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Abstract 9 

Shifting from aqueous to water lean solvents has been evaluated as a mean for increasing the mass transfer rates in regular 10 
chemical solvents with amines. An array of amines (monoethanolamine, 2-methylpiperazine and N-methyl diethanolamine) and 11 
diluents (sulfolane, ethylene glycol, 1-methylimidazole, dimethyl sulfoxide, N-methyl-2-pyrrolidinone) has been analyzed. 12 
Addition of organic diluents seem to generally induce both a shift in chemical equilibrium and an increase in mass transfer rates 13 
for a fixed CO2 partial pressure, though not necessarily for a fixed CO2 loading. However, these relative advantages in terms of 14 
mass transfer rates decrease the more loaded the water lean solvent is. The equilibrium shift caused by organic diluents has been 15 
evaluated in terms of de-stabilization of the species in the solvent, which for monoethanolamine-based solvents can be easily 16 
related to a decrease in dielectric permittivity. However, this analysis indicates that such treatment is insufficient for other types 17 
of water-lean solvents, suggesting that different kinds of intermolecular interactions should also be considered in future studies. 18 
Keywords:CO2 absorption, water lean solvents, hybrid solvents, mass transfer rates 19 

1. Introduction 20 

Amine scrubbing is currently the most mature technology for CO2 sequestration (Bhown and Freeman, 2011). In 21 
the context of the biogas industry, it comes behind only water scrubbing as the preferred technical alternative for the 22 
upgrading to biomethane (IEA Bioenergy, 2016). Rendering amine scrubbing for biogas upgrading more competitive 23 
is important not only for economical purposes, but also for raising the attractiveness of biogas as a renewable source 24 
of energy. 25 
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In terms of operational expenditures (OPEX), amine scrubbing is one of the most expensive alternatives for 26 
biogas upgrading, demanding about 0.112 €/m3 of biomethane in large capacity plants against the 0.091 €/m3 27 
required by water scrubbing plants. Their capital expenditures (CAPEX) are roughly the same (TUV, 2012). The 28 
advantage that this process displays over competing technologies rests upon its reliability and capacity for delivering 29 
high purity biomethane (TUV, 2012). As biomethane specifications are tightened and injection to the gas grid and 30 
production of liquefied biogas (LBG) becomes more common (Ryckebosch et al., 2011), fixing the issues with the 31 
energetic cost of amine scrubbing is a priority. 32 

Water-lean solvents, or hybrid solvents, are a proposed alternative for the typical aqueous amine solvents 33 
employed in the industry. They consist of blends of amine and organic diluents and possess low or no water content. 34 
Research on this category of solvent has been going on for decades (Woertz, 1972; Semenova and Leites, 1977; 35 
Rivas and Prausnitz, 1979), though their popularity has resurfaced in the past few years (Lail et al., 2014; Yamamoto 36 
et al., 2014).  37 

To be competitive, water-lean solvents have to perform better than the previous benchmarks for CO2 capture, 38 
namely aqueous monoethanolamine (first generation solvents) and aqueous piperazine (second generation solvents) 39 
(Rochelle et al., 2011). Typically this comparison is made in terms of OPEX-related issues: it has been claimed that 40 
water lean solvents may possess higher capacity for CO2 capture and lower regeneration energy penalties, as well as 41 
other advantageous physical properties (Yamamoto et al., 2014). However, little attention is paid on how mass 42 
transfer rates shift in water lean solvents in contrast with their aqueous counterparts.  43 

Recent studies (Yuan and Rochelle, 2018) have shown how addition of organic diluents such as N-methyl-2-44 
pyrrolidinone and sulfolane may promote the liquid-film mass transfer coefficients of ordinary amine solvents. This 45 
relates directly to the amount of packing required to perform the same operation and therefore to the CAPEX of the 46 
process, of which the absorber alone composes roughly 30% (Yuan and Rochelle, 2018). This opens another front on 47 
which to approach the issue of the viability of water lean solvents as alternatives for amine scrubbing technologies.   48 

The present study expands the analysis made by previous researchers (Yuan and Rochelle, 2018) while focusing 49 
particularly on a series of proposed organic diluents and amines. The effects of adding organic diluents to chemical 50 
solvents, both in terms of shifts to CO2 solubilities and mass transfer rates, have been investigated and exposed. This 51 
allows for some insights regarding the interplay of chemical properties in water-lean solvents. When possible, the 52 
observed phenomena have been directly correlated to such properties. Otherwise, a case-by-case analysis has been 53 
employed. 54 

 55 
Symbols 56 

ai activity coefficient of component i 57 
A, B respectively slope and intercept for linear regression between loadings and the logarithm of CO2 58 

equilibrium partial pressures 59 
C1-C3 empirical coefficients for correlation with Hansen solubility parameters 60 
Di diffusivity coefficient of component i 61 
Hi Henry’s constant defined in terms of infinite dilution of component i in pure water 62 
k3 third order forward reaction rate constant between amine and CO2 63 
Keq equilibrium constant for the reaction between amine and CO2 64 
kg gas-film mass transfer coefficient 65 
kg’ liquid-film mass transfer coefficient 66 
Kg overall mass transfer coefficient 67 
Ni molar flux of CO2 component i 68 
p pressure 69 
pi partial pressure of component i 70 
Q molar flow rate 71 
S surface are of the stainless steel rod 72 
xi concentration of component i 73 
Δu driving force for mass transfer 74 
α loading defined in terms of mol CO2/mol N (e.g. each molecule of MEA has one reactive N site, whereas 75 
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each molecule of 2MPZ has two.) 76 
β1, β2 Respectively intercept and slope for linear regression necessary for obtaining the CO2 partial pressure 77 
δ solubility parameter, specifically Hildebrandt solubility parameter if no subscript is given 78 
γi activity coefficient of component i 79 
ε dielectric permittivity 80 
μ dipole moment 81 

Superscripts and subscripts 82 

aq relative to aqueous solvents 83 
d relative to London dispersion forces for Hansen solubility parameter 84 
gas, b relative to the bulk of the gas phase 85 
h relative to hydrogen bonding forces for Hansen solubility parameter 86 
hyb relative to hybrid solvents 87 
in relative to inlet, in the context of the wetted-wall column 88 
int relative to the interface between gas and liquid phases 89 
out relative to outlet, in the context of the wetted-wall column 90 
liq, b relative to the bulk of the liquid phase 91 
p relative to dipole-dipole forces for Hansen solubility parameter 92 

2. Theory 93 

2.1. Chemical equilibrium shift in water lean solvents 94 

Chemical equilibrium in water lean solvents has been object of numerous studies (Alvarez-Fuster et al., 1981; 95 
Sada et al., 1985, 1986) and yet there is no consensus even on whether the diluent may take part in the reaction 96 
mechanism or not (Versteeg and van Swaaij, 1988). Nevertheless, it is clear that shifting the medium from aqueous 97 
to water-lean has effects on the conversion of amine and CO2 to their ionic products. Typically this effect has been 98 
reported as a depression of both conversion and conversion rates (Sada et al., 1985, 1986). 99 

This depression effect can be seen as a shift of the vapor-liquid equilibrium (VLE) curve to the left: for a fixed 100 
CO2 partial pressure (pCO2) in the vapor phase, the hybrid solvent in equilibrium contains lower CO2 loading (α) than 101 
its aqueous equivalent. At low loadings and partial pressures, i.e. in situations wherein the solvent still has 102 
considerable stoichiometric capacity for absorbing and reacting with CO2, these VLE curves may appear as parallel 103 
straight lines in a logarithmic plot. Previous studies (Yuan and Rochelle, 2018; Roberts and Mather, 1988; Kohl and 104 
Nielsen, 1997) show that this is valid only in a very limited interval. For higher loadings, one may even observe 105 
complete crossovers of VLE lines due to extended absorption capacities of water lean solvents (Roberts and Mather, 106 
1988; Kohl and Nielsen, 1997). However, by focusing on the limited span where the lines seem to be parallel, one 107 
ends up with a convenient measure for evaluating water lean solvents: the magnitude of the left-leaning shift. Such a 108 
measure is developed in the following paragraphs, as well as its proposed physical meaning. 109 

Equation (1) shows the simplest representation of the reaction between MEA and CO2. At lower loadings, it is 110 
acceptable to neglect bicarbonate and/or carbonate formation as mechanisms of conversion for this interpretation. 111 

)()()()(
2 2 llKlg MEAHMEACOOMEACO eq +− +→←⋅+  (1) 112 

With Keq described in terms of activities, its value will be the same for reactions in both aqueous and water lean 113 
solvents. The expression for  is given in Equation (2). The value of Henry’s coefficient, HCO2, is defined in terms 114 
of its infinite dilution in pure water, so that it will be the same for both hybrid and aqueous solvents.  115 
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With Equation (2), it becomes clear that, at fixed α, the ratio between pCO2 in hybrid and aqueous solvents is 117 
equivalent to the ratio between activity coefficients seen in Equation (3). 118 
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The left-leaning shift mentioned before implies that both sides of the expression have positive values greater than 120 
one for all of the water-lean solvents studied. It has been previously reported that the activity coefficient of MEA is 121 
greater in water-lean solvents than in aqueous ones (Yuan and Rochelle, 2018), which is equivalent to stating that 122 
their volatility is increased in the presence of organic diluents. In order to sustain the equality in Equation (3), the 123 
increase of the activity coefficients of the electrolytic species must counter the increase in the activity coefficient of 124 
MEA. That is to say, the decrease in polarity affects both electrolytes and non-electrolytes, but the former more so 125 
than the latter. 126 

Similar considerations may be applied for absorption in solvents containing MDEA, except that MDEA absorbs 127 
CO2 by reacting with water, forming bicarbonate plus protonated MDEA. This can be seen in Equation (4). For 128 
2MPZ, a secondary diamine with two distinct reaction sites, the mechanism is a lot more complex, with several 129 
different species being formed as CO2 is absorbed into the amine (Chen and Rochelle, 2013). Fully describing this 130 
mechanism is not within the scope of this work. The ratio between pCO2 in hybrid and aqueous solvents should 131 
correlate positively to the increase in activity of electrolytic species and negatively with the increase in activity of 132 
the amines themselves.  133 

)()(
3

)(
2

)()(
2

lleqKllg MDEAHHCOOHMDEACO +− +→←++  (4) 134 

Since most of the VLE curves observed in this work appear to have the same slope but different intersects, it 135 
seems adequate to apply a regression of the form shown in Equation (5), where A is constant for a fixed amine and 136 
amine molality but B is different for each hybrid solvent formulation. These B coefficients provide an approximate 137 
measurement of the left-leaning shift for each fixed amine and of the effects discussed above. A graphical 138 
interpretation of this can be seen in Section 4.1, Figure 2. 139 

( ) BApCO +⋅= α2ln    (5) 140 

2.2. Mass transfer rates in water-lean solvents 141 

The flux of CO2 transported from the bulk of the gas to the bulk of the liquid, NCO2, may be represented by the 142 
first line of Equation (6), where Kg is the overall mass transfer coefficient. As its name implies, Kg is dependent on 143 
both gas and liquid phase properties. Mass balance requires that this flux is the same through gas and liquid films, 144 
respectively lines 2 and 3 from Equation (6). Such treatment conveniently separates gas film contributions from 145 
liquid film contributions, so that kg is the mass transfer coefficient in the gas film and kg’ is the mass transfer 146 
coefficient in the liquid film. 147 
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With Equation (7), kg’ can be recovered from Kg once a good model for kg is employed. The coefficient obtained 149 
in this way is therefore a property of the solvent and can be used for projecting absorber columns. 150 

ggg kKk
111

, −=    (7) 151 

The most interesting phenomenon observed by Yuan and Rochelle (2018) for kg’ in water lean solvents is how 152 
steeply it decreases upon CO2 loading. There is no straightforward way of relating the kg’ measured with other 153 
properties of the solvent in order to draw physical insights as those suggested for the VLE shift described 154 
previously. An effort in this direction was made by Yuan and Rochelle (2018), who drew from the pseudo-first-155 
order (PFO) assumption to end up with the expression shown in Equation (8). 156 
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However, this approach has been proven not to work. There are multiple possible reasons for that, all of them 158 
suggesting that the PFO simplification is plainly not valid when dealing with water lean solvents. The authors 159 
propose that the increased viscosity of water lean solvents upon CO2 absorption draws them away from PFO to a 160 
situation where amine depletion in the interface plays a relevant role in mass transfer rates, and thus the decrease in 161 
diffusivity of MEA cannot be neglected (Yuan and Rochelle, 2018). Other explanations could perhaps be found in 162 
the investigations of Sada et al. (1985, 1986), who verified an increase in the reaction order of the amine when 163 
shifting from an aqueous to a low-aqueous solvent. Though this effect must be taken into consideration in future 164 
studies, it is not clear to which extent it would help explaining the phenomena at hand. 165 

There are two ways of comparing the values of kg’s of different solvents: (a) by looking at solvents with a fixed 166 
α, and (b) by looking at solvents with a fixed pCO2. The first is scientifically more interesting as it enables a direct 167 
analysis of the physical properties of the solvent that affect its mass transfer rate, while the second is more useful for 168 
industrial purposes since CO2 partial pressures at lean and rich ends are usually given parameters of the process at 169 
hand. In the biogas upgrading case, biogas rich in CO2 (up to 40%v/v in most cases) is treated to a stream with circa 170 
98%v/v of methane at atmospheric pressure (TUV, 2012), meaning that the gas stream has to go from pCO2 of up 40 171 
kPa at the rich end to 2 kPa at the lean end. The efficiency of CO2 absorption processes is inversely proportional to 172 
the driving forces applied in the absorber, as these driving forces count as work irreversibly lost to the system 173 
(Yuan, 2018), and so projecting an efficient absorber for biogas upgrading entails finding a solvent that can be 174 
operated at high CO2 partial pressures. Moreover, since most absorbers are designed with the pinch point close to 175 
their rich end, the physical properties (e.g. kg’) of the rich solvent are more relevant for determining the dimensions 176 
of the packed column than those of the lean solvent (Jassim and Rochelle, 2006). These two factors are to explain 177 
why more emphasis was put on obtaining data at rich rather than at lean loadings during the course of this work.  178 
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3. Material and methods 179 

3.1. The solvents tested 180 

The solvents examined in this study were chosen to give a wide view of hybrid solvent properties. For this 181 
reason, ethanolamine (MEA) was chosen as the obvious amine candidate representing first generation solvents. It is 182 
not only historically the most popular amine for chemical absorption of CO2 in general (Rochelle et al., 2011), but 183 
also one of the mainly used amines for biogas upgrading (TUV, 2012). 184 

For second generation solvents, 2-methylpiperazine (2MPZ) was chosen instead of piperazine (PZ). 2MPZ is an 185 
amine of similar structure and properties to PZ which has been suggested to present less precipitation issues than the 186 
latter. This is because the methyl group present in 2MPZ confers chirality to the molecule, meaning 2MPZ is usually 187 
produced and sold as a racemic mixture of left- and right-handed enantiomers, whose inherent structural differences 188 
make bonding and building crystal lattices more complicated in 2MPZ than in PZ (Chen and Rochelle, 2013). Since 189 
the precipitation of PZ upon substitution from water to organic diluents is a concern in water lean solvents, 2MPZ is 190 
a natural alternative. 2MPZ has the same absorption capacity than PZ, though slightly lower absorption rates (Yuan, 191 
2018).  192 

Finally, MDEA was chosen as the third amine candidate. As MEA is a primary amine and 2MPZ is a secondary 193 
amine, including a tertiary amine in this analysis seems fitting. Furthermore, as MDEA and sulfolane blends have 194 
been already in use for decades in the industry (Kohl and Nielsen, 1997) and MDEA and MEG blends are being 195 
suggested for hydrate inhibition purposes (Akhfash et al., 2017), it is interesting to observe the properties and 196 
behavior of these and other similar combinations. 197 

The organic diluents employed in this work are sulfolane (SULF), ethylene glycol (MEG), 1-methylimidazole 198 
(1MIMI), dimethyl sulfoxide (DMSO) and N-methyl-2-pyrrolidinone. SULF is a typical physical absorbent used in 199 
the oil industry and has been mixed with amines previously in several works (Woertz, 1972; Rivas and Prausnitz, 200 
1979; Leites, 1998). Mixtures of this compound with MDEA are at the heart of the Sulfinol process (Kohl and 201 
Nielsen, 1997). MEG is a di-alcohol already in use in the oil industry for its hygroscopic properties. It has also been 202 
employed numerous times in the past as diluent for water lean solvents (Semenova and Leites, 1977; Alvarez-Fuster 203 
et al., 1981; Sada et al., 1985; Leites, 1998). 1MIMI is an alkyl imidazole, and though no data was found in the 204 
literature of it being mixed with amines, blends of amines and imidazoles in general have been recently under 205 
consideration (Bara, 2011) and 1MIMI has been proposed on itself as a candidate solvent (Shannon and Bara, 2011). 206 
To the extent of this research, no entries were found in the literature for mixtures of DMSO and amines, though this 207 
seems like an interesting aprotic diluent similar to SULF. Lastly, NMP is a popular physical solvent employed in the 208 
Purisol process for CO2 absorption. It has also been extensively studied regarding its mixing with amines (Woertz, 209 
1972; Semenova and Leites, 1977; Rivas and Prausnitz, 1979; Leites, 1998; Svensson et al., 2014). 210 

In this work, the molality is defined as mols of amine per kilogram of diluent, wherein by diluent one considers a 211 
sum of both water and the organic solvent added to the mixture. This separation between what is the diluent and 212 
what is the solute may seem artificial, but it reflects the assumption that the diluent does not take part in the reaction 213 
between CO2 and the ‘binder’ (i.e. the amine), having simply the task of providing solvation and carbamate 214 
stabilization. Furthermore, all solutions are prepared by gravimetry, and their loadings are performed by pumping 215 
CO2 into the solvent and evaluating the change in weight with a scale. As the accuracy of the scale is ± 0.1 g and 216 
since about 1.6 kg of solution are prepared for each procedure, loadings are obtained with confidence intervals of ± 217 
10-5 mol CO2/mol N. 218 

Carbamate precipitation was verified in water-lean solvents with 2MPZ prepared with mass ratios (3 organic : 1 219 
water) and molalities as low as 2 m. Therefore, diluent compositions were fixed at (1 organic : 1 water) for all 220 
solvents with 2MPZ, and their molalities kept at 2.5 m. Precipitation is rarely an issue for MEA-containing blends, 221 
and their diluent compositions could be shifted to (3 organic : 1 water) and molalities increased to 5 m. This seems 222 
appropriate as a way of making it plainer to observe the effects of substituting water for non-aqueous diluents. With 223 
MDEA, where precipitation is again a possible issue, diluent compositions were kept at (1 organic : 1 water) but 224 
molalities were increased to 3.5 m, equivalent of the 30 %w/w typical of most MDEA applications. 225 
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More information on the chemicals employed in this work can be found in Table 1. Dipole moments and 226 
dielectric permittivities at around 25 °C are displayed for the diluents alone, since they may be interesting for future 227 
discussion. 228 

Table 1. Chemicals used in this study and their properties 229 
Name Structure Dipole moment 

(D) 
Dielectric 
permittivity 

Role 

Carbon dioxide    Gas 

Nitrogen    Gas 

Ethanolamine (MEA)    Amine 

2-methylpiperazine (2MPZ)    Amine 

N-methyl diethanolamine (MDEA)    Amine 

Water (H2O)  1.85(1) 80.4(5) Diluent 

Sulfolane (SULF)  4.70(2) 43.4(2) Diluent 

Ethylene glycol (MEG)  2.75(3) 37.0(5) Diluent 

1-methylimidazole (1MIMI)  3.80(1) 33.4(6) Diluent 

Dimethyl sulfoxide (DMSO)  3.96(1) 46.7(7) Diluent 

N-methyl-2-pyrrolidinone (NMP)  12.26(4) 32.7(4) Diluent 
 (1) NIST Chemistry WebBook; (2) Tilstam (2012); (3) Wu et al. (2017); (4) Bezuglaya et al. (2009); (5) Maryott and Smith (1951); (6) Liu 230 
 et al. (2017); (7) Płowaś et al. (2013) 231 

3.2. Operation of the wetted-wall column (WWC) 232 

The wetted-wall column (WWC) is an apparatus where overall mass transfer coefficients and CO2 equilibrium 233 
partial pressures of a loaded solution can be measured simultaneously. Detailed descriptions of this equipment have 234 
been made in previous works (Li et al., 2013; Du et al., 2016). This section gives a brief overview of the method.  235 

 Figure (1) shows a schematic depiction of the WWC. At the start of an experiment, an already loaded solvent has 236 
to be transferred to the closed loop seen in Figure (1), where it is continuously pumped between a solvent tank and a 237 
glass chamber containing one stainless steel pole. After emerging from the tip of the pole, the solvent runs smoothly 238 
down its extension, thinly wetting its surface in such a way that the contact area between gas and liquid can be 239 
precisely determined as being the same as the surface area of the pole. Solvent temperature is kept constant at a 240 
certain set-point by employing a thermal bath coupled with temperature controllers. After the loop is initiated, vapor 241 
mixtures of N2 and CO2 with predetermined CO2 content are prepared and fed to the system at controlled rates 242 
thanks to two mass flow controllers operating in parallel. This vapor stream goes through a humidifier kept at the 243 
same temperature as the system, where it is saturated with water, and then passes through the same thermal bath 244 
used for the solvent. This ensures that all points of the loop are at fixed temperature. At the end of the line there is an 245 
infrared CO2 analyzer (Horiba 2000 series) with two modules, one suited for CO2 concentrations between 0 and 246 
9000 ppm and the other for CO2 concentrations between 0.1 and 10 %v/v. The whole apparatus can be slightly 247 
pressurized, though in general it is preferable to operate it between 238 and 376 kPa (20 and 40 psig). Temperatures 248 
can go from room temperature up to as far as 120 °C, but all experiments carried in this work were run at 40 °C. 249 

250 
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 251 

Fig. 1. Schematic drawing of the wetted wall column apparatus 252 

The WWC operates in two different configurations and at two different modes. The two configurations are (a) the 253 
bypass configuration, wherein the vapor stream goes directly to the CO2 analyzer, and (b) the operation 254 
configuration, wherein the vapor stream is made to first contact the solvent in the wetted wall. In practical terms, 255 
CO2 concentrations measured in the bypass configuration are the inlet flow of CO2, whereas those measured in the 256 
operation configuration refer to outlet flow. With both these values, flux of CO2 into the solvent can be estimated by 257 
Equation (9). 258 
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The two modes are desorption mode and absorption mode. If the inlet gas stream has lower CO2 partial pressure 260 
than the equilibrium partial pressure of the loaded solvent, then the outlet gas stream will have higher CO2 content. 261 
This is the desorption mode. Conversely, in the absorption mode, the inlet stream has higher CO2 partial pressure 262 
than that in equilibrium with the solvent, causing the outlet stream to have lower CO2 content. In a confined span 263 
around pCO2 at the bulk of the solvent, the relationship between pCO2

in and pCO2
out is practically linear, and pCO2 may 264 

be estimated by regressing a line and setting pCO2
in = pCO2

out = pCO2. Then, once pCO2 is estimated, the driving force 265 
for each flux obtained in Equation (9) can be calculated by Equation (10). 266 
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The driving force shown in Equation (10) is nothing but a logarithmic average of the difference in CO2 partial 268 
pressures between gas and liquid bulks throughout the system. Comparison with the first line of Equation (6) shows 269 
that the quotient of Equations (9) and (10) should result in Kg, though a more robust methodology is to take several 270 
points for different values of NCO2 and Δu and find Kg by linear regression. In this work, 6 – 7 points divided 271 
between desorption and absorption mode were taken for each loaded solution and dually regressed to obtain pCO2 272 
and Kg with a good margin of confidence. With the estimated Kg and a model for kg, kg’ can be readily recovered. 273 

There are a few factors constraining the span of data gathered with the WWC. The accuracy of the mass flow 274 
controllers and of the CO2 analyzer coupled with the operational window 1.4 – 2.8 bar for pressure in the glass 275 
chamber implies that fluxes of CO2 are too unstable in the lower end and simply un-analyzable in the higher end. 276 
The first issue is solved by employing a pre-prepared mixture of N2 and CO2 with 5000 ppm CO2 bought from 277 
Praxair, but the second issue remains for the time being. A third issue, related to kg, will be mentioned shortly. 278 

 279 
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Though no reproducibility analyses were performed in this work, the performance of this same apparatus has 280 
been asserted by Yuan (2018) to give consistent and correct results. The sensitivity of the CO2 analyzer is of ± 1 281 
ppm CO2 in the low partial pressure mode and ± 100 ppm CO2 in high partial pressure mode. A detailed procedure 282 
to obtain the confidence intervals for the pCO2 measurements is given in the Appendix B. Since Kg is reliant on pCO2, 283 
its uncertainty is proportionally higher. Calculation of these uncertainties is also explained in Appendix B.  284 

4. Results and discussion 285 

4.1. Results and discussion for the proposed water lean solvents 286 

Figures 2(a), 2(b) and 2(c) show respectively sets of VLE points obtained for blends of MEA, 2MPZ and MDEA 287 
with various organic diluents. They are a good example of the approach suggested in previous sections. The shift in 288 
chemical equilibrium could be conveniently estimated by regressing a set of parallel lines from the VLE data 289 
obtained in the WWC – that is, by performing a regression with all data points simultaneously with the condition 290 
that the lines obtained have equal slope. The vertical distances between parallel lines in all three images is a 291 
graphical indication of the values of B, the coefficient previously mentioned in Eq. (5). 292 

At times, this regression seems reasonably to represent the data, as is the case with the MDEA plots in Figure 293 
2(b). One can see that this does not necessarily happen in Figure 2(a), where data for water-lean solvents with SULF 294 
and DMSO plus MEA are particularly badly fitted. However, the suggested interpretation of these fittings is that 295 
they represent an average or at least a trend. Therefore, in Figure 2(a), the equilibrium shift with NMP appears to be 296 
in average stronger than that with 1MIMI, which is stronger than that with MEG and so on. This trend is 297 
numerically conveyed through the regressed parameters. Furthermore, fixing the slope of the curves for each family 298 
of solvents outlines the capacity for CO2 absorption of the amines themselves. Capacity of the 2.5 m 2MPZ blends 299 
was observed to be about 15% higher than that of 5 m MEA blends and 80% higher than that of 3.5 m MDEA 300 
blends, as defined by the ratios between the slopes obtained.  301 

With this approach in terms of linearization and averaging, one may lose sight of some interesting information, 302 
such as the fact that MEA + 1MIMI apparently overtakes MEA + NMP in terms of performance at higher loadings, 303 
as seen in Figure 2(a). However, this enables the treatment shown later on in this Section and in Section 4.3.  304 

305 
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Fig. 2. (a) VLE curves for 5 m MEA solvents regressed with data from the WWC at 40 °C; (b) VLE curves for 2.5 m 2MPZ solvents regressed 310 
with data from the WWC at 40 °C; (c) VLE curves for 3.5 m MDEA solvents regressed with data from the WWC at 40 °C 311 

Figure 3 quantifies the left-leaning shift for each solvent tested in this study. Figure 3(a) presents it simply as it 312 
is, while Figure 3(b) plots the values against the dielectric permittivity of each diluent estimated by using the 313 
properties shown in Table 1 plus a mixing relation suggested elsewhere (Reynolds and Hough, 1957) divided by that 314 
of pure water. 315 

316 
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Fig. 3. (a) Chemical equilibrium shift observed in water lean solvents at 40 °C in the WWC; (b) an outline of the chemical equilibrium shift as a 319 
function of changing the dielectric permittivity of the medium 320 

As seen in Figure 3(a), addition of organic diluents to the mixtures incites a left-leaning shift in all of the systems 321 
studied. The magnitude of this shift is substantially greater in water lean solvents containing 3.5 m MDEA than in 322 
water lean solvents with 5 m MEA, even though the amount of organic diluents added to these solutions is 323 
proportionally smaller. Looking back at Equation (3), this seems to suggest that either: 324 

• The de-stabilization of the electrolytes in MDEA solutions (i.e. the increase of their activity coefficients) is 325 
greater with the decrease in polarity of the medium; or that 326 

• The de-stabilization of the reagents in MDEA solutions (i.e. the increase of their activity coefficients) is smaller 327 
with the decrease in polarity of the medium.    328 

Both effects would explain the behavior observed in the course of these experiments. It seems unlikely, however, 329 
that the activities of species MDEAH+ and HCO3

- would be more dependent on the polarity of the medium than the 330 
activities of species MEAH+ and MEACOO-. Therefore, it is tempting to describe this phenomenon through the 331 
stability of the reactants themselves. It is known that MDEA is a less polar molecule than MEA, and it is expected 332 
that a decrease in polarity of the solvent will increase the activity of MEA more than it does to MDEA. Furthermore, 333 
since the stoichiometry of reaction between CO2 and MEA is 1:2 whereas that between CO2 and MDEA is 1:1, the 334 
VLE shift in MEA solutions is more sensitive to the activity of the amine than that in MDEA solutions. The 335 
cumulative effect of less de-stabilization of the amine upon addition of an organic diluent plus less compensation 336 
through this increase in activity may explain the huge shift observed in Figure 3. 337 

Figure 3(a) also shows that relative magnitudes of the left-leaning shift are less clear when dealing with 2MPZ 338 
solvents, perhaps because the lower content of organic diluent in those mixtures confounds the results. For the cases 339 
with SULF, DMSO and NMP, it is clear that the increase in pCO2 upon reduction in polarity of the medium is 340 
stronger for 2MPZ solvents than for MEA. Once again, this might imply that the higher polarity of MEA with 341 
regards to 2MPZ makes this amine more susceptible to increases in activity when an organic diluent is added. 342 
However, for the organic diluents MEG and 1MIMI, no conclusions can be made with this respect. 343 

Others have suggested (Sada et al., 1985, 1986; Leites, 1998) that higher dielectric permittivities imply more 344 
stabilization towards the intermediaries and products of the reactions between amines and CO2. Hamborg et al. 345 
(2010, 2011) particularly implied that the base strength of the amine is dependent on this parameter. Figure 3(b) 346 
shows that, in the case of MEA, there is a good trend of exponential decrease between the chemical equilibrium shift 347 
and the dielectric permittivity of the medium. However, this pattern breaks down for solvents with 2MPZ and 348 
MDEA, particularly for the latter. 349 

350 

(a) (b) 
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Fig. 4. (a) Mass transfer coefficients in 5 m MEA plus various diluents at 40 °C; (b) mass transfer coefficients in 2.5 m 2MPZ plus various 355 
diluents at 40 °C; (c) mass transfer coefficients in 3.5 m MDEA plus various diluents at 40 °C 356 

Figures 4 and 5 show the liquid-film mass transfer coefficients kg’ obtained for the water lean solvents in this 357 
study both in terms of loading α (Figure 4) as in terms of CO2 partial pressure pCO2 (Figure 5). 358 

359 
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Fig. 5. (a) Mass transfer coefficients in 5 m MEA plus various diluents at 40 °C; (b) mass transfer coefficients in 2.5 m 2MPZ plus various 364 
diluents at 40 °C; (c) mass transfer coefficients in 3.5 m MDEA plus various diluents at 40 °C 365 

Looking back at Equation (8), if the PFO assumption is assumed valid, one could assume that the addition of 366 
organic diluents would, for a fixed loading α: 367 

• Decrease the diffusivity of CO2, DCO2, in result of the increase in viscosity of the medium; 368 
• Decrease the reaction rate k3 of the direct reaction, as Sada et al. (1985, 1986) proposed that such a rate is 369 

inversely dependent on the logarithm of ε in result of less stabilization of intermediaries and products through 370 
salvation effects; 371 

• Increase the activity coefficient of the amine, as discussed previously; and 372 
• Decrease the activity coefficient of CO2 due to the higher physical solubility of the acid gas in water lean 373 

solvents. 374 

Whatever the net result of these four factors is, the findings of the experiments carried in this research show that, 375 
for 5 m MEA at lean loadings, addition of all five proposed organic diluents increase mass transfer rates. Figure 5(a) 376 
shows that at higher loadings, however, this advantage might diminish or disappear. For example, addition of 377 
1MIMI and MEG stops making up for competitive solvents at higher loadings, as evidenced by how steeply kg’ 378 
decreases with pCO2 in Figure 5(a). On the other hand, both DMSO and NMP seem to consistently increase kg’. This 379 
agrees to what was observed by Yuan and Rochelle (2018) for the addition of NMP to MEA 7 m.  Once the left-380 

(c) 

(a) (b) 
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leaning shift is considered and kg’ is accounted for a fixed pCO2 instead of α, addition of all organic diluents seem to 381 
increase the mass transfer rate of CO2 in 5 m MEA in the order DMSO > NMP > 1MIMI > MEG. Essentially, the 382 
shift in equilibrium caused by the inclusion of an organic diluent means that more free amine is present to react at 383 
the interface for a given CO2 partial pressure. 384 

A similar behavior is observed for solvents with 2.5 m 2MPZ. In terms of loading, as seen in Figure 4(b), 385 
addition of almost all organic diluents (the exception being MEG) seems to increase the mass transfer rates in the 386 
lean end. In the rich end, any advantage disappears and aqueous 2MPZ emerges as having the higher kg’ for CO2 387 
absorption. In terms of pCO2, with the equilibrium shift in view, almost all water lean solvents appear to be 388 
competitive with regards to their aqueous counterpart in the order SULF > 1MIMI > DMSO > NMP. This is 389 
apparent in Figure 5(b). MEG consistently does not increase the kg’ of 2.5 m 2MPZ. 390 

Finally, for MDEA, the shift in the reaction equilibrium is so strong that it is virtually impossible to compare the 391 
solvents at a same loading with the data obtained from the experiments, Figure 4(c). In terms of pCO2, as seen in 392 
Figure 5(c), all of them seem to be competitive in the order 1MIMI > SULF > NMP > DMSO > MEG. 393 

In general, it seems that the conjoint effects of equilibrium shift and mass transfer rate increase can raise the 394 
attractiveness of certain blends of water lean solvents. However, these effects seem to be dependent on both the 395 
characteristics of the amine and those of the diluent, with no clear ranking showing what the best diluent could be 396 
for a generic case. NMP is confirmed as being a very promising physical absorbent to be mixed with MEA, but not 397 
so with 2MPZ or MDEA. On the other hand, 1MIMI works pretty well with 2MPZ and MDEA-based solvents, but 398 
not so much with MEA, though it can promote the absorption of CO2 even at higher loadings where that of aqueous 399 
MEA begins dropping steeply. Both DMSO and SULF have shown consistently good results with all three amines, 400 
though being surpassed in each scenario by one or more of the other diluents. In all cases studied, MEG does not 401 
seem to improve significatively the mass transfer properties of the amine blends. 402 

All of these considerations neglect the impact that the viscosities of water lean solvents have in the overall 403 
efficiency of the process. Yuan (2018) shows a comprehensive analysis of the whole CO2 capture plant and 404 
demonstrates that the capital costs of dealing with high viscosities in the heat exchangers may easily surpass 405 
whatever is gained by operating with a smaller packed column. Other issues pertaining water lean solvents, such as 406 
the higher volatilities of amines and diluent themselves, may render operation with such mixtures more of a burden 407 
than these results suggest. Furthermore, what can be noticed in Figure 4 is that all advantages with regards to kg’ in 408 
water lean solvents decrease steeply at the rich end of the loading spectrum. As discussed above, this is usually the 409 
end that is more relevant on determining the dimensions of the packed column. 410 

For biogas upgrading purposes, aqueous 5 m MEA does not seem like a promising solvent for CO2 capture. This 411 
is evident by comparison of Figures 5(a) and 5(b), where the kg’ of aqueous MEA takes a dive before reaching 412 
partial pressures typical of untreated raw biogas. In view of this, mixing with NMP or DMSO could come as 413 
beneficial for absorbing at higher partial pressures with the high mass transfer coefficients typical of MEA-based 414 
solvents. Unfortunately, no data was gathered at high pressures for these blends, and one cannot assume that their 415 
kg’ will not drop dramatically once amine depletion becomes more relevant as it did to aqueous MEA. As an 416 
example: Table 2 shows that 5 m MEA + NMP blends have a similar kg’ to aqueous 2.5 m 2MPZ, but one should 417 
not forget that these are values referent to different loadings. It is quite likely that the kg’ of the MEA-based solvent 418 
will drop faster than that of 2MPZ, given that the latter is operating closer to amine depletion stage. 419 

 Both 2MPZ and MDEA-based solvents seem to keep their mass transfer coefficients reliably at somewhat stable 420 
values under high CO2 partial pressures, though 2.5 m 2MPZ absorbs CO2 5 to 10 times faster. Table 2 shows some 421 
values for kg’ at 10 and 20 kPa for the most competitive MEA, 2MPZ and MDEA solvents discussed in this 422 
research. 423 

424 
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Table 2. Interpolated values for the liquid-film mass transfer coefficients for a variety of solvents studied 425 
Solvent kg’ at 10 kPa (mol/Pa.m2.s) kg’ at 20 kPa (mol/Pa.m2.s) 

5 m MEA in H2O + NMP (1:3) 3.3.10-7* -- 

5 m MEA in H2O + DMSO (1:3) 4.6.10-7* -- 

2.5 m 2MPZ in H2O 3.3.10-7 1.7.10-7 

2.5 m 2MPZ in H2O + SULF (1:1) 4.4.10-7 2.5.10-7 

2.5 m 2MPZ in H2O + 1MIMI (1:1) 4.2.10-7 2.1.10-7 

3.5 m MDEA in H2O 4.9.10-8 2.1.10-8 

3.5 m MDEA in H2O + SULF (1:1) 6.3.10-8 5.2.10-8 

* These values were extended from the results displayed in Figure 3(a) and may grossly misrepresent reality in case a sudden 426 
drop in kg’ is to be seen between the last data point obtained experimentally and pCO2 = 10 kPa 427 

The results interpolated in Table 2 show that, even if one is optimistic regarding the behavior of the mass transfer 428 
rates in water lean solvents containing 5 m MEA and no sudden drop in kg’ is to be seen, aqueous 2.5 m 2MPZ still 429 
displays comparatively fast absorption rates. When blended with diluents such as SULF or 1MIMI, these rates are 430 
even higher and stay higher at pCO2 = 20 kPa, though their advantage is reduced at higher partial pressures as seen in 431 
Figure 4(b). 2MPZ-based solvents also absorb CO2 substantially faster than MDEA-based solvents. The results of 432 
this investigation seem to suggest that second generation solvents such as 2MPZ are more indicated for amine 433 
scrubbing in the biogas context than first generation ones. This comes due to faster absorption rates and to 2MPZ 434 
having increased capacity for CO2 absorption even when in equilibrium with CO2 at higher partial pressures, 435 
meaning the absorption-desorption process can be carried more reversibly than what is usually possible with MEA. 436 

4.2. Further investigations on the effects of diluents in water lean solvents 437 

Data obtained from Dugas (2009) and from Yuan (2018), as well as previously unreleased data obtained from the 438 
research performed at the NTNU, has been compiled to better contemplate the equilibrium shift in water lean 439 
solvents. The results of this analysis give more of an overview than a comprehensive interpretation of the observed 440 
phenomena. Therefore, this section is intended in pointing out areas where more understanding is needed. 441 

In previous sections, the proportions of water, organic diluents and amines have been kept constant for a fixed 442 
amine family. When amine concentrations and organic to water proportions are allowed to vary, the picture becomes 443 
even more blurred. For instance, in Figure 6(a) one can see the shift to the left in low- and now-aqueous solvents 444 
with THFA (tetrahydrofurfuryl alcohol) plus MEA with different molalities. From a distance, these curves seem to 445 
form a simple pattern: the more organic diluent is added, the stronger is the equilibrium shift. This is to be expected 446 
as, essentially, a progressive decrease in the dielectric permittivity is being performed for each of these series. 447 
However, closer inspection shows that the strength of this shift also grows in the order 4.1 m > 7.0 m > 1.8 m. There 448 
are currently no conclusive explanations for this phenomenon. 449 

Figure 6(b) shows the VLE data for solvents with PZ (piperazine) 5 m at 40 °C, all obtained in the wetted wall 450 
column. Aqueous PZ data was obtained by Dugas (2009), and subsequent hybrid formulations were tested by Yuan 451 
(2018). For PZ, there is hardly a parallelism in the VLE curves in aqueous and water lean solvents. One can even 452 
observe a point for the VLE curve of aqueous sulfolane (1:1) plus PZ in which the CO2 partial pressure is lower than 453 
in aqueous PZ at the same loading. Assuming this data is correct, this is an interesting case of “reverse cross-over 454 
pressure”, an event previously described in the literature (Song et al., 1997; Leites, 1998) in which for low loadings 455 
the CO2 solubility in water lean solvents is higher than in aqueous solvents. Evidently, the set of reactions involving 456 
CO2 and PZ is more complex than the one involving CO2 and MEA. The curves in Figure 6(b) make it clear that the 457 
treatment of VLE data by means of a simple shift to the left in water lean solvents is highly specific to very simple 458 
scenarios. For several other applications, deeper understanding is still lacking. 459 

460 
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Fig. 6. (a) The ratio between CO2 partial pressure pCO2 in hybrid and aqueous solvents at a fixed loading α for various amines, all data at 40 °C; 463 
(b) Equilibrium curves for water lean solvents with PZ 5 m at 40 °C obtained by Dugas (2009) and Yuan (2018), IMI = imidazole  464 

The behavior of the VLE curves with shifting dielectric permittivities observed in Figure 3(b) is quite baffling. 465 
For 5 m MEA, the observed trend is congruent with expectations set out by multiple authors (Sada et al. 1985, 1986; 466 
Leites, 1998; Hamborg et al., 2010, 2011) in which a decrease in dielectric permittivity causes a strong equilibrium 467 
shift. However, for 2.5 m 2MPZ and 3.5 m MDEA, there is no clear pattern. Rather than solving this issue, this work 468 
will merely suggest a possible approach.  469 

In their original work (Sada et al., 1985), Sada et al. implied a connection between kinetic constants and the 470 
Hildebrandt solubility parameter (δ) of the diluent, which on its part is linearly related to the dielectric permittivity 471 
of the medium. Lately, an effort has been made in dividing δ in three components: a component related to the 472 
London dispersion forces of the solvent (δd), a component related to its permanent dipole forces (δp) and a 473 
component related to its hydrogen bond forces (δh). These are the Hansen solubility parameters (Hansen, 2007). 474 
Values of these parameters are conveniently available for all organic diluents tested in this work, as well as mixing 475 
rules to calculate their values in low-aqueous mixtures (Hansen, 2007). If one is to assume that the original 476 
observation by Sada et al. (1985) can be extended from the Hildebrandt parameter to the Hansen parameters, or 477 
rather to a linear combination of the three Hansen parameters, and that the coefficients of this linear combination are 478 
a function of the amine species in solution, then a fitting can be made with the form outlined in Equation (11). 479 

hpd
aqCO

hybCO CCC
p
p

δδδ ⋅+⋅+⋅=

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





321

,2

,2ln    (11) 480 

Once the parameter fitting was done for 5 m MEA, 2.5 m 2MPZ and 3.5 m MDEA, the coefficients obtained 481 
were as shown in Table 3. These coefficients have also been normalized so that their relative strengths can be better 482 
assessed. Table 3 clearly shows that the effects of hydrogen bonding interactions are a lot less significant than that 483 
of London forces and dipole-dipole interactions. A visualization of this approach can be seen on Figure 7, which 484 
only demonstrates the quality of the fitting done with the coefficients shown in Table 3. 485 

Table 3. Coefficients found for the Hansen solubility parameter correlation 486 
Amine C1 C2 C3 ||C1||.100% ||C2||.100% ||C3||.100% 

5 m MEA 0.1897 -0.1347 -0.0118 66.3% 33.4% 0.3% 

2.5 m 2MPZ 0.2463 -0.1531 -0.0358 71.0% 27.5% 1.5% 

3.5 m MDEA 0.5550 -0.3174 -0.1113 73.1% 23.9% 3.0% 

(a) (b) 
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Fig. 7. Equilibrium shift as a linear function of the Hansen solubility parameters for multiple amines at 40 °C.  488 
For 5 m MEA: f=0.1897*δd-0.1347*δp-0.0118*δh. For 2.5 m 2MPZ: f=0.2463*δd-0.1531*δp-0.03458*δh. For 3.5 m MDEA: f=0.5550*δd-489 

0.3174*δp-0.1113*δh. In other words, the coefficients for the linear functions plotted are the ones found in Table 3. 490 

As seen through the coefficients in Table 3, moving from aqueous to water lean solvents can be roughly said to 491 
have two main consequences: a change in the dispersion forces and a change in the dipole forces. For all amines, the 492 
equilibrium shift is stronger if the dispersion forces are increased and the dipole forces are reduced. This seems 493 
reasonable. The London dispersion forces can be related to induced dipole interactions typical of non-polar 494 
molecules, and both intermediaries and products of amine reactions with CO2 are strongly polar, and thus de-495 
stabilized the bigger the δd. They are, however, stabilized by strong polar interaction, and so the bigger the δp the 496 
weaker is the equilibrium shift.  497 

The differences observed between MEA, 2MPZ and MDEA are related to how effective these stabilization/de-498 
stabilization mechanisms are for each different amine. Therefore, while in the past the dielectric permittivity has 499 
been the focus on interpreting equilibrium shift data in water lean solvents, it is suggested that other forms of 500 
intermolecular interactions (namely London forces and, to a lesser extent, hydrogen bonding forces) should be taken 501 
into consideration in future works. 502 

5. Conclusion 503 

Addition of an organic diluent to a solvent has several effects. Two of them were particularly studied in this 504 
research, namely a chemical shift (i.e. shift in activities of both electrolytic species and amines) and the promotion 505 
of liquid-film mass transfer coefficients. While the chemical shift causes the CO2 partial pressure in equilibrium 506 
above a certain loading to be higher in water lean solvents than in their aqueous counterparts, promotion of mass 507 
transfer rates induces faster rates for the same CO2 partial pressure (though not necessarily for the same loading). 508 
The net effect of these phenomena is a solvent that can be best suited for capturing CO2 under high partial pressures, 509 
which is precisely the case for biogas upgrading. 510 

Some parameters were proposed to correlate these effects with physical properties of the organic diluents. 511 
Regarding the chemical shift, the dielectric permittivity ε seems to have a direct influence over the activities of 512 
reagents and products: the lower the ε, the higher the shift towards unreacted amine. This observation can be 513 
correlated to the solvation properties of the diluent and their resulting de-stabilization on intermediaries and 514 
products. Another possible approach is relating chemical equilibrium to the Hansen solubility parameters of the 515 
diluents. Furthermore, the chemical shift is found to be stronger in MEA-based solvents than in MDEA-based 516 
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solvents, perhaps due to the stoichiometry of the reaction or perhaps due to the higher polarity of MEA when 517 
compared to MDEA. 518 

No general rule was observed regarding how different diluents affect different amine solvents in matters of mass 519 
transfer rates. NMP has a positive effect on the mass transfer coefficient of MEA-based solvents, while 1MIMI 520 
seems more suited to 2MPZ and MDEA-based solvents. DMSO and SULF showed good results for all amines, 521 
though in each case they were surpassed by some of their alternatives. MEG does not show many interesting 522 
properties at all, at least concerning promoting mass transfer rates in water lean solvents. 523 

Second generation solvents with 2MPZ were found to be best suited for capturing CO2 under higher CO2 partial 524 
pressures than first generation solvents either with MEA or MDEA, regardless of the presence of organic diluents in 525 
the mixture. Water lean solvents with 2MPZ may have higher mass transfer coefficients than aqueous 2MPZ, but 526 
their advantage decreases quickly under high CO2 partial pressures. 527 

Other properties essential for engineering better solvents in more efficient processes, among which one should 528 
mention viscosities and volatilities, were not emphasized in the current research. There are reasons to suspect that 529 
they may pose a bigger issue in hybrid formulations than in regular aqueous solvents. Therefore, they should be 530 
decisively approached in any future work regarding amino-organic mixtures for CO2 capture. 531 
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Appendix A. Data obtained in the WWC 536 

A.1. Data for 5 m MEA solvents 537 

Table 4. Data obtained for MEA-based water lean solvents in the WWC at 40 °C 538 
α (mol CO2/mol N) pCO2 (kPa) Kg (mol/m2.s.Pa) kg (mol/m2.s.Pa) kg' (mol/m2.s.Pa) 

5 m MEA in water 

0.36 0.102 ± 0.004 (1.1 ± 0.1).10-6 (2.9 ± 0.3).10-6 (1.9 ± 0.3).10-6 

0.41 0.22 ± 0.02 (1.1 ± 0.1).10-6 (2.9 ± 0.3).10-6 (1.8 ± 0.3).10-6 

0.45 0.79 ± 0.04 (5.5 ± 0.5).10-7 (2.9 ± 0.3).10-6 (6.8 ± 0.9).10-7 

5 m MEA in water + SULF (1:3) 

0.30 0.083 ± 0.009    

0.36 0.16 ± 0.03 (1.8 ± 0.2).10-6 (2.5 ± 0.2).10-6 (6 ± 3).10-6 

0.40 0.42 ± 0.05 (7.7 ± 0.8).10-7 (2.1 ± 0.2).10-6 (1.2 ± 0.2).10-6 

0.45 2.9 ± 0.2 (3.7 ± 0.4).10-7 (2.1 ± 0.2).10-6 (4.4 ± 0.5).10-7 

5 m MEA in water + MEG (1:3) 

0.30 0.105 ± 0.009    

0.37 0.32 ± 0.04 (7.8 ± 0.8).10-7 (1.3  ± 0.1).10-6 (1.9  ± 0.6).10-6 

5 m MEA in water + 1MIMI (1:3) 

0.30 0.122 ± 0.007 (2.2 ± 0.2).10-6 (2.9 ± 0.3).10-6 (1.0 ± 0.5).10-5 

0.36 0.30 ± 0.01 (1.7 ± 0.2).10-6 (2.9 ± 0.3).10-6 (4 ± 1).10-6 

0.41 0.87 ± 0.05 (2.3 ± 0.2).10-7 (7.3 ± 0.7).10-7 (3.4 ± 0.5).10-7 

5 m MEA in water + DMSO (1:3) 

0.30 0.08 ± 0.01    

0.37 0.20 ± 0.02 (2.0 ± 0.2).10-6 (2.5 ± 0.2).10-6 (9 ± 5).10-6 
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0.40 0.442 ± 0.006 (1.6 ± 0.2).10-6 (2.5 ± 0.2).10-6 (4 ± 1).10-6 

0.45 2.0 ± 0.3 (9.7 ± 0.1).10-7 (2.5 ± 0.2).10-6 (1.6 ± 0.3).10-6 

5 m MEA in water + NMP (1:3) 

0.30 0.14 ± 0.01    

0.35 0.29 ± 0.03 (1.4 ± 0.1).10-6 (2.5 ± 0.2).10-6 (3.3 ± 0.9).10-6 

0.40 0.71 ± 0.03 (1.3 ± 0.1).10-6 (2.5 ± 0.2).10-6 (2.6 ± 0.6).10-6 

0.45 5.0 ± 0.4 (5.4 ± 0.5).10-7 (2.5 ± 0.2).10-6 (6.9 ± 0.9).10-7 

A.2. Data for 2.5 m 2MPZ solvents 539 

Table 5. Data obtained for 2MPZ-based water lean solvents in the WWC at 40 °C 540 
α (mol CO2/mol N) pCO2 (kPa) Kg (mol/m2.s.Pa) kg (mol/m2.s.Pa) kg' (mol/m2.s.Pa) 

2.5 m 2MPZ in water 

0.20 0.29 ± 0.03 (1.3 ± 0.1).10-6 (2.9 ± 0.3).10-6 (2.5 ± 0.5).10-6 

0.28 0.70 ± 0.03 (6.3 ± 0.6).10-7 (1.9 ± 0.2).10-6 (9 ± 2).10-7 

0.32 2.62 ± 0.05 (5.0 ± 0.5).10-7 (1.9 ± 0.2).10-6 (6 ± 1).10-7 

0.35 3.6 ± 0.3 (5.1 ± 0.5).10-7 (2.9 ± 0.3).10-6 (6.2 ± 0.8).10-7 

0.40 8.3 ± 0.8 (3.0 ± 0.3).10-7 (1.9 ± 0.2).10-6 (3.6 ± 0.4).10-7 

2.5 m 2MPZ in water + SULF (1:1) 

0.30 3.5 ± 0.2 (7.5 ± 0.7).10-7 (2.9 ± 0.3).10-6 (1.0 ± 0.1).10-6 

0.35 8.1 ± 0.6 (4.1 ± 0.4).10-7 (1.9 ± 0.2).10-6 (5.2 ± 0.7).10-7 

0.40 20 ± 2 (1.9 ± 0.2).10-7 (7.3 ± 0.7).10-7 (2.5 ± 0.3).10-7 

2.5 m 2MPZ in water + MEG (1:1) 

0.32 4.3 ± 0.3 (4.3 ± 0.4).10-7 (2.9 ± 0.3).10-6 (5.1 ± 0.6).10-7 

0.35 7.2 ± 0.4 (2.8 ± 0.3).10-7 (1.9 ± 0.2).10-6 (3.3 ± 0.4).10-7 

0.40 20 ± 2 (9.5 ± 0.9).10-8 (7.3 ± 0.7).10-7 (1.1 ± 0.1).10-7 

2.5 m 2MPZ in water + 1MIMI (1:1) 

0.30 2.9 ± 0.2 (9.2 ± 0.9).10-7 (2.9 ± 0.3).10-6 (1.3 ± 0.2).10-6 

0.35 6.2 ± 0.2 (4.7 ± 0.5).10-7 (1.9 ± 0.2).10-6 (6.3 ± 0.9).10-7 

0.40 17 ± 1 (2.1 ± 0.2).10-7 (1.0 ± 0.1).10-6 (2.6 ± 0.3).10-7 

2.5 m 2MPZ in water + DMSO (1:1) 

0.30 3.4 ± 0.2 (7.0 ± 0.7).10-7 (2.9 ± 0.3).10-6 (9 ± 1).10-7 

0.35 7.0 ± 0.7 (3.8 ± 0.4).10-7 (1.9 ± 0.2).10-6 (4.7 ± 0.6).10-7 

0.40 21 ± 2 (1.27 ± 0.1).10-7 (7.3 ± 0.7).10-7 (1.5 ± 0.2).10-7 

2.5 m 2MPZ in water + NMP (1:1) 

0.30 4.7 ± 0.3 (5.8 ± 0.6).10-7 (2.9 ± 0.3).10-6 (7.2 ± 0.9).10-7 

0.35 11.0 ± 0.9 (2.3 ± 0.2).10-7 (1.3 ± 0.1).10-6 (2.8 ± 0.3).10-7 

0.39 34 ± 3 (7.8 ± 0.8).10-8 (6.0 ± 0.6).10-7 (9 ± 1).10-8 

A.3. Data for 3.5 m MDEA solvents 541 

Table 6. Data obtained for MDEA-based water lean solvents in the WWC at 40 °C 542 
α (mol CO2/mol N) pCO2 (kPa) Kg (mol/m2.s.Pa) kg (mol/m2.s.Pa) kg' (mol/m2.s.Pa) 
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3.5 m MDEA in water 

0.25 8.8 ± 0.6 (4.8 ± 0.5).10-8 (1.6 ± 0.2).10-6 (5.0 ± 0.5).10-8 

0.30 13.5 ± 0.8 (4.4 ± 0.4).10-8 (1.2 ± 0.1).10-6 (4.6 ± 0.5).10-8 

0.35 22 ± 9 (1.6 ± 0.2).10-8 (1.0 ± 0.1).10-6 (1.6 ± 0.2).10-8 

3.5 m MDEA in water + SULF (1:1) 

0.10 9.4 ± 0.5 (6.0 ± 0.6).10-8 (1.0 ± 0.1).10-6 (6.4 ± 0.7).10-8 

0.15 17 ± 2 (5.1 ± 0.5).10-8 (1.0 ± 0.1).10-6 (5.3 ± 0.6).10-8 

0.20 30 ± 7 (4.7 ± 0.5).10-8 (6.0 ± 0.6).10-7 (5.0 ± 0.5).10-8 

3.5 m MDEA in water + MEG (1:1) 

0.10 7.7 ± 0.7 (5.5 ± 0.5).10-8 (1.0 ± 0.1).10-6 (5.8 ± 0.6).10-8 

0.15 13.6 ± 0.7 (4.8 ± 0.5).10-8 (1.0 ± 0.1).10-6 (5.1 ± 0.5).10-8 

0.21 23 ± 3 (2.7 ± 0.3).10-8 (7.3 ± 0.7).10-7 (2.8 ± 0.3).10-8 

3.5 m MDEA in water + 1MIMI (1:1) 

0.10 13.0 ± 0.7 (6.8 ± 0.7).10-8 (1.0 ± 0.1).10-6 (7.3 ± 0.8).10-8 

0.15 22 ± 2 (4.9 ± 0.5).10-8 (7.3 ± 0.7).10-7 (5.3 ± 0.6).10-8 

3.5 m MDEA in water + DMSO (1:1) 

0.10 17 ± 1 (2.5 ± 0.2).10-8 (7.3 ± 0.7).10-7 (2.6 ± 0.3).10-8 

0.15 33 ± 4 (2.2 ± 0.2).10-8 (6.0 ± 0.6).10-7 (2.3 ± 0.2).10-8 

3.5 m MDEA in water + NMP (1:1) 

0.10 24 ± 1 (3.6  ± 0.4).10-8 (7.3 ± 0.7).10-7 (3.8 ± 0.4).10-8 

Appendix B. Obtaining the confidence intervals for pCO2 and kg’ 543 

B.1. The uncertainty of the equilibrium CO2 partial pressure 544 

As mentioned before, the WWC is employed in both bypass and operational configurations. With these, and by 545 
operating them in absorption and desorption modes, one can gather a set of data as seen in Figure 8. In the 546 
desorption mode, the CO2 partial pressure measured in bypass configuration is lower than that measured in 547 
operational configuration. The opposite happens in the absorption mode. If both had equal values, this would mean 548 
that the CO2 partial pressure coming through the inlet stream was exactly the CO2 partial pressure in equilibrium 549 
with the loaded solution. The key to obtaining this value, therefore, is the linear regression showed in blue. 550 
 551 

 552 

Fig. 8. Operational and bypass modes of the WWC being used for obtaining the CO2 partial pressure 553 
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Two parameters are obtained in the linear regression, Eq. (12). The equilibrium CO2 partial pressure can be 554 
calculated from these parameters by Eq. (13). 555 

loperationabypass pp ⋅+= 21 ββ    (12) 556 

2

1
2 1 β

β
−

=COp    (13) 557 

As pCO2 is not measured directly but is indeed evaluated with the parameters obtained by Eq. (12), its accuracy 558 
depends entirely on the quality of the fitting. Equation (14) shows how this can be done. 559 
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The variances of the slopes (β2) and intercepts (β1) of each regression line may be easily calculated with any 561 
statistics tool. In the end, the quality of the CO2 partial pressure data obtained will depend on how many points are 562 
measured and how much they diverge from a straight line. Since with each measurement one may affect the loading 563 
of the solvent being analyzed, a compromise is required to obtain good results with not so many data points.  564 

B.2. The uncertainty of the liquid phase mass transfer coefficient 565 

As a rule of thumb, one can assume that Kg obtained in the WWC has an uncertainty of 10% and that the same is 566 
valid regarding kg recovered from the empirical model (Bishnoi and Rochelle, 2000). Clearly, if both have the same 567 
confidence margins, then the confidence margin for kg’ can be given by Equation (15). 568 
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Essentially, the uncertainty of kg’ is proportional to kg’ itself, reaching a minimum when kg’ = Kg, i.e. when gas-570 
film mass transfer resistance is negligible and kg is high. This is reasonable: if gas-film mass transfer resistance can 571 
be ignored, than the WWC procedure would be measuring kg’ directly. The estimated value of kg decreases with 572 
high pressures and increases with vapor velocity (Bishnoi and Rochelle, 2000). Once again, these parameters are 573 
limited by the operational span of the apparatus and accuracy of the mass flow controllers. For solvents with very 574 
fast absorption rates, as was the case of some water lean solvents with MEA, it happened a few times that Equation 575 
(7) resulted in statistically insignificant kg’s values. These values were not included in this work. 576 
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