion, and storage. Sorbent costs encompass active material
expenses and replacement.

2.2 System design

The solid sorbent direct air capture plant is designed to capture
1 Mt-CO2 per year. The sorbent, which is polyamine supported
on silica in this analysis, is assumed to be in polymeric
structured contactors, and the contactors are installed in the
process as modules (Fig. 1). The model is agnostic to the
geometry of the contactor (i.e., fibers, monolith, laminate).

Rather, the inputs are the sorbent loading inside the contactor
(e.g., sorbent to polymer mass fraction), contactor density,
module void fraction, module cross-sectional area, module
length, and pressure drop. These parameters can be changed
to account for various contactor geometries (e.g., cylindrical
hollow fibers vs. square-channel monoliths). Representative
values for a polyamine–silica/polymer structured contactor
were chosen for this analysis, including a sorbent (amine +
support) loading of 50%, contactor density of 730 kg m�3,
module void fraction of 50%, module cross-sectional area
of 1 m2, and pressure drop of 500 Pa.

The module size is connected to the blower flow rate and
CO2 recovery, and the model uses a solver system to couple
these system properties (Section S3.C of ESI†). Direct steaming
is used to regenerate the sorbent via condensation of saturated
steam on the sorbent. Sorbent replacement refers to only the
amine being replaced. This is done via a washing
procedure.57,58 The silica and contactor lifetime is longer (5
years).

A temperature swing adsorption (TSA) process is utilized
with the following steps: (1) adsorption, (2) vacuum to remove
interstitial air from module, (3) heat to desorption temperature
(95–100 1C),15 (4) desorption, and (5) cool to adsorption tem-
perature (25–30 1C). The vacuum is only used momentarily to
remove the interstitial air before heating. Removing interstitial
air prior to desorption reduces oxidation and increases CO2

product purity.
Blower and vacuum pump scheduling is utilized in the

model to reduce the capital cost while maintaining the system
within physically reasonable bounds. In short, to minimize the
capital cost of blowers and vacuum pumps, many modules can
be centralized around one blower and vacuum pump. A group
of modules that share blower(s) and vacuum pump(s) will be
referred to as a cluster. However, the centralized design can
lead to unintended downtime for modules without proper
vacuum pump placement and scheduling, illustrated in Fig.
S1 (ESI†). Module downtime reduces the plant utilization and
therefore increases the total cost. To mitigate these problems,
we designed a vacuum pump schedule for a cluster containing
20 modules, one blower, and two vacuum pumps (Fig. S2, ESI†).
The central blower rotates between the outer 20 modules
during the adsorption steps, and each vacuum pump can
service four parallel modules at one time. A schedule for a
2 : 1 adsorption to desorption time (1200 s : 600 s) is illustrated
in Fig. S2b (ESI†).

Fig. 1 Schematic of sorbent system in this analysis. The polyamine is
located inside the pores of the mesoporous silica support, and the silica
support is embedded in the porous polymeric network of the contactor.
Contactors are bundled together in modules.
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2.3 Incorporating sorbent capacity fade

The primary difference in our capacity-fade model versus a
model that does not consider sorbent degradation is the
relationship between the cumulative amount of CO2 captured
(NCO2

) and time. If a sorbent maintains a constant capacity, it
will capture a consistent amount of CO2 each cycle. However,
when a sorbent degrades, the amount of CO2 captured varies
from cycle to cycle, leading to a nonlinear NCO2

with respect to
time. Tracking the captured CO2 each cycle for tens of thou-
sands of cycles would be computationally expensive, so we
instead employ integration to determine the cumulative
amount of CO2 captured at specific time points based on the
relationship between working capacity and time.

Mathematically, a DAC module or cluster can be likened to a
continuous stirred tank reactor (CSTR) with a reaction. The
order of the reaction term depends on the type of sorbent
degradation. As an example, if the sorbent has exponentially
decaying capacity, the system is describable by the differential
equation with a first order reaction in eqn (2),

d msqdðtÞð Þ
dt

¼ _mrqd;0 � _mrqdðtÞ �mskqdðtÞ (2)

where mS is the sorbent mass (kg), qd is the working capacity
(mol kg�1) at time t, qd,0 is the initial working capacity
(mol kg�1), mr is the sorbent replacement rate (kg per cycle),
and k is the degradation rate (cycle�1). To consider other forms
of degradation, such as linear or piecewise exponential, we
simply modify the reaction term in the differential equation
(eqn (S19) and (S24), ESI†).

Integration of eqn (2) over time provides the cumulative
amount of CO2 captured, as expressed in eqn (S23) (ESI†).
When the sorbent is not replaced each cycle but is instead
replaced en-masse (i.e., all at once), eqn (2) can be simplified
accordingly (eqn (S22), ESI†). As the sorbent degrades, the
necessary energy consumption changes in addition to the
amount of CO2 captured. To account for this, the electrical
and thermal energy are fitted separately to four-term polyno-
mial expressions for convenience (eqn (S60) and (S65), ESI†).
The polynomial expressions are then integrated over time to
find the cumulative energy consumption (eqn (S61) and (S66),
ESI†).

2.4 Carbon footprint of direct air capture

Multiple aspects of direct air capture processes have associated
carbon emissions, including the (1) energy source, (2) sorbent
materials (including their synthesis, manufacturing, and dis-
posal), (3) equipment materials and manufacturing, (4) sorbent
transport and storage, and (5) CO2 compression, purification,
transport, utilization, and storage. In this analysis, we consid-
ered cradle-to-gate carbon emissions from energy, sorbent
materials, and equipment materials and manufacturing.
Cradle-to-gate analysis is sufficient for this comparative
study.59 The amount of CO2 captured is a fixed parameter,
and thus the downstream environmental impacts are
identical across the scenarios. However, it is important to note
that CO2 transportation and storage emissions can contribute

significantly (accounting for over half of the total DAC green-
house gas emissions in some cases).60 The downstream emis-
sions will vary substantially depending on the plant and storage
locations and end-use of the CO2 product (storage vs.
utilization).60,61 Optimizing and assessing downstream emis-
sions is the subject of ongoing research.62–64 The carbon
footprint of the sorbent includes disposing both the polyamine
and silica. However, the polyamine can be replaced via a simple
washing procedure without replacing the silica in the polymeric
contactors.57 Thus, the sorbent carbon footprint used here (4 kg
CO2,eq. per MW h) is a conservative value.

To determine the electrical energy carbon footprint, the
cumulative electrical energy consumption is converted to a
cumulative amount of CO2 emissions based on the energy
source (Section S3.L of ESI†). A carbon footprint is also calcu-
lated for thermal energy based on its electricity equivalent. The
electrical and thermal energy carbon footprints are combined
with the carbon footprint of the sorbent and equipment mate-
rials and construction to determine the total carbon footprint.

Calculation methods for carbon footprint vary in litera-
ture.63 Here, we utilize two metrics to facilitate comparison
with different literature sources, following the methods of
Deutz et al., Qiu et al., and de Jonge et al.61,65,66 The first metric
is carbon footprint (CF), which is the amount of CO2 captured
subtracted from the amount of CO2 emitted, normalized to the
amount of CO2 captured (eqn (3)). If more CO2 is emitted than
captured, the carbon footprint is positive, whereas a negative
carbon footprint indicates more CO2 is captured than emitted.
An ideal CO2 capture process with no associated emissions or
environmental impact will have a carbon footprint of �1 t-CO2e
per t-CO2 captured.

CF ¼ tCO2e emitted� tCO2 captured

tCO2 captured
(3)

For calculating DAC carbon footprint, the amount of CO2

captured is subtracted from the sum of the carbon footprints of
the energy, adsorbents, and equipment materials and
manufacturing.

The second metric is carbon removal efficiency,61,65 which is
typically multiplied by 100 and expressed as a percent (eqn (4)).
The carbon removal efficiency is the negative of carbon foot-
print, or the amount of CO2 emitted subtracted from the
amount captured, normalized to the amount captured A posi-
tive carbon removal efficiency indicates that more CO2 is
captured than emitted, and a negative efficiency indicates more
CO2 emitted than captured. A CO2 capture process with no
environmental impacts has a carbon removal efficiency
of 100%.

ZCO2 removal ¼
tCO2 captured� tCO2e emitted

tCO2 captured
� 100 (4)

Since the carbon removal efficiency is simply the negative of
carbon footprint multiplied by 100, the two metrics have an
linear relationship. For example, a carbon footprint of �0.7 t-
CO2 emitted per t-CO2 captured corresponds to a carbon
efficiency of 70%, and carbon footprint of �0.5 t-CO2 emitted

Paper Energy & Environmental Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Q

as
a 

D
ir

ri
 2

02
4.

 D
ow

nl
oa

de
d 

on
 2

1/
02

/2
02

6 
7:

33
:5

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4ee00616j


4548 |  Energy Environ. Sci., 2024, 17, 4544–4559 This journal is © The Royal Society of Chemistry 2024

per t-CO2 captured corresponds to a 50% carbon removal
efficiency. Increasing the carbon footprint (less negative) will
decrease the carbon removal efficiency.

The fractional carbon removal efficiency is employed to
convert the total process cost from $ per tonne of captured
CO2 to $ per tonne of net CO2, where the ‘‘net CO2’’ refers to the
captured CO2 minus the emitted CO2 (eqn (5)).

LCOC
$

tCO2; net

� �
¼ LCOC

$

tCO2; captured

� �
1

ZCO2removal

100

0
B@

1
CA

(5)

More details on calculating the carbon footprint are pro-
vided in Section S3.L of the ESI.†

2.5 Adsorbent preparation

Functionalization of PEI with hydrophobic groups (such as
methyl, propyl) was carried out by a simple single-step addition
reaction with alkyl halides under refluxing conditions. In
comparison, the functionalization of PEI with 1,2 epoxypropane
was carried out in ambient conditions. This ambient tempera-
ture is attributed to the high reactivity of epoxides with nucleo-
philic amines.48 (Scheme S1, ESI†).

Controlled amounts of adducts were added dropwise to
methanolic solutions of PEI (MW 800, nitrogen content:
18 mmol g�1) under stirring. The modified PEI sorbents are
denoted as n-x-PEI, where ‘‘x’’ denotes the functional group
such as methyl (M), propyl (P) and 2-hydroxypropyl (HP) and
‘‘n’’ denotes the molar ratio of the functional reagent (e.g., 1,2-
epoxypropane) to total moles of nitrogen in PEI. Total moles of
nitrogen includes the nitrogen in primary, secondary, and
tertiary amines.

SBA-15 was impregnated with modified PEIs by wet impreg-
nation. First, SBA-15 was dried overnight under vacuum
(o20 mTorr) at 110 1C. The desired amount of PEI was
dissolved in 15 mL methanol and added to the desired amount
of SBA-15. The mixture was allowed to stir at room temperature

for at least 6 h. Methanol was removed by rotary evaporation at
room temperature. The resulting powder was dried overnight
under vacuum (o20 mTorr) at room temperature. The resulting
dried powder composites were stored in ambient lab condi-
tions. The composites were characterized using quantitative
13C NMR spectroscopy, N2 physisorption, gravimetric CO2

adsorption, and differential scanning calorimetry. More details
on the synthesis procedures and characterization procedures
are provided in Section S6 in the ESI.†

3 Results and discussion
3.1 The role of sorbent degradation in carbon footprint

The first question is: how does sorbent degradation affect the
DAC carbon footprint and cost of CO2 capture? Carbon capture
cost is often reported as dollars per tonne of CO2 captured, but
this metric overlooks the underlying carbon footprint, or asso-
ciated carbon emissions, of the process. Including the carbon
footprint in cost predictions is vital to accurately access the
viability of various DAC technologies.60,61 In Fig. 2, we illustrate
how sorbent degradation affects the carbon footprints of the
sorbent, energy, and the combined total (sorbent + energy).
Here, the sorbent is considered to be replaced all at once (en-
masse), so the sorbent lifetime is equivalent to the replacement
time. Specifically, a sorbent lifetime of 1 year indicates that all
of the sorbent is replaced at 1-year intervals. Sorbent replace-
ment refers to replacement of the polyamine only. The sorbent
carbon footprint utilized in this analysis includes disposal of
both the polyamine and silica, so the sorbent carbon footprint
values are conservative estimates.

The input parameters used for the economic analysis are
provided in Table S1 (ESI†). The parameters were chosen as a
representative set of sorbent and process parameters for a
polyamine–silica contactor in a temperature-swing adsorption
process (see Section 2.2 and Fig. 1). For example, the para-
meters include a working capacity of 1.0 mmol g�1, heat of
adsorption of �70 kJ mol�1, 50 wt% loading of polyamine–

Fig. 2 Impact of sorbent degradation and energy source on carbon footprint. (a) Working capacity of a sorbent with and without degradation. (b) Energy
and sorbent carbon footprints (left y-axis) as a function of sorbent replacement time for a DAC process with no sorbent degradation (left panel) and with
sorbent degradation (right panel). Optimum replacement time (minimum carbon footprint) is marked with a yellow line. Cumulative amount of CO2

captured per kg sorbent is on right y-axis. (c) DAC carbon footprint with sorbent degradation and various energy sources. Degradation is modelled as
exponential capacity fade with a decay constant of 4.4 � 10�5 cycle�1.
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silica in the contactor, pressure drop of 500 Pa, cycle time of
1800 seconds (1200 s adsorption, 600 s desorption), and CO2

recovery of 50%. The pressure drop is a fixed input that was
chosen as a mid-range estimate based on both theoretical
calculations and experimental measurements for structured
contactors in literature.10,29,39,67 The adsorption time includes
cooling, and the desorption time includes a brief vacuum step
and heating. The productivity (1.0 mmol g�1 fiber per h) is
consistent with that measured by Kong et al. for PEI-silica/
cellulose acetate fibers.15

In Fig. 2(a) and (b), when sorbent degradation is not
considered (left panel of Fig. 2(b)), the sorbent capacity remains
constant, resulting in a constant rate of CO2 captured (i.e., there
is a linear relationship between the amount of CO2 captured
and sorbent lifetime). In contrast, when sorbent degradation is
included (Fig. 2(b), right panel), there is a non-linear relation-
ship between CO2 captured and sorbent lifetime as the sor-
bent’s capacity decreases each cycle. Exponential capacity fade
(first-order deactivation) is used here as an example. The model
does not include a specific degradation mechanism but rather a
generic capacity loss profile over time. To keep the model as
general as possible, we only change the capacity and do not
consider changes to other sorbent properties as the sorbent
degrades, such as the heat of adsorption. We also do not
consider changes to operating parameters (e.g., cycle time) as
the sorbent degrades.

In both scenarios, the sorbent carbon footprint is highest at
short lifetimes due to the relatively small amount of CO2

captured. The carbon emissions associated with sorbent man-
ufacturing and disposal are not compensated by the limited
CO2 captured when the sorbent lifetime is short. As the sorbent
lifetime is extended, the carbon footprint decreases, regardless
of whether or not the sorbent is degrading.

In contrast, the energy carbon footprint is influenced by
sorbent degradation. In Fig. 2(b) (left panel) when there is no
sorbent degradation, the energy carbon footprint remains con-
stant because the amount of energy to capture one tonne of CO2

does not change. However, when there is sorbent degradation
(Fig. 2(b), right panel), the energy carbon footprint increases as
the sorbent is used for longer. There is a slight reduction in the
total energy required as the sorbent degrades. The same
amount of air is blown across the contactor (and thus the same
blower energy), but the thermal energy will decrease slightly.
The regeneration energy decreases as there will be less product
to desorb as the contactor degrades. However, the reduction in
CO2 captured is significantly more than the slight reduction in
total energy, and thus the energy per tonne of CO2 (and energy
climate change impact) increases.

Combining the energy and sorbent carbon footprints
provides a total carbon footprint. When the sorbent degrades
over time, there is a minimum carbon footprint when the
decreasing sorbent carbon footprint and increasing energy
carbon footprint balance each other, marked with a yellow
line in the right panel of Fig. 2(b). The location of this mini-
mum carbon footprint will influence the optimum sorbent
replacement time.

The choice of energy source has a substantial impact on the
climate change impact and carbon footprint of DAC.12,60,61,68–70

Non-renewable energy sources, such as petroleum and coal,
emit high amounts of carbon dioxide per MW h of energy
produced, while low-carbon sources like wind, hydropower,
and nuclear emit much less CO2. The choice of energy source
has a large influence on the total DAC carbon footprint,
illustrated in Fig. 2(c). Carbon-intensive energy sources such
as petroleum and coal have higher carbon footprints across all
lifetimes. Although others have previously recognized the lim-
ited supply of large scale low-carbon electricity as an obstacle
for DAC,70 we can see that this need becomes even more
significant once we consider sorbent capacity fade. As the
sorbent degrades, the carbon footprint of DAC processes using
carbon-intensive energy increases significantly over time. Using
a carbon-intensive energy source (such as petroleum or coal)
with a degrading sorbent can lead to positive carbon footprints,
at which point the DAC process is emitting more CO2 than it
has captured. Without including sorbent degradation in our
analysis, we would not be able to predict the shift to positive
CO2 emissions.

To minimize the impact of the energy source, direct air
capture processes are typically proposed to be located in
regions with low-carbon-footprint grid mixes or powered
directly by renewable electricity or waste heat. This makes the
U.S. grid mix carbon footprint (461 kg CO2 per MW h in 2020)
an inaccurate representation of the expected carbon footprint
for DAC. Thus, we use an average of the five states with the
lowest carbon footprints (171 kg CO2 per MW h) throughout the
analysis here (Tables S25 and S26, ESI†), including the results
in Sections 3.2–3.5. The average carbon footprint of the lowest
five states is in light blue in Fig. 2(c). In our analysis, the
thermal energy is assumed to come from power plant steam,
but using other thermal energy sources such as waste heat or
heat pumps could further reduce the energy consumption and
thermal carbon footprint.61,71 Heat integration techniques,
such as mechanical vapor compression or moving/rotating
beds, should also be explored in future work.72,73

Two important conclusions can be made from these results.
(1) Sorbent degradation can unintentionally lead to high car-
bon footprints (including positive emissions), especially when
carbon-intensive energy sources are used. (2) Sorbent capacity
fade must be included in DAC economic modelling to deter-
mine the replacement time that leads to the highest climate
benefits.

3.2 Increasing rates of sorbent degradation

The second question is: do the capacity fade (loss) rate and
form (e.g., linear, exponential) affect the optimal replacement
time? We first illustrate the influence of the sorbent degrada-
tion rate on carbon footprint and cost in Fig. 3 for seven rates of
exponential capacity fade. Fig. 3(a) illustrates the sorbent work-
ing capacity as a function of time for the various degradation
rates. The rates range from no degradation to none of the initial
capacity remaining after 1 year. We again observe an optimum
in carbon removal efficiency and carbon footprint when
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sorbent degradation is included (Fig. 3(b)). At higher degrada-
tion rates, there is a noteworthy reduction in the carbon
removal efficiency due to the decreasing captured CO2. The
increase in energy-related emissions drives the overall carbon
removal efficiency down as the sorbent lifetime is extended,
approaching a value of 70% (or �0.7 tonne CO2 eq. per t-CO2

captured) for the higher degradation rates. The carbon foot-
print and carbon removal efficiency have a negative linear
relationship, so a decrease in the carbon removal efficiency
corresponds to an increase in carbon footprint. The energy
carbon footprint used here was an average of the five states with
the lowest carbon footprints (171 kg CO2 per MW h).

The levelized cost of capture (LCOC) is shown in Fig. 3(c),
reported as $ per t-CO2 captured in the left panel (carbon
footprint not included) and $ per t-CO2 net in the right panel
(carbon footprint included). As expected, increasing the sorbent
degradation rate increases the LCOC. Notably, incorporating
degradation into the levelized cost of CO2 capture results in an
optimum sorbent replacement time that minimizes the DAC
process cost. This optimum has not been demonstrated pre-
viously for DAC, but it does align with our findings for the
BECCS process previously studied. It arises in a slightly differ-
ent manner than BECCS without an associated revenue from
electricity sales.30

As the sorbent degrades, the rate of CO2 capture decreases,
as less CO2 is captured every subsequent cycle. This leads to
increasing capital and operation and maintenance costs per
tonne of captured CO2. (It is important to note that the total
capital does not change since the system is designed for no
sorbent degradation – only the capital cost per tonne of
captured CO2 changes.) However, using the sorbent for longer
results in more CO2 captured with that sorbent, which reduces
sorbent costs regardless of degradation. The increasing capital
and O&M costs balance the decreasing sorbent cost at some
sorbent lifetime, at which point the sorbent should be replaced.

It is evident from these results that the rate of degradation
also plays a crucial role in determining the optimal sorbent
replacement time. For instance, the sorbent with 50% capacity
loss after one year should be replaced at one-year intervals to

achieve the lowest cost of capture. In contrast, the sorbent
exhibiting a 10% capacity loss after one year (90% remaining)
should be replaced at three-year intervals. For sorbents with no
degradation, the cost will continue decreasing with increasing
replacement time. Therefore, there is no optimum replacement
time for stable sorbents, but rather they should be used for as
long as possible. The difference in DAC cost between the lowest
and highest degradation rates at the optimum replacement
time is approximately $700 per tonne of net CO2 captured
(marked with yellow lines in Fig. 3(c)). This substantial differ-
ence in cost underscores the importance of incorporating
degradation rate measurements when determining the most
economically viable sorbent replacement times.

A capacity-fade model will also be critical when considering
process improvements. For example, the working capacity of a
sorbent can often be increased by increasing the desorption
temperature. However, this may also lead to an increased
degradation rate due to the higher temperature during
desorption. These results indicate that the increase in produc-
tivity could be counteracted by the decrease in CO2 captured
over the sorbent’s lifetime. Using a cost metric with an inte-
grated carbon footprint (Fig. 3(c), right panel) can be used to
optimize the performance and cost of DAC systems while also
minimizing their environmental impact.

3.3 Different forms of degradation

The latter half of the previous question was how the degrada-
tion form affects the optimal replacement time. Sorbent degra-
dation, specifically how the capacity fades over time, is dictated
by the degradation mechanism. In Fig. 4(a), three functional
forms of sorbent degradation are illustrated: (1) linear, (2)
exponential, and (3) piecewise exponential. Linear degradation
is characterized by a constant rate of capacity decline over time.
This form of degradation is typically expected in scenarios
where sorbent material physically exits the bed, when pores
become obstructed with contaminants (fouling), or in cases of
structural collapse, where the degradation does not depend on
the remaining adsorption sites.74 Exponential degradation, in
contrast to the linear form, depends on the concentration of

Fig. 3 Influence of sorbent degradation rate on DAC environmental impact and cost. (a) Sorbent working capacity, (b) carbon removal efficiency (left y-
axis) and carbon footprint (right y-axis), and (c) levelized cost of CO2 capture of a direct air capture process as a function of sorbent replacement time.
Left panel is $ per t-CO2 captured, and right panel is $ per t-CO2 net. Sorbent degradation is modelled as exponential capacity fade, and the decay
constant is varied to achieve the various degradation rates.
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available sites. This type of degradation is frequently observed
in instances of poisoning of chemical adsorbents, where the
rate of deactivation is proportional to the remaining sites.
Piecewise exponential degradation, sometimes referred to as
‘‘hockey stick kinetics,’’ encompasses two or more exponential
functions with distinct break points. The first exponential
function exhibits a more rapid rate of degradation compared
to later functions. This functional has been observed for amine-
supported materials, where the initial rate of degradation is
faster as primary amines are deactivated first, eventually lead-
ing to a seemingly stable or plateaued capacity.75 Volatilization
of low molecular weight amines can also cause faster
degradation,76 which results in a higher initial rate for poly-
amine sorbents with a molecular weight distribution.

The functional form of degradation not only provides
insight into the specific mechanism, but it also impacts the
carbon footprint and process cost of DAC. The extent of this
impact depends on the initial capacity and decay constant
(denoted as ‘‘k’’) associated with each functional form. In
Fig. 4(b) and (c), the carbon footprint and DAC cost of the
three functional forms are compared, all with the same initial
capacity, to highlight how different degradation forms affect
the economic viability. In the case of linear degradation, a rapid
decline in capacity is observed. The decrease in capacity
reduces the carbon removal efficiency as the sorbent captures
less CO2 with a comparable energy consumption. This impacts
the cost per net tonne of CO2 and emphasizes the necessity of
considering carbon footprint, as it can significantly influence
the economic viability of DAC systems. As mentioned before,
the extent of this impact varies significantly with the choice of
energy source. The observed increase in carbon footprint and
cost will be less pronounced when energy sources with low
carbon emissions are utilized. Here, the energy carbon foot-
print is an average of the five states with the lowest carbon
footprints (171 kg CO2 per MW h).

The exponential and piecewise exponential functional forms
exhibit similar carbon footprints due to the comparable work-
ing capacities. However, there is a difference in the DAC
process cost. The initial steeper capacity decline in the piece-
wise exponential functional form leads to a slightly higher

process cost initially compared to that of the exponential form.
However, this is reversed at longer lifetimes due to lower
degradation rate of the piecewise exponential function after
its initial decline. In a scenario where we have to choose
between these three sorbent options, the most economically
favorable choice would be to use the sorbent displaying linear
decay and replace it every year. However, the most economically
favorable choice will depend on the sorbent parameters in the
scenario. Different initial working capacities and degradation
rates will lead to a different result. Without the capacity-fade
economic model, the answer would be ambiguous.

3.4 Tuning polyamine properties via epoxy modification

The previous sections illustrate how a sorbent’s degradation
rate and form affect the overall carbon footprint and cost of
DAC, with guidelines provided for economic viability. The next
question was: can we modify polyamine sorbents with different
functional groups to systematically tune performance in DAC
(working capacity, heat of adsorption, degradation rate)?
Experimentally improving a sorbent’s stability to lower the
DAC cost is often not straightforward due to the interconnected
nature of sorbent properties. This complexity has been
observed in both crosslinking and epoxide functionalization
of polyamines, where increasing the functionalization
increases stability, but it also reduces the CO2 capacity and
heat of adsorption.11,42,44,77,78

To explore this further, we built a small library of modified
polyamine sorbents to study with our newly developed capacity-
fade model. We used a simple modification scheme to functio-
nalize the polyamines in a mesoporous silica support (Fig. 5(a)).
We hypothesized that we could use this one-step modification
to tune the sorbent’s heat of adsorption, working capacity, and
stability through the choice of functional group and extent of
functionalization. As the functional groups attach to the amine
sites, the reacted primary amines will convert to secondary
amines. The secondary amines will convert to tertiary amines,
which are typically inactive for CO2 capture. Increasing the
proportion of secondary and tertiary amines in the sample is
expected to simultaneously reduce the capacity and heat of
adsorption by decreasing the binding strength of CO2 with the

Fig. 4 Influence of degradation form on DAC environmental impact and cost. (a) Working capacity, (b) carbon footprint, and (c) levelized cost of capture
($ per tonne of captured CO2 in left panel, $ per tonne of net CO2 in right panel) as a function of sorbent replacement time for linear, exponential, and
piecewise exponential degradation functional forms. The decay constant (k) was 1.76 � 10�5 cycle�1 for linear and 4.40 � 10�5 cycle�1 for exponential.
The parameters for piecewise exponential were: k1 = 7.33 � 10�5 cycle�1, k2 = 1.94 � 10�5 cycle�1, and ts = 0.6 years.
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material. Three functional groups were tested (reagent in
parentheses): 2-hydroxypropyl (1,2-epoxypropane), methyl
(methyl iodide), and propyl (propyl iodide).

The modified poly(ethyleneimine) (PEI) SBA-15 sorbents
were prepared by impregnating a solution of n-x-PEI in metha-
nol into SBA-15, where ‘‘x’’ denotes the functional group
such as methyl (M), propyl (P) and 2-hydroxypropyl (HP) and
‘‘n’’ denotes the molar ratio of the functional reagent (e.g.,
1,2-epoxypropane) to total moles of nitrogen in PEI. For
example, 0.25HP-PEI was prepared with methanol, PEI, 1,2-
epoxypropane solution that contained 0.25 moles of 1,2-
epoxypropane per mole of nitrogen in PEI. Complete details
of the synthesis and characterization of the sorbents are
provided in Section S6 of the ESI.† As expected, increasing
the loading of modified PEI in the sample reduces the pore
volume (Table S33, ESI†). Excessive PEI loading can lead to
reduced CO2 uptake.79–81 Several studies have previously con-
cluded that there is a maximum adsorption capacity of PEI at
around 40% organic loading in the SBA-15 framework.82,83

Thus, all studies in this work were performed at a fixed
40 wt% organic loading in the SBA-15.

The amount of adduct in the amine solution can be used to
control the extent of functionalization and final properties of

the sample, illustrated in Fig. 5(b)–(g). The CO2 uptakes in
Fig. 5(e)–(g) were measured gravimetrically using a temperature
swing adsorption process (adsorption: 30 1C, 400 ppm CO2

in He; regeneration: 110 1C, He), and the CO2 heats of
adsorption were measured in a thermogravimetric analysis/
differential scanning calorimetry (TGA/DSC) system under
400 ppm. As expected, unmodified PEI/SBA-15 (molar ratio of
adduct to nitrogen = 0) exhibited the highest CO2 uptake
(1.2 mmol g�1) and heat of sorption (�80 kJ mol�1); these
measurements are consistent with previous literature.78,84,85

Characterization beyond measuring the CO2 uptake, heat of
adsorption, and degradation rate is not critical for the eco-
nomic model. However, we choose to include these details here
to emphasize the connection that must be made between
experimental sorbent design, process engineering, and eco-
nomic analysis. In order to effectively tune sorbent properties
to reduce the cost of direct air capture, we need to clearly
understand how our tuning affects the performance, which
requires knowledge of details such as the amine state distribu-
tions and steric hindrance of functional groups.

Quantitative liquid-phase 13C NMR (Fig. S11, ESI†) was used
to characterize the amine state distributions in the unmodified
and modified PEIs.86 According to the quantitative analysis, the

Fig. 5 Experimental tuning of sorbent properties. (a) Modification scheme of polyethyleneimine (PEI) with varying modification agents for functionaliza-
tion. (b)–(d) Proportion of primary (11), secondary (21), and tertiary (31) amines in the functionalized PEIs for 2-hydroxypropyl, methyl, and propyl
functional groups. It is displayed as a function of the molar ratio of adduct to nitrogen in the PEI. (e)–(g) CO2 uptake (left y-axis, bars) and heat of
adsorption (right y-axis, points) for PEI functionalized with 2-hydroxypropyl, methyl, and propyl.
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unmodified PEI possesses a primary : secondary : tertiary amine
ratio of 36 : 38 : 26, respectively. As the amount of adduct in
solution and subsequent functionalization with methyl, propyl,
and 2-hydroxypropyl groups increases (from 0–0.75 in Fig. 5(b)–
(d)), the proportion of primary amines in the sample (pink bars)
gradually decreased. The secondary amines (blue bars) and
tertiary amines (green bars) increased.

Notably, the increase in the secondary amine portion (pink
bars) was much faster than the increase in the tertiary amine
portion (green bars). For example, for methyl modification in
Fig. 5(c), the secondary amines increase from 36% to 48% in
the 0.25Me-PEI/SBA-15 sample, but the tertiary amines only
increase from 27% to 30%. This indicates that the functiona-
lization is selective towards converting primary amines to
secondary amines rather than the alkylation of secondary
amines to tertiary amines. This effect is even more pronounced
when the chain length of the adduct is increased. For instance,
in the case of methyl-modified PEI, 70% of the methyl reagent
(CH3I) reacted was attributed to the conversion of primary to
secondary amines. In comparison, the other 30% was used for
the conversion of secondary to tertiary amines. In the case of
propyl-modified PEI, 90% of the adduct went towards convert-
ing primary amines to secondary.

We suggest that this selectivity is due to steric hindrance of
the secondary amine sites, which provides less accessible
reaction sites compared to the primary amines.44 In the case
of reaction with 1,2-epoxypropane (Fig. 5(b)), a similar reaction
trend in primary amine sites is observed. However, the conver-
sion of primary to secondary amines was not as pronounced as
propyl-modified PEIs. The selective alkylation of primary to
secondary amines is desirable to limit reductions in CO2

adsorption capacities, as tertiary amines capture CO2 much
less efficiently than primary and secondary amines.87,88

Similar degrees of functionalization were observed for the
three different adducts. For example, with a 0.25 molar ratio of
adduct to nitrogen in the solution, regardless of the adduct, the
resulting samples have 20–22% primary amines (pink), 44–48%
secondary amines (blue), and 30–35% tertiary amines (green).
Despite the similar extent of functionalization, differences are
observed in performance between the different functional groups.
For the 0.25 molar ratio functionalization solutions, the CO2

capacity is more significantly reduced when the hydrophobic alkyl
groups such as methyl and propyl were used for modification,
and the reduction is even more pronounced for the larger
propyl group (Fig. 5(f) and (g)). In contrast, the hydrophilic
2-hydroxypropyl modified PEI (Fig. 5(e)) retains approximately
0.6 mmol g�1 CO2 capacity, with a heat of adsorption of
�45 kJ mol�1, while the methyl- and propyl-functionalized PEI
materials have CO2 uptakes of less than 0.4 mmol g�1 and heats
of adsorption between �45 and �35 kJ mol�1.

The trends in CO2 uptake are consistent with the heat of CO2

adsorption measured in a in a TGA/DSC system under 400 ppm
(Fig. 5(e)–(g), right y-axis). Unmodified PEI showed the largest
heat of adsorption for CO2 (�80 kJ mol�1). The methyl-
modified-PEI samples (Fig. 5(f)) showed a substantially lower
heat of CO2 adsorption (�20 to �50 kJ mol�1), which decreased

gradually as the side chains became bulkier, or when more
alkyl groups are added. This can be attributed to longer chains
reducing the accessibility of amines due to steric hindrance,
weakening carbamate species formation.42,89,90 In the case of 2-
hydroxypropyl functionalized samples (Fig. 5(e)), the heat of
adsorption is determined by steric factors as well as the
electron-withdrawing nature of the adduct, which reduces the
basicity of the amine sites and results in weaker amine–CO2

interactions.43,48 Notably, the heat of adsorption is higher in
similarly titrated 2-hydroxypropyl modified PEI versus methyl
modified PEI. This suggests more accessible amines and the
formation of more enthalpically favored alkylammonium car-
bamate groups in 2-hydropxypropyl PEI. Because of its greater
retention of capacity, the 2-hydroxypropyl-modified PEI materi-
als (HP-PEIs) were identified as the best candidates for
further study.

3.5 Cost predictions for modified sorbents

The final question is: which combination of properties results
in the most economically advantaged sorbent for DAC? The
significant impact of stability on the economic feasibility of
sorbents is evident from the wide variation in cost observed
with different degradation rates, as shown in Fig. 3. Using
experimentally measured heats of adsorption and working
capacities (Fig. 5), we estimated the DAC levelized cost of CO2

capture for each sorbent (Fig. 6(a)). Without considering stabi-
lity differences, the LCOC of the HP-modified sorbents ($325–
395 per t-CO2) surpasses that of the unmodified PEI ($315 per t-
CO2). The cost difference is primarily attributed to the reduced
working capacity of the functionalized samples, which necessi-
tates more sorbent for capturing the same amount of CO2. The
increased sorbent amount consequently increases the sensible
heat (light blue bar). The lower heat of adsorption of the
modified samples does reduce the latent heat (red bar), but it
is not enough to overcome the consequences of the reduced
working capacity.

However, this cost comparison in Fig. 6(a) overlooks stability
differences. Previous studies have demonstrated that functio-
nalization of polyamines with 2-hydoxybutyl improves the cyclic
stability,41–47 and Goeppert et al. also established the stability
of pentaethylenehexamine (PEHA) and tetraethylenepentamine
(TEPA) functionalized with 2-hydroxypropyl (HP).11,91 Similar
enhancement in stability is expected for HP-functionalized PEI.
To confirm, we evaluated the working capacity of unmodified
PEI and 0.10HP-PEI over 20 cycles (Fig. 6(b)). The cycles
consisted of 60 minutes of adsorption (35 1C, 400 ppm CO2

in N2) followed by 10 minutes of desorption (90 1C, N2).
Even for only 20 cycles in mild conditions, the enhanced

stability of the HP-PEI compared to unmodified PEI is evident.
The unmodified PEI exhibited approximately 2% capacity loss,
likely due to the formation of cyclic urea under repeated dry
temperature swing cycles, as reported in past studies.92–94

However, after modification with 2-hydroxypropyl, this degra-
dation is suppressed. The steric hindrance around the active
primary amine sites provided by 2-hydroxypropyl groups can
slow down the formation of intermediates.95 The hydroxyl
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group in the adduct provides additional hydrogen bonds that
may stabilize the carbamic acid/carbamate species and prevent
them from undergoing cyclization reactions.42 It has been
demonstrated that higher extents of functionalization result
in further stability enhancement.42

The gravimetric analysis instrument (TGA) is not air-tight
(Fig. S9, ESI†), and we hypothesize that the presence of trace

oxygen at high temperature desorption conditions is contribut-
ing to degradation as well. This is consistent with previous
literature demonstrating the impact of oxygen on the degrada-
tion of amines.19,46,95 Oxidative cleavage of C–N bonds at the
primary amines can lead to a significant loss of CO2 affinity.96

Guta et al. observed 80% sorbent deactivation after 8 days (17%
deactivation in 3 hours) in 400 ppm CO2 per air at 70 1C, in

Fig. 6 DAC cost with modified PEI sorbents. (a) DAC cost and cost components using unmodified and modified PEI samples, with no degradation
included. Sorbent cost components are minor. (b) Capacity decrease over time for unmodified and modified PEI (0.15HP-PEI), measured gravimetrically.
The inset displays the same data magnified. (c) Cyclic capacity data for unmodified PEI in accelerated conditions from Choi et al., fit to a piecewise
exponential equation. (d) Comparison of experimental DAC cyclic capacity data with the piecewise exponential function used in the model. (e) Cost of
unmodified and modified samples as a function of degradation rate. The points below each PEI horizontal line have a lower cost of CO2 capture. For
example, if PEI degrades 50% in 2 years, then 0.05HP-PEI must degrade less than 60% in 2 years to achieve a lower cost of CO2 capture. (f) Illustration of
the necessary stability of each sorbent for equivalent DAC cost. Capacity fade profiles of modified PEI that result in the same cost at the optimum
replacement time. (g) LCOC for each of the sorbents with the capacity fade profile from (f). The dotted line indicates the optimum replacement time
(minimum LCOC). The parameters used for each of the sorbents are listed in Table S2 (ESI†).
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contrast to 2% sorbent deactivation after 8 days in 400 ppm
CO2 per N2 at the same temperature.19

To determine which degradation form best fits the deactiva-
tion data, we analyzed cyclic stability data from Choi et al. with
harsher cycle conditions – higher-concentration, humid CO2

(15%) for adsorption and pure CO2 at a higher temperature
(120 1C) for desorption. The harsher cycle conditions accelerate
degradation, providing insight into the degradation profile at
longer times. With the accelerated conditions, Choi et al.
observed a 40% loss in the working capacity unmodified PEI
over 50 cycles, in contrast to the 2% loss in Fig. 6(b) with
adsorption in 400 ppm, dry CO2 and desorption in N2 at 90 1C.
The accelerated degradation data were fit to linear, exponential,
and piecewise exponential functions, and the piecewise expo-
nential function was determined to be the best fit for the
unmodified and modified polyamine sorbents (Fig. 6(c) and
Fig. S7, ESI†).

The question remains: how much stability improvement is
necessary to offset the reduced working capacity of the mod-
ified PEI sorbents? The answer is useful not only for the 2-
hydroxypropyl functionalized polyamine series but also any
sorbent modification that improves stability at the expense of
productivity. To answer the question for one case, we evaluated
the DAC cost of PEI, 0.05HP-PEI, 0.10HP-PEI, and 0.15HP-PEI
with various degradation rates, using the experimentally mea-
sured properties and piecewise exponential form. The observed
experimental capacity loss in Fig. 6(b) was used to define the
deactivation in the first part of the piecewise form (Fig. 6(d)).
The resulting costs for each of the sorbents with varying
degradation rates are shown in Fig. 6(e). For the unmodified
samples, the points below each PEI horizontal line have a lower
cost of CO2 capture. For example, if PEI has a degradation rate
of 2.2 � 10�5 cycle�1, then 0.05HP-PEI must have a degradation
rate lower than 1.6 � 10�5 cycle�1 to achieve a lower cost of CO2

capture.
We then determined the degradation rate at which the

modified samples yielded an equivalent DAC cost to unmodi-
fied PEI. The necessary capacity fade profile for each modified
sorbent is depicted in Fig. 6(f), and the resulting LCOC for each
is in Fig. 6(g). As the degree of functionalization increases and
working capacity decreases, greater stability enhancement is
necessary to achieve the same cost. For instance, 0.05HP-PEI
requires only a slight stability improvement over unmodified
PEI, whereas 0.15HP-PEI requires significantly higher stability
(Fig. 6(f)). If the sorbents are only used for a short amount of
time before replacement, the unmodified PEI results in a lower
cost of CO2 capture due to its higher working capacity
(Fig. 6(g)). However, as the sorbent usage time is extended,
the umodified PEI will degrade more than the modified
HP-PEIs.

The results presented in Fig. 6(f) and (g) reflect a scenario in
which the unmodified PEI loses 50% of its capacity in two
years, consistent with the deactivation timeline observed in
Climeworks amine sorbents as described by Deutz et al.61

However, the PEI degradation rate will depend on the selected
cycle parameters and environmental factors, such as humidity,

temperature, and the concentration of other air contaminants.
The results for several PEI degradation rates in Fig. 6(e) account
for this variability, providing both a sensitivity analysis and
guidance for processes with different observed degradation rates.

While experimental degradation data in literature could be
fit to estimate decay constants, there are two limitations that
reduce the merit of those decay constants. First, the small
number of cycles limits the accuracy of the rates, as the limited
number of cycles may be missing a lower degradation rate at
longer sorbent lifetimes. For example, the rate of degradation
of monoethanolamine (MEA) begins to slow after approx. 50
hours of oxygen exposure at high temperatures (120–160 1C),97

and Fan et al. observed a shift in the degradation rate of PEI
after 80 cycles with dry flue gas containing 200 ppm SO2.75

Thus, there is uncertainty in the long time degradation beha-
vior. The second limitation is that decay constants are specific
to cycle conditions, so economic conclusions derived from one
set of data may not extend to processes with different air
humidity, air temperature, desorption temperature, cycle time,
etc. In real operation, these factors change continuously. These
limitations in measuring the degradation rate prevent us from
predicting the cost of CO2 capture for each sorbent. Rather, we
only provide necessary stability metrics to achieve cost reductions
compared to an unmodified sample. Future work should consider
employing verified accelerated aging testing to assess sorbent
stability within more reasonable time frames.19,98,99 We used
accelerated aging here as a tool for determining degradation form
in Fig. 6(c) and (d), but the challenge of connecting accelerated
degradation times to actual process times remains.

Fig. 7 compares the impact of degradation rate, working
capacity, and cycle time (kinetics) on the total DAC cost. The
top three figures illustrate five working capacities, and the
bottom three illustrate five cycle times. The left, middle, and
right panels are no degradation, 70% capacity remaining at 1
year (exponential decay), and 50% capacity remaining at 1 year
(exponential decay), respectively. All figures are displayed as a
function of sorbent replacement time. By comparing the three
panels with varying degradation rates, we can see that the
degradation rate has a substantial impact on the cost when
the working capacity is low or when the cycle time is high, due
to the large amount of sorbent required. It is important to note
that the parameters used for these cost estimates are quite
conservative. Thus, we also evaluated a ‘‘best case scenario’’ in
which all of the model parameters are set at highly optimistic
values, some of which may be beyond the current state-of-the-
art (Table S1, ESI†). This includes an optimistic energy carbon
footprint of 17 kg CO2,eq. per MW h, in contrast to the 171 kg
CO2,eq. per MW h that was used in the rest of the analysis.
These ‘‘best case scenario’’ parameters result in a cost of
slightly above $135 per t-CO2.

The difference between no degradation and fast degradation
is less significant for sorbents with working capacities above
2.0 mmol g�1, but continuing to use degrading sorbents past
the optimum replacement time will increase the cost. Addi-
tionally, it is clear that using a sorbent with a high capacity and
high degradation rate can be less economically viable than a
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sorbent with a low capacity and low degradation rate. Similarly,
sorbents with fast kinetics (i.e., short cycle times) and high
degradation rates can be higher in cost than sorbents with
longer cycle times and low degradation rates. Without an
economic model, it would not be clear which combination of
properties results in the most economically viable process due
to the complex relationships between sorbent properties and
process cost. A single sorbent property cannot be used as a
predictor for economic viability of DAC.

4 Conclusions

An economic model with the capability to analyze sorbent
degradation was developed for direct air capture. Sorbent
degradation not only leads to higher costs than anticipated,
but it can also result in high carbon footprints, especially when
carbon-intensive energy sources are used. The capacity-fade
model can be used to determine the sorbent replacement time
that optimizes the performance and cost of DAC systems while
also minimizing their environmental impact. The degradation
form and rate both influence the carbon footprint, cost, and
optimal sorbent replacement time.

The working capacity, heat of adsorption, and stability of
polyamine sorbents were experimentally tuned using a one-step
modification with alkyl or epoxy reactants, producing alkyl or
hydroxyalkyl functional groups on the polyamine. The stability
of the functionalized sorbents can outweigh the lower working

capacity in some cases, emphasizing the important role of
sorbent stability in economic feasibility.47 Degradation infor-
mation coupled with a capacity-fade economic model is vital for
accurately predicting the cost of direct air capture.

There are some key limitations of this study. First, the
potential for increased suppression of H2O sorption due to
the addition of the hydrophobic functional groups was not
explored. Water sorption can affect the adsorbent stability,
capacity, and thermal energy requirements, and we previously
demonstrated the significant impact of these effects on the
economic viability of BECCS.30 Water management with effec-
tive heat integration will be critical for the success of DAC
technologies.72,100,101 Additionally, the cost of functionalizing
sorbents was also not considered. While this is thought to be
minimal for polyamines, the cost of modifications could be
substantial for other adsorbents such as MOFs, and thus
modeling this cost is the focus of ongoing research.102 The
reduced carbon footprint of polyamine replacement via the
recommended washing procedure should also be explored
further.57 Finally, diverse thermal energy sources, such as waste
heat or heat pumps, and heat integration strategies should also
be considered in future work.71–73
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Fig. 7 Impact of sorbent degradation rate on cost with varying productivity. Levelized cost of CO2 captured ($ per t-CO2 net, including carbon footprint)
is shown as a function of degradation rate, working capacity, cycle time, and sorbent replacement time. The top three figures illustrate various working
capacities, and the bottom three figures illustrate various cycle times. The left, middle, and right panels are no degradation, 70% capacity remaining at 1
year (exponential decay), and 50% capacity remaining at 1 year (exponential decay), respectively. The insets on the left panel display the same data
magnified. The highly optimistic parameters used for the ‘‘best case scenario’’ are listed in Table S1 (ESI†).
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12 M. Erans, E. S. Sanz-Pérez, D. P. Hanak, Z. Clulow,
D. M. Reiner and G. A. Mutch, Energy Environ. Sci., 2022,
15, 1360–1405.

13 M. Bui, C. S. Adjiman, A. Bardow, E. J. Anthony, A. Boston,
S. Brown, P. S. Fennell, S. Fuss, A. Galindo, L. A. Hackett,
J. P. Hallett, H. J. Herzog, G. Jackson, J. Kemper, S. Krevor,
G. C. Maitland, M. Matuszewski, I. S. Metcalfe, C. Petit,
G. Puxty, J. Reimer, D. M. Reiner, E. S. Rubin, S. A. Scott,
N. Shah, B. Smit, J. P. M. Trusler, P. Webley, J. Wilcox and
N. Mac Dowell, Energy Environ. Sci., 2018, 11, 1062–1176.

14 Y. H. Miao, Y. Z. Wang, B. Y. Ge, Z. J. He, X. C. Zhu, J. Li,
S. K. Liu and L. J. Yu, Adv. Sci., 2023, 10, 2207253.

15 F. H. Kong, G. Rim, P. Priyadarshini, M. Y. Song,
M. J. Realff, R. P. Lively and C. W. Jones, Sustainable Energy
Fuels, 2023, 7, 4461–4473.

16 J. Elfving, J. Kauppinen, M. Jegoroff, V. Ruuskanen,
L. Jarvinen and T. Sainio, Chem. Eng. J., 2021, 404, 126337.

17 R. Kumar, S. Ohtani and N. Tsunoji, Microporous Meso-
porous Mater., 2023, 360, 112714.

18 G. Rim, F. H. Kong, M. Y. Song, C. Rosu, P. Priyadarshini,
R. P. Lively and C. W. Jones, JACS Au, 2022, 2, 380–393.

19 J. C. Yoseph, A. Guta, S. Li, G. Innocenti, S. H. Pang,
M. A. Sakwa-Novak, C. Sievers and C. W. Jones, ACS Appl.
Mater. Interfaces, 2023, 15, 46790–46802.

20 S. Bose, D. Sengupta, C. D. Malliakas, K. B. Idrees, H. Xie, X.
Wang, M. L. Barsoum, N. M. Barker, V. P. Dravid, T. Islamoglu
and O. K. Farha, Chem. Sci., 2023, 14, 9380–9388.

21 H. Azarabadi and K. S. Lackner, Appl. Energy, 2019, 250,
959–975.

22 J. Young, N. McQueen, C. Charalambous, S. Foteinis,
O. Hawrot, M. Ojeda, H. Pilorge, J. Andresen, P. Psarras,
P. Renforth, S. Garcia and M. van der Spek, One Earth,
2023, 6, 899–917.

23 D. W. Keith, G. Holmes, D. S. Angelo and K. Heidel, Joule,
2018, 2, 1573–1594.

24 N. McQueen, P. Psarras, H. Pilorgé, S. Liguori, J. J. He,
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