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 Carbon capture and storage (CCS) has been the focus of intense 
research in the last decade, with a strong focus on capturing 
CO 2  from large single point sources, such as fossil fuel burning 
power plants. This is in large part because of the relatively high 
concentrations of CO 2  in the fl ue gas stream (5–20%), com-
parative ease of retrofi tting post-combustion technologies to 
existing power plants, and removing output from these sources 
would address about 40% of global CO 2  emissions. [  1  ]  

 The current, amine-scrubbing technology [  2  ]  survives because 
it drastically reduces CO 2  output from coal fi red power plants, 
but it crushes the economic pillar because of the enormous par-
asitic power demands imposed during the solution's regenera-
tion process. Monoethanolamine (MEA) solutions (30 wt% in 
water is the most common) work by chemically bonding CO 2  
to form carbamates, but to regenerate them, the water solu-
tions must be heated up, which can account for about 25–40% 
of a power plant’s energy output. [  2  ,  3  ]  Another drawback of MEA 
scrubbing is the highly corrosive property of aqueous amine 
solutions. To deal with this problem specially designed tanks are 
needed and the solutions must be handled cautiously. [  4  ]  In order 
to reduce the energy penalty that coal or natural gas fi red power 
plants incur during the process of scrubbing CO 2  from fl ue gas, 
new methods and materials must be investigated. Emergent 
technologies such as carbonate looping, ionic liquids, [  5  ]  solid 
sorbents, [  6  ]  etc. have been reviewed by several groups. [  7  ]  Phys-
isorptive materials such as zeolites, metal-organic frameworks 
(MOFs), and porous polymer networks (PPNs), work in regions 
of much lower sorption enthalpies than chemical absorption 
and can therefore be used to mitigate energy costs because 
sorbent regeneration is much cheaper. [  8  ]  There has been some 
debate about which type of regeneration mechanism should be 
used for solid sorbents, vacuum and/or pressure swing adsorp-
tion have not been seen as the most favorable processes because 
of high energy demands associated with reducing pressures 
in such large volumes of gas at a low cost. Temperature swing 
adsorption (TSA) is viewed as the favorite because it is easier 
to implement, as it is already being used in other processes at 
large scale and can potentially be done cost effectively with low 
grade steam (a very cheap source of energy). [  9  ]  
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 Lower sorption enthalpies in physisorptive materials can 
potentially be used to mitigate costs because regenerations 
can be done with less energy per cycle than is possible with 
chemical absorption. There are a myriad of new materials 
being investigated for CCS applications with a multitude of 
characterization data and analytical techniques across a range 
of chemical processes. There is, however, an unfortunate lack 
of direct comparisons between various capture technologies, 
in large part because there is not a unit of measure that can 
be applied across technologies. Of course, ultimately cost per 
ton of CO 2  captured would be the preferred value, however it 
is typically not possible to accurately predict this value at early 
stages of technology development because too many assump-
tions (e.g. the process, monetary costs of raw materials and 
energy used to regenerate, etc.) need to be made. Therefore 
comparative studies often include a wide array of assump-
tions resulting in different costs for the same materials or 
process. [  10  ]  

 Since the cost assessment is dependent on so many 
assumptions, researchers often compare materials on an 
energy per captured CO 2  basis, i.e., the energy a system will 
consume per unit of CO 2  captured, also referred to as para-
sitic energy. Unfortunately existing methods include process 
related energies. For example, heat recovery evaluations, 
which lower parasitic energy or work to compress CO 2  from 
1 to 100 bar (min. compression work reported by APS  =  
218 kJ/kg CO2 ) are often included and distract from the mate-
rial specifi c values. [  8  ]  These values could simply be added to 
each material and are therefore unnecessary to evaluate when 
comparing materials. 

 We developed a model to calculate energy per captured CO 2  
to compare materials on an equivalent basis for a TSA process 
and only incorporated regeneration energies that are directly 
dependent on the material. This value can readily be calculated 
from data available at early technology development stages of 
liquid and solid sorbents. We herein present an easy to use, 
high-throughput model to predict sorbent working capacities 
and regeneration energies as a function of desorption tempera-
ture, more simply put as  Equation 1 :

 

CapturedCO2

EnergyRegeneration

= fcn(TDesorption)
  

(1)
    

 By fi tting experimental data to a single/multi-site Langmuir 
model, adsorption quantities can be modeled as a function of 
pressure and temperature. Working capacity of a material in a 
TSA process can be defi ned as the difference in loading quanti-
ties at the adsorption and desorption state ( Equation 2 ):
bH & Co. KGaA, Weinheim 3957wileyonlinelibrary.com
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Working CapacityCO2
= q1 − q2 =

∑
qsat,i

bi (Tads )Pads

1 + bi (Tads )Pads
−

∑
qsat,i

bi (Tdes )Pdes

1 + bi (Tdes )Pdes

  
(2)

    
  q  1 : quantity adsorbed at loading conditions ( P  ads   =  1 bar, 

15% CO 2 ,  T  ads   =  40  ° C) [  9c  ]  q  2 : quantity adsorbed at regeneration 
conditions ( P  des   =  1 bar, 100% CO 2 ,  T  des  is variable) q  sat  and  b : 
Langmuir parameters (see SI for full details);  i : index for CO 2  
adsorption site. 

 Total energy input to reach desorption conditions in a TSA 
process are dependent on two main energy contributions: 1) 
the energy needed to raise the bed temperature from 40  ° C to 
the desorption temperature ( Δ  h  cap ) and 2) the energy required 
to overcome the endothermic desorption process ( Δ  h  ads ).

 

�hcap =
Tdes∫

40

c p(T )dT

  
(3)

   

 

�hads = hads (Tads ) − hads (Tdes ) =
q1∫

0

Qst dq −
q2∫

0

Qst dq

  
(4)

    

  Q  st  is the loading dependent isosteric heat of adsorption and 
can be calculated from the Langmuir parameters according to 
 Equation 5  (see Section S4 in the SI for full details and exam-
ples of all energy calculations)

 
Qst = RT 2

(
∂ ln p

∂T

)
q   (5)    

 Combining  Equations 2 – 4  gives us the tool to evaluate the 
working capacity of CO 2  per unit energy for any material which 
has adsorption properties that can be described by Langmuir, 
     Figure  1 .     Experimental and calculated CO 2  adsorption isotherms of –SO 3 Li using the dual-site 
Langmuir parameters listed in the SI.  
simply stated as  Equation 6 .

 

Working CapacityCO2

EnergyRegeneration

= q1 − q2

�hcap + �hads   
(6)

    

 The fi rst series of compounds analyzed 
by this method will be used as explanatory 
examples. We have chosen to work with data 
from a series of porous polymer networks
 (PPNs), PPN-6-SO 3 Li and –SO 3 H and amine 
functionalized networks, PPN-6-CH 2 –EDA, 
–DETA, –TETA, and –TAEA (hereafter referred 
to by the suffi x for simplicity) as these provide 
wide ranges of adsorption capacities for CO 2  
as well as energy requirements in terms of 
heat capacities and sorption enthalpies and 
are, from a basic structural point of view, sim-
ilar enough to draw conclusions and establish 
structure-property relationships. 

 To use this as a high-throughput model 
we need an analytical function that accu-
rately predicts CO 2  loading as a function of 
pressure and temperature for each material. 
This is accomplished by fi tting a Langmuir 
model to experimental adsorption data over 
a range of temperatures and introducing the 
temperature dependence with the Arrhenius 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
equation. The isotherms can be measured over any tem-
perature range and at any interval, however large ranges and 
smaller intervals require substantial time and effort. Collecting 
isotherms over a wide temperature range also, has the disad-
vantage of potential inaccuracies of the instrument outside of 
its standard operating range. 

 We show with –SO 3 Li that the collection of only four adsorp-
tion isotherms is necessary to create a model covering the full 
range of temperature and pressure; experimental data, full dis-
cussion of fi tting, equations, Langmuir parameters, and experi-
mental and predicted isotherms for all compounds can be found 
in SI section 3. In our example, CO 2  isotherms were collected 
at 10  ° C increments from 273 to 393 K (circles in  Figure   1 ). 
The data at 295, 303, 313, and 393 K was fi t to a dual-site Lang-
muir model and the resulting  b  parameters were plotted and fi t 
with an Arrhenius equation (Figure S6), resulting in the tem-
perature independent  b  0  and  E  parameters. From these fi tting 
parameters, isotherms at all experimental temperatures were 
predicted and overlapped (solid lines in Figure  1 ) with meas-
ured values data resulting in good agreement between both sets 
of data, thus giving us a high degree of confi dence to use this 
method to predict CO 2  loading as a function of pressure and 
temperature. Data was subsequently collected at four tempera-
tures for all other compounds and the results of these calcula-
tions are plotted in the respective Figures in the SI.    

 Figure 2  a shows the working capacity as pertaining to des-
orption temperature ( Equation (2) ) for each of the six PPNs. In 
comparison with the state of the art technology, amine scrub-
bing, it can be seen that several PPNs surpass the working 
capacities of a 30% MEA solution (0.83 mmol/g) at 120  ° C. 
At the same temperature –DETA (black squares) reaches 
2.10 mmol/g, over double the working capacity of MEA; the 
working capacities at 120  ° C for –EDA, –TETA, and –TAEA are 
0.99, 1.28 and 1.50 mmol/g, respectively.  
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 3957–3961
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     Figure  2 .     a) Working capacity; b) Energy requirements as a function of 
desorption temperature for all PPNs and 30% MEA solution.  
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     Figure  3 .     a) Working capacity per unit energy input as a function of 
temperature; b) Maximum working capacity per energy as a function of 
working capacity.  
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 However, as mentioned earlier, working capacities alone 
should not be the primary measure for CCS technologies. By 
evaluating the working capacity of CO 2  per regeneration energy, 
it can be observed that the order of performance is not only 
reliant on working capacity values. The energy required to heat 
an MEA solution to reach a capacity of 0.83 mmol/g is around 
380 J/g sol  whereas –DETA only needs 137 J/g mat . As can be seen 
in Figure  2 b, MEA has higher energy requirements than all 
PPNs tested, largely due to the high heat capacity of the solu-
tion. Examples of the contribution of individual energies to 
the total energy requirement and why both are important are 
presented along with further explanations in section 7 of the 
SI. –DETA shows extraordinarily high working capacities, how-
ever also the highest regeneration energies from 90–160  ° C, 
whereas –EDA (red circles) shows lower working capacities, but 
has very low regeneration energies over the entire temperature 
range. 

 The question that logically arises next is: which material is 
better (higher working capacity or lower energy) and at which 
temperature should heating be stopped and the energy applied 
to the next bed? Both of these questions can simply be answered 
by plotting data for each compound according to  Equation 6  as 
© 2013 WILEY-VCH Verlag GAdv. Mater. 2013, 25, 3957–3961
a function of desorption temperature (presented in  Figure   3 ). 
The combination of these two equally important parameters, 
working capacity and regeneration energy, is clearly evident 
as –EDA and –DETA have nearly the same values, despite 
over double the working capacities of –DETA (Figure  3 b). As 
expected, we also observe a maximum value for each com-
pound (at 114.6  ° C for –DETA) since the working capacities 
reach a plateau while the energy requirement continues to rise. 
This maximum does not show the highest possible working 
capacity per material, but the temperature to which it makes 
sense to heat the material and recover pure CO 2 . At increas-
ingly higher temperatures, it is less benefi cial to input more 
energy as the return of CO 2  (i.e., increased working capacity) 
comes at a higher price. As a simple example, raising the tem-
perature of–DETA from its optimal desorption temperature 
of 114.6 to 200  ° C would only add an additional 0.31 mmol/g 
for an energy penalty of 128.7 J/g. If this energy were used to 
regenerate the next sorption bed, over twice (0.76 mmol/g) the 
amount of CO 2  would be captured.  

 The material with the largest mmol/kJ value will be the best 
material for this process, because exactly one global maximum 
value will be reached for any compound which can be described 
3959wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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 by Langmuir. What is also interesting to note is that, all four 

amine containing PPNs analyzed here are better candidates for 
TSA because the working capacity per energy values lie above 
those for MEA. The reciprocal of this number can be converted 
to units of kJ/kg CO2 , a value typically found in literature for cap-
ture type applications because an energy penalty per unit of CO 2  
captured can easily be measured. This method does not include 
various process parameters and effi ciencies. In fact on a mate-
rial to material basis, –DETA (7.53 mmol/kJ, 3019 kJ/kg CO2 ) is 
better than MEA (2.16 mmol/kJ, 10519 kJ/kg CO2 ) by a factor of 
3.48 and the best material of all compared over the entire tem-
perature range. This shows that the amine modifi ed PPNs have 
enormous potential as a competitive carbon capture technology. 

 Presented herein are experimental data for a series of six 
functional porous materials for potential carbon capture appli-
cations, these show a complete picture of materials proper-
ties that are often ignored in chemistry-oriented journals. The 
method presented here is easily accessible for any researcher 
to use, given only the input of experimental data from adsorp-
tion isotherms (or alternatively the Langmuir coeffi cients) and 
heat capacities of any material. This connects traditional experi-
mental chemistry with engineering to begin to form a much 
needed bridge between the two disciplines, thus potentially 
providing a tool to compare all of the materials in this quickly 
growing area of research. 

 We explained why these parameters are suffi cient, how the 
model uses these values to calculate working capacities and 
regeneration energies as functions of temperature as well 
as optimal desorption temperatures for each compound. Of 
course, there are other factors that will come into play during 
an industrial process, such as the work of compression to raise 
pressure from desorption conditions or the effi ciency of par-
ticular types of heat exchangers etc., however, all of these values 
serve to manipulate the energy requirement calculated by this 
method and can simply be applied as more data is available. 
Many of these corrections are based on best guess estimations 
and assumptions of a fi nal process, such as effi ciencies and 
energy required to compress an ideal gas ( W  comp ), and are there-
fore liable to change upon integration of any material into the 
actual system. To compare one material to another, the simple, 
raw, easy to calculate number will be the most telling, as it will 
give a true direct comparison between materials, independent 
of assumptions about the process. The method also has the 
added benefi t of predicting an optimal desorption temperature 
for each material, or the energy at which is it no longer sen-
sible to input more energy as there are diminishing returns in 
the capture capacity beyond this point. The energy is therefore 
better spent on the heating the next capture bed, as more CO 2  
will be recovered for the same quantity of energy. The model 
is useful in real settings as it provides a guide to conditions 
that should be tested, instead of wasting research dollars to 
fi nd ballpark conditions, or make decisions on which materials 
will be tested. The simplicity of the model also means that it 
is easily tunable by, for example, changing the composition in 
the gas mixture, varying the input temperature or pressure of 
the mixed gas stream, or even going as far as adding additional 
process energies etc. We have herein presented new experi-
mental data for a series of materials that showed potential, but 
not all of which surpassed the industrial standard. Efforts are 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
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 Experimental Section 
 Full description of fi tting parameters, comparisons between experimental 
and predicted data, explanations of equations and variables as well as 
theoretical underpinnings can be found in the SI. Initial conditions of the 
fl ue gas were chosen to be 40  ° C and a mixture of 85% N 2  and 15% CO 2  
in 1 bar stream, equal to a CO 2  partial pressure of 0.15 bar. Adsorption 
conditions were chosen to refl ect initial conditions of fl ue gas based on 
data from several sources. [  6  ,  9c  ]  These values could, of course, easily be 
changed to accommodate a different process or adsorption/desorption 
conditions. 

 MEA data was calculated according to  Dugas  and  Rochelle . [  11  ]  Heat 
capacities and heats of adsorption were extracted from literature values, 
full explanation and calculation in the SI section 8.   
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