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Example air capture system

Figure SI1 shows an example system for carbon capture from ambient air using the most conventional technology. It

combines a contactor like that described in the main text with the kraft process for caustic recovery, which has been

used for decades at large scale in pulp and paper mills (1). The contactor absorbs CO2 into a sodium hydroxide (NaOH)

solution, forming sodium carbonate (Na2CO3) solution, which is then sent to the “causticizer”, where the NaOH is

regenerated by addition of lime (CaO) in a series of batch processes. The resulting calcium carbonate (CaCO3) solid

is sent to the calciner where it is heated in a kiln to regenerate the CaO, driving off the CO2 in the process known as

calcination. The CO2 is then captured from the flue gas by conventional means (suchas an amine system), compressed,

and sequestered for long term storage. Alternately, the calciner may be fired with pure oxygen instead of air. The flue

gas is then dried and compressed directly. The net result is that CO2 is concentrated from atmospheric levels to those

required for compression and storage. The primary inputs are energy, water, and small amounts of Na2CO3 and CaCO3

to make up for inefficiencies in the regeneration process (2).

Comparison of mass-transfer models

We first assume gas-phase limitation to mass transfer, so that the flux of CO2 to a drop surface,JCO2, is given by (3):

JCO2 = kg(C∞ −Cs) (SI1)

wherekg is the gas-side mass transfer coefficient,C∞ is the CO2 concentration in the bulk air, andCs is the equilibrium

CO2 concentration in air at the surface of the drop, which is effectively zero for high-pH solutions such as ours. We

estimatekg with an empirical correlation in terms of the Sherwood number, Sh, (4):

Sh= 2+0.6Re1/2Sc1/3 andSh=
kgd
Dg

(SI2)

Figure SI1: Example air capture system. CO2 from the atmosphere is absorbed into NaOH solution in the contactor.
The resulting Na2CO3 solution is regenerated to NaOH in a series of reaction vessels by addition of CaO in the
causticizer. The resulting CaCO3 solids are in turn regenerated to CaO by heating in the calciner. CO2 in the calciner
flue gas is captured and compressed by conventional means.
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Liquid-side limit model

Prototype measurements
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Figure SI2: Comparison of CO2 absorption by a single falling drop predicted assuming gas-side limitation to mass
transfer (upper curve) and assuming liquid-side limitation (lower curve) with comparable prototype measurements.
Results indicate liquid-side resistance is limiting. Circles represent measured aggregate absorption by a spray with
the indicated mean drop diameter, as inferred from nozzle manufacturer reported data for flow rate and drop size as a
function of nozzle pressure. Measured nozzle pressures areshown beneath each point. Error bars represent combined
subjective uncertainties and standard error of repeated measurements.

whereReis the Reynolds number andScis the Schmidt number for a drop falling at terminal velocitywith diameterd,

andDg is the diffusion coefficient for CO2 in air. UsingReandScfor a drop falling at terminal velocity,kgis calculated

for a range ofd. Multiplying JCO2 by the surface area and dividing by the volume of a drop gives absorption per unit

volume of solution, then multiplying by residence time,τ, gives CO2 absorption per pass:

∆Mpass,air =
6
d

kg(C∞ −Cs).

Figure SI2 shows the results for this model with the results for the liquid-side limited model described in the main

text and experimental data. The CO2 absorption predicted by the liquid-limit model is about twoorders of magnitude

smaller than predicted by the gas-side model, indicating that liquid-side mass transfer is limiting. The experimental

data confirm this.

Calculating CO2 flux and kspray

This section refers to CO2 flux, JCO2, given by Equation 1 in the main text:

JCO2 = CKH

√

Dl k{OH−}
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andksprayas defined by Equation 5 of the main text:

kspray= JCO2/C = KH

√

Dl k{OH−}

Ionic strength and solution viscosity affects each of the parameters in the flux equation. In early work, researchers

grouped these effects together with an empirical correction to the rate constantk. However, corrections to each

parameter now exist which allowk to remain constant at its dilute value. The basic effects on each parameter at

increasing solution concentrations are as follows: (1) thesolubility of CO2 (KH) decreases with increasing ionic

strength, known as a “salting out” effect, (2) the diffusioncoefficient decreases due to an increase in solution viscosity,

and (3) the activity coefficient of the hydroxide ion is less than 1 up to an ionic strength of about 4 M and then becomes

greater than 1. Considering each of these effects,kspray is calculated using the following:

kspray=
K◦

H

γCO2

√

D◦
l

µ1.14kγNaOH[OH−] (SI3)

The rate constant,k, for the elementary reaction:

CO2(aq)+OH− −→ HCO−
3

should remain constant for a fixed temperature. Changes in apparent reactivity are attributed to changes in activity of

the reacting species. Thus for the base case we have chosen tocalculateksprayby assuming a steady rate constant for the

reaction of 8500 L mol−1s−1(5) and adjusting the Henry’s constant following Duan and Sun (6), the activity coefficient

for OH−, γNaOH, using the Pitzer equation and appropriate parameters (7), and the effect of solution viscosity on the

diffusivity of CO2 following Hayduk and Laudie (8), whereD◦
l is the diffusivity in a dilute solution andµ is the

viscosity of the solution in centipoise. Each of these corrections is described below.

Effect of [NaOH] on K H

The Henry’s constant (i.e. solubility) of CO2 into the NaOH solution is a function of ionic strength. The effect of ionic

strength on KH is given by:

γCO2 =
m◦

CO2

mCO2

Wherem◦
CO2

is the aqueous solubility of CO2 in pure water at a specified pressure and temperature andmCO2 is the

aqueous solubility of CO2 in a NaCl solution of a given molality. Gamma is calculated using a Pitzer formulation given

by Duan and Sun (6), which is a non-linear empirical relationship used to fit solubility data vs. solution composition.

γCO2monotonically increases from a value of 1.06 at 0.35M NaCl to1.89 at 5M. The Pitzer parameters cannot be
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measured directly for NaOH because of the reaction between CO2 and OH−, however, it is reasonable to assume that

these values would be similar for NaOH since it is also a 1:1 electrolyte. Given this range, the solubility of CO2 at the

drop surface decreases by up to a factor of 1.9 for an increasein NaOH concentration of 5M compared to a dilute state.

We use the value from Stumm and Morgan (5) of the dilute-state Henry’s constant for 20◦C and sea-level pressure.

Effect of [NaOH] on the activity of OH−

Increasing the ionic strength of a sodium hydroxide solution changes the activity of the dissolved ions in solution. This

partly offsets the increase of CO2 flux into the droplets due to higher [OH−]. The Pitzer equation is used to calculate

the activity coefficient of OH− in solution (7):

lnγNaOH = −A
I0.5

1+bI0.5 +
2
b
(I +bI0.5)|ZMZX|+

4VMVX

v
mβ◦

MX +
6(VMVX)1.5

v
|ZMZX |0.5mCMX

Here,m is the molality of the sodium hydroxide solution,I is the solution ionic strength, and the other parameters

are empirically derived for NaOH and can be found in Perex-Villasenor et al. (7). Using this equation, the activity

coefficient for NaOH decreases from 1 at infinite dilution to avalue of 0.6 for NaOH ranging from 0.35M to 1.3M,

then increases again reaching a value of 1.3 at 5M. This type of response in typical for charged species in solution such

as OH−. Thus, the maximum effect of ionic strength on CO2 flux is a decrease to 70% of its value at infinite dilution

up to 1.3M NaOH. At 5M the increase in CO2 flux is 14%. These effects are relatively small compared to the effect

on the Henry’s constant and the diffusion coefficient.

Effect of ionic strength on Dl

The diffusion coefficient decreases with increasing NaOH concentration due to the increased viscosity of the fluid.

The diffusion coefficient is calculated using the method of Hayduk and Laudie (8), whereµ is the solution viscosity

(in centipoises) andV is the molar volume (27.5 cm3mol−1 for CO2):

Dl =
13.26×10−5

µ1.14V0.589 =
D◦

l

µ1.14 (cm2s−1)

The NaOH solution viscosity at 20◦C ranges from 1 centipoise at infinite dilution to 2.87 centipoise at 5M, giving

a range of diffusion coefficients ranging from 1.88× 10−6 cm2s−1at infinite dilution to 5.67× 10−7 cm2s−1 at 5M.

Thus, the diffusion coefficient decreases by roughly a factor of 3 over the range of [NaOH] used, yielding a maximum

effect on flux of
√

3 or about 1.7.
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Effect of ionic strength on k

The reaction rate constant,k, increases with ionic strength as reported by Astarita (9) and by Danckwerts (10). Astarita

reports an observed increase in k from 5000 Lmol−1s−1 to 22,300 Lmol−1s−1 at 5M NaOH. Similarly, Danckwerts

reports an increase in k from 6000 Lmol−1s−1 to 22,000 Lmol−1s−1 with the addition of 5 M KCl. These are based on

empirical relationships from data collected over a range ofionic strengths and incorporate the effects of ionic strength

on the Henry’s constant, the diffusion coefficient, and the activity of hydroxide ion.

Since it is difficult to separate out each effect from such an empirical relationship, there are two approaches that

can be used to calculateJCO2 and hencekspray. The first is to use a fixed value ofk and to adjustJCO2 for [NaOH]

according to the above relationships for the effect of ionicstrength on the Henry’s constant, the diffusion coefficient,

and the activity coefficient for OH−. Since, in principle for an elementary reactionk should remain constant this is the

approach that we used. We used the value ofk reported by Stumm and Morgan (5) of 8500 Lmol−1s−1. Note that in

this approach the flux does not increase as rapidly as would bepredicted for an increase in [OH−] alone. This agrees

with our experimental values (Figure 3 of the main text). On the other hand, according to Astarita and Danckwerts,

the reaction constant,k, is predicted to increase with increasing [OH−] but the activity of[OH−] is not adjusted for

ionic strength. Both approaches give similar values for theCO2 absorption in the end but individual factors vary.

Still, there is some uncertainty in the predicted CO2 flux. We address this by calculatingksprayusing the approach

above and also for low and high bounds ofkspray. The low bound is the value implied by our experimental measure-

ments coupled with the coalescence model, giving a value 20%below the theoretical prediction for 1.3 M solution.

The high bound is defined by the highest absorption rate calculated from values in the literature, i.e. values from

Astarita (9) for a 5M solution. We correct the diffusivity for solution viscosity in this calculation, though it is not clear

whether Astarita does this. Thus this estimate may be conservative.

All considered, theksprayused in cost calculations amounts to 0.0025 m/s, which correspondes to a 2.5M solution.

We chose this molarity because it gives close to the maximum absorption rate with a lower-viscosity (and thus more

spray-friendly) solution, and is also in the range of concentrations chosen for previous studies of CO2 absorption by

NaOH solution. In any case, Table 1 shows that variation inkspray between 1.3 and 5M is small.

In our sensitivity analysis, as a lower bound we consider aksprayvalue in line with our experimental measurements

coupled to our coalescence model, 0.0018 m/s, and as an upperbound we consider the highestkspray calculated from

values in the literature for a 2.5M solution, which comes from Pohorecki and Wladyslaw (11). Table 1 shows param-

eters used in the calculation ofkspray for cost estimates along with comparable values for other NaOH concentrations

and from other sources.
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Case k [Lmol−1s−1] [OH−] γNaOH [] KH

[

mol/Lsoln
mol/Lair

]

γCO2[] Dl [m2/s] kspray [m/s]

0.33M NaOH 8500 0.33 0.61 0.87 1.06 1.88×10−9 0.0015
1.33M NaOH 8500 1.33 0.59 0.87 1.21 1.53×10−9 0.0023
2.5M NaOH 8500 2.5 0.66 0.87 1.4 1.12×10−9 0.0025
5M NaOH 8500 5.0 1.3 0.87 1.89 5.67×10−10 0.0026
Zeman 1M (12) 6745 1.0 1 0.79 1 1.78×10−9 0.0027
Danckwerts 2M (10) 6000 2.0 1 0.48 1 1.0×10−9 0.0017
Astarita 2.5M (9) 10568 2.5 1 0.61 1 1.12×10−9a 0.0030
Pohorecki et al. 2.5M (11) 16512b 2.5 1 0.60 1 1.09×10−9 0.0040

Table 1: Calculation ofkspray: values used in Equation SI3.
a It is not clear whether Astarita corrects the diffusivity for viscosity. We have applied our own correction.

b Using the fitted formula for CO2-NaOH.

CO2 depletion in air

We approximate the spray surface area per unit contactor volume,S, as uniform along the length of the contactor. The

concentration of CO2 in air, C then follows first-order decay, so that Equation 5 in the maintext can be integrated to

yield:

C = Cine−Sksprayt (SI4)

To get the outlet concentration,Cout, we evaluate this at the residence time of air in the contactor, t = L
vair

whereL is

the length of the contactor andvair is the horizontal air velocity:

Cout = Cine−SksprayL/vair (SI5)

We choose the ratioL/vair to giveCin −Cout = ∆C high enough that fan energy per unit CO2 is small, but low enough

that CO2 is not substantially depleted in the outlet air (which wouldreduce the absorption efficiency of the spray).

The average CO2 concentration in the contactor,Cavg, is a function only of∆C. It can be shown from integration of

Equation SI4 that

Cavg = −∆C/ ln(1−∆C/Cin) (SI6)

For our cost calculations, we choose a CO2 capture rate from air of 30%, which givesCavg = 0.84Cin.

Prototype photographs

The prototype was constructed and tested over the period of June to December, 2005 at the University of Calgary.

Figures SI3 and SI4 show photographs of the completed prototype.
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Figure SI3: Photograph of completed prototype structure from below.
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Figure SI4: Photograph of completed prototype structure from above.
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Figure SI5: CO2 absorption for several solution concentrations of NaOH andtwo nozzles. Nozzle pressure is held
constant. Absorption does not rise as quickly with hydroxide concentration as would be expected in the ideal case.

Sodium hydroxide concentration effect

With other parameters fixed, changing the solution concentration has competing effects. Higher concentration solu-

tions should absorb better due to a faster reaction rate (Equation 3 in the main text), but it is also known that higher

viscosity solutions produce larger drops from typical nozzles (13). Figure SI5 shows absorption for 3 different NaOH

concentrations. For the low-flow nozzle, absorption increases with concentration, but not as quickly as would be ex-

pected for sprays of constant drop size. The high flow nozzle peaks with the 1.3 M solution, and the 5 M solution

absorbs even less than the 0.33 M solution. The effect of viscosity is highly dependent on nozzle geometry, and this

may explain the discrepancy.

Component cost calculations

Here we calculate the costs of the most important non-structural components of the contactor. These results can be

viewed as a double-check on the capital cost estimates obtained from industry experts in the main text, which are

meant to include all these components.

These calculations can be made without reference to structural form or overall size of the contactor using a few

basic assumptions. They include:

• capital charge rate, including operation and maintenance,is 19% per year

• CO2 capture efficiency from air is 30%

• CO2 captured per pass is 9 mmol per L of solution, matching the base case model result at a 10 L/min flow rate.

S10



Taking the retail price of the high-flow nozzle used in the prototype (14), the nozzle cost comes to 4 $/ton-CO2.

This is a stainless steel nozzle, and the the same model nozzle made of polyvinyl chloride (PVC), which should also

be compatible with NaOH solution, would be 1 $/ton. A lower solution flowrate, putting the contactor in a more

energy-efficient regime, as discussed in the main text, would reduce the nozzle cost as well.

Capital and installation cost for pumps was obtained from the GTPro / PEACE software for power plant cooling

tower design and cost estimation (15). The resulting 2 $/ton-CO2 is sensitive to solution flowrate (and lower for lower

flowrates) as discussed for the nozzles.

There are many options for the particle trap that sits at the outlet of the contactor collecting small drops entrained

in the outlet air. We obtained a cost quote for one model of wire-mesh trap that provides high collection efficiency

with a low pressure drop. If the trap area is equal to the vertical cross-sectional area of the contactor, this comes to

7 $/ton-CO2. However, one could construct the contactor with a constricted outlet area – perhaps half or less of the

cross-sectional area, which would reduce the trap cost proportionally. Higher air-flow rates would reduce the trap cost

per ton CO2, but may increase the pressure drop (and thus fan energy). This calculation is based on a small-order price

(only several m2 of trap area), and presumably a large bulk order would be significantly less expensive.

Considering high-volume order discounts and ability of thedesigners of a full-scale contactor to seek inexpensive

components, it seems the cost of nozzles, pumps, and the particle trap will be small compared to overall capital cost.
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