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ABSTRACT: Significant reduction of the water content of traditional absorbents,
increasing organic character of absorbent molecules, and substitution of water with a
non-aqueous diluent are increasingly attracting interest as means to improve
absorbent performance. From our previous work, the novel diamine absorbents
N,N-dimethyl-1,3-propanediamine (DMPDA) and N,N-dimethyl-1,2-ethanediamine
(DMEDA), also utilizing N-methyl-2-pyrrolidone (NMP) as a non-aqueous diluent
to reduce the water content of the absorbent, were demonstrated to produce an
absorbent blend with a significantly lower overall energy consumption (for CO2
regeneration). Alongside the thermodynamic performance, CO2 absorption mass
transfer plays an equally critical role in the overall performance of an absorbent for
CO2 capture processes. Gaining an understanding of the fundamental factors
influencing mass transfer behavior has long been the focus of research efforts, and
the diffusivity of the absorbent molecules is a critical factor for amines to be able to
rapidly react with CO2. Expanding on the initial investigation of these promising
blends, we evaluate herein the diffusivity of the component molecules of a number of blends as a function of temperature, CO2
loading, absorbent composition, and absorbent viscosity. A powerful technique based on nuclear magnetic resonance (NMR)
spectroscopy was used to provide direct measurement of the diffusion coefficients of individual chemical species in the blends.
Diffusivity and viscosity were found to behave very differently in water-lean and aqueous blends, with water-lean blends being
particularly sensitive to CO2 loading and water content. The hydrodynamic radii of species in the water-lean blends were particularly
sensitive to temperature relative to the aqueous blends, significantly decreasing as the temperature was increased with associated
potential mass transfer benefits. This can be put down to the introduction of NMP, which weakens the intermolecular interactions
(forming a hydrogen bond) between molecules and water, and this impact increased through increasing temperature. This highlights
that the optimal operating conditions for water-lean blends are likely quite different to those used traditionally for aqueous blends.

1. INTRODUCTION
The amount of carbon dioxide released globally in 2020 from
the combustion of fossil fuels was ca. 34.0 Gt,1 decreasing by
∼7.0% below 2019 levels due to the slowdown and impacts of
the COVID-19 pandemic. While this observed reduction in
emissions is not yet sustainable in the long term, at least in the
short term, it clearly demonstrates that the magnitude of the
impact humanity is capable of having on its overall CO2
emission profile and, subsequently, its effort to reduce the
effects of climate change are confirmed to be observable and
substantial if achieved. Carbon capture, utilization, and storage
(CCUS) is regarded as one of the key approaches capable of
significant reductions in CO2 emissions from fossil fuel-based
combustion processes, but more importantly into the future is
the role CCUS technologies will play in abatement of CO2
emissions from heavy industry where few emission abatement
options currently exist. CO2 capture using typical amine-based
aqueous absorbents such as monoethanolamine (MEA), 2-
amino-2-methylpropanol (AMP), and piperazine (PZ) is the

leading capture technology but continues to face technical
challenges on its way to global adoption at the necessary
industrially relevant and economically palatable scale. Much of
the improvement must target the low cyclic capacity and high
overall energy consumption of the absorbents such as that seen
in MEA processes,2−6 elevated volatility and viscosity in AMP
blends,7−9 and the formation of solid precipitates at lower
temperatures with PZ,10−12 as examples.

A recent momentum shift of the fundamental research from
typical aqueous absorbent systems toward novel water-lean and
non-aqueous absorbents is expected to offer a considerable
energy improvement over the aqueous absorbent systems,
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ideally without significant modification to traditional CO2
capture absorbent designs or infrastructure. The introduction
of alcohols,13−16 N-methyl-2-pyrrolidone (NMP),17−20 or
sulfolane (SFL)21−23 to reduce the aqueous nature of amine-
based absorbent blends has been observed to result in lower
latent heats of regeneration. A 45% decrease in energy
consumption was observed in water-lean blends of amino
acid salts and 2-alkoxyethanols compared with aqueous
MEA.24 A non-aqueous solvent containing AMP, 2-(2-
aminoethylamino) ethanol (AEEA), and N-methyl pyrrolidone
(NMP) was developed with a lower regeneration energy (2.09
GJ·t−1 CO2).

25 Heldebrant et al. also reported that
modification of non-aqueous “antisolvents” such as hexadecane
assisted in the chemical desorption chemistry of CO2 from a
loaded (CO2) solution of a CO2-binding organic liquid
(CO2BOL). This modification achieved a temperature
decrease from traditional 90 °C to 73.0 °C during the solvent
regeneration step of their process.26 Notably and importantly,
the reduction in regeneration temperature consequently
reduced solvent attrition via thermal degradation.27 Similarly,
Wang et al. employed a phase-separating absorbent comprising
a mixture of diethylenetriamine (DETA) and sulfolane as an
alternative to aqueous MEA, resulting in a reduction of the
total heat duty by up to 19.0%.22

To date, few studies have invested significant efforts into the
understanding of mass transfer processes occurring within
water-lean absorbents. Among the fundamental properties
influencing the mass transfer performance are the physical
properties of the absorbents including the diffusion coefficients
and hydrodynamic radii, which play key roles in the
fundamental CO2 capture chemistry. In a recent pioneering
study, Yuan and Rochelle built a kinetic model to compile and
understand the effects of absorbent properties on CO2 mass
transfer in an MEA-NMP-water absorbent.17 Initially, their
mass transfer model suggested that the CO2 diffusion into and
subsequent reaction within aqueous MEA can be approximated
by pseudo-first order (PFO) behavior, while the addition of
NMP causes deviation from PFO conditions by negatively
enhancing depletion of MEA on the surface. The study also
concluded that the semi-aqueous absorbent demonstrated an
excellent CO2 absorption rate; however, the increased viscosity
reduced heat transfer, which negatively impacts heat exchanger
performance. Wang et al. also observed that the CO2 mass
transfer coefficient in their DETA-sulfolane absorbent
decreased with increasing CO2 uptake, which they attributed
to the corresponding increase in the viscosity of the solution.22

The bulk of previous mass transfer and diffusion studies in
water-lean or non-aqueous CO2 capture absorbents typically
involves ionic liquids. The effects of anion selection in three 1-
butyl-3-methylimidazolium ([bmim]+)-based ionic liquids on
kinetic and thermodynamic performances were illustrated by
Gonzalez-Miquel et al., in which bmim tris(pentafluoroethyl)
trifluorophosphate ([bmim][FAP]) showed the ideal solubility
o f t h o s e i n v e s t i g a t e d , w h i l e b m i m b i s -
(trifluoromethanesulfone)imide ([bmim][NTf2]) performed
better in diffusivity.28 Similar impacts are expected in water-
lean and non-aqueous blends due to the presence of ions (in
the form of carbamates, carbonates, and protonated amines).
This phenomenon also demonstrates that both kinetics and
thermodynamics are critical properties to be considered in
absorbent selection.

Viscosity shows a strong negative influence on diffusivity
and, thus, the mass transfer performance of an absorbent. A

primary amine-functionalized ionic liquid, 1-(3-aminopropyl)-
3-methylimidazolium tetrafluoroborate ([APmim]BF4), has
some 1.0−3.0 orders of magnitude reduction in the diffusion
coefficient compared with MEA in an aqueous solution, and
the reduction correlated with the elevated viscosity in the ionic
liquid.29 It is found that the viscosity of 1-alkyl-3-
methylimidazolium tricyanomethanide ionic liquids ([Cnmim]-
[TCM], n = 2, 4, 6, 7, and 8) surprisingly decreased upon
absorption of CO2, leading to an enhanced diffusion
coefficient, which shows significant promise for utilization of
this phenomena in industrial applications.30 A viscosity of
124.0 mPa·S−1 was obtained for an N,N′-dimethyl-N-(2-
methoxyethyl) ethylenediamine (MeO-DMEDA)-based non-
aqueous absorbent at its maximum CO2 loading (0.7 mole
CO2·mole amine−1).31 While it is still high compared to that of
aqueous MEA32 (2.7 mPa·S−1 with 0.5 mole CO2·mole
amine−1 at 40.0 °C), this is a substantial improvement for
these water-lean absorbents and positions them for further
investigations.

In an expansion of our previous work on the thermodynamic
behavior and enhanced energy performance of two diamine-
based water-lean absorbents, N,N-dimethyl-1,3-propanedi-
amine (DMPDA) and N,N-dimethyl-1,2-ethanediamine
(DMEDA), in blends with the organic component NMP,33,34

here, we investigate the DMEDA and DMPDA blends with
NMP with a water content of less than 20% (5, 10, and 20%)
and CO2 loadings and the changes in their viscosity and
diffusivity as a pathway to understanding the impacts of the
blend properties on CO2 absorption mass transfer. Utilizing
NMR spectroscopy as an analytical method here allows for a
more controlled and consistent evaluation of diffusion
compared with other laboratory techniques including ther-
mogravimetric analysis,35−37 thin liquid film methods,38,39

Fourier transform infrared spectroscopy,40 and Taylor
dispersion method41 and/or modeling methods that rely on
empirical relationships.42,43 MEA and its corresponding water-
lean absorbent blends have been included in the suite of
absorbent blends investigated here for comparison.

2. EXPERIMENTAL SECTION
2.1. Chemicals. Carbon dioxide (CO2, 99.9%) and

nitrogen (N2, 99.9%) gases were supplied by BOC Australia.
Abbreviations and molecular structures of amines and
cosolvents utilized in this study are displayed in Table 1.
Monoethanolamine (MEA, 99%, Merck), N,N-dimethyl-1,2-
ethanediamine (DMEDA, 99%, Sigma), N,N-dimethyl-1,3-
propanediamine (DMPDA, 99%, Aldrich), and 1-methyl-2-
pyrrolidone (NMP, 99%, ChemSupply) were all used as
received without additional purification. Deionized water was
used to prepare all solutions containing water as a blend
component. The concentration of amines in each blend
remains as 30%, and the different quantities of N-methyl-2-
pyrrolidone and water make the remaining 70% of
components. The compositions of water-lean solvents studied
in this work are shown in Table S1 with their abbreviations.
The abbreviation contains the amine type (fixed at 30% w/w)
and the water fraction as % w/w. The NMP fraction is inferred
as it is (70 H2O) % w/w.
2.2. CO2 Absorption Equilibrium. The apparatus used

for CO2 absorption is shown schematically in Figure 1 and
described in detail in our previous paper.33,34 The equilibrium
flask was charged with the absorbent mixture after which a
CO2/N2 gas mixture, presaturated with water, was bubbled
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through the solution for approximately 24 h until it was
saturated with CO2. A range of CO2 loadings was obtained by
dilution of the CO2-rich solution with a CO2-free absorbent
with the samples then prepared for analysis by NMR
spectroscopy.
2.3. Viscosity Measurements. Viscosities of the various

CO2-loaded solutions were measured in duplicate using an
Anton Paar Automated Micro-viscometer at 298.0 and 313.0 ±
0.1 K. The resulting values are reported as the average of the
duplicate measurements.
2.4. NMR Spectroscopy. NMR measurements were

performed on a suite of Bruker Avance 400 and 500 MHz
NMR spectrometers with the samples held at their specified
temperatures to within ±0.1 K. 1H and 13C chemical shifts
were referenced to 13.0% trioxane in deuterium oxide located
within a sealed glass capillary inside the NMR tube (reference
chemical shift at 93.52 ppm for 13C and 5.09 ppm for 1H
signals). The CO2 loadings of samples were quantified from

the 13C NMR spectra collected with inverse-gated 1H
decoupling at a pulse angle of 30° (zgig30 pulse program,
Bruker) as the sum of 32 scans with a relaxation delay (AQ +
D1) greater than 5× the longest measured T1 in the molecule.
Both the 1H and 13C 90° pulse lengths were measured for each
sample.

Diffusion coefficients were determined using the pulsed field
gradients spin echo method44,45 utilizing a Bruker Avance 500
NMR spectrometer equipped with a 5 mm probe operating
with a 5.35 G/mm z-gradient. Bruker’s Topspin 3.6 software
was utilized for spectral acquisition and post-processing. At
least 30 min was allowed for each sample to reach thermal
equilibrium within the NMR spectrometer prior to spectral
acquisition. The NMR spectra were measured with a
stimulated echo sequence with one spoil gradient. The
diffusion time (Δ) of 100 ms was used, and the gradient
pulse length (δ) was determined for each of the various
measurement temperatures. Gradient pulses exhibited a
smoothed square chirp shape. Experiments were performed
as pseudo-2D with a linear variation of the gradient from 2.0 to
95.0% of the maximum intensity in 32 steps. Subsequent
spectral data were processed and the peak areas I were used to
fit the Stejskal−Tanner equation (eq 1)46,47 to determine the
diffusion coefficient D as single-component fits.

= [ ]×I I e D
0

(2 ) ( )/3 101/2 4

(1)

The resulting diffusion coefficient for each of the observed
species including amine, carbamate, carbonate, and water is
available in Figures S1−S3 of the Supporting Information and
will be discussed in the following sections.

3. RESULTS AND DISCUSSION
3.1. Diffusion Coefficient. The gradient 1H NMR spectral

data were used to calculate diffusion coefficients D for each of
the absorbent series at various CO2 loadings and three
temperatures (293.0, 303.0, and 313.0 K). For each system, the
values for four species including H2O, NMP, amine, and
carbamate were obtained. The water-lean systems displayed a
high level of consistency within the trends responding to the
changes in temperature, NMP/water ratio, and CO2 loading.
Single representative measurements are discussed herein. The
comprehensive suite of the resulting NMR data with variations
in temperature, NMP/water ratio, and CO2 loading is available
in Figures S1−S3 in the Supporting Information.
3.1.1. The Effect of Temperature and CO2 Loading on

Amine Diffusion: General Trends. The effect of CO2 loading
and temperature on diffusion in three amine absorbent blends
with 5.0% H2O is shown in Figure 2a,b, respectively. Similar
trends in the observed diffusivities with increasing temperature
and CO2 loading are apparent among absorbent systems with
different water contents. For simplicity, the general trends in
this section will initially be discussed here using the data for
the 5.0% H2O series. From Figure 2a, diffusion coefficients
here increased with increasing temperature for a given CO2
loading and for each blend. Moreover, it was found that the
diffusion coefficient was linearly correlated with 3/2 power of
temperature (K), for which a similar trend has been reported
in gaseous systems previously.48 The linear relation between
T3/2 and D is displayed in Figure 2b. Importantly, it is worth
noting that both the aqueous and water-lean absorbents
demonstrated this highly linear relationship.

Table 1. Structures and Abbreviations of Amine
Components and Cosolvents

Figure 1. Schematic diagram of the CO2 absorption apparatus used in
this work.
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In terms of CO2 loading, there is a general trend with
decreasing diffusion coefficient and increasing CO2 loading.
The major variation of the absorbent system in a CO2
absorption process is the change in the chemical composition
with increasing amounts of CO2 absorbed as carbamates,
carbonates, and protonated amines. In its simplest form, the
formation and presence of charge(s) on these species
(resulting from the reaction with CO2) hinder the movement
of the molecules (themselves and others within the solution),
naturally leading to a decline in the diffusion coefficients.

3.1.2. The Effect of Different Species in Liquid. Expanding
on the simple amine data in the previous section, the individual
species diffusion coefficient data for the different amine
systems at 313.0 K, being a typical CO2 absorption
temperature, are displayed in Figures 3 and 4.

Figures 3 and 4 show the diffusion coefficients of the two
main nonreactive absorbent components H2O and NMP with
increasing CO2 loading at 313.0 K. It is immediately apparent
that the diffusivity of H2O is distinctly different in the aqueous
system to that in the water-lean systems. The diffusivities of

Figure 2. (a) Diffusion coefficients of amine versus CO2 loading at different temperatures in three amine-based absorbents with 5% H2O (square:
293.0 K; circle: 303.0 K; triangle: 313.0 K). (b) Diffusion coefficient of amine versus 3/2 power of temperature in three amine-based absorbents
with different CO2 loadings (dotted line: MNH-5% H2O; solid line: ENH-5% H2O; dotted and dashed line: PNH-5% H2O).

Figure 3. Diffusion coefficients of H2O versus CO2 loading at 313.0 K in three amine-based absorbent series.

Figure 4. Diffusion coefficients of NMP versus CO2 loading at 313.0 K in three amine-based absorbent series.
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H2O in the absence of NMP are relatively constant with
increasing CO2 loading in each of the blend systems, while for
the corresponding water-lean absorbents, there is a marked
decrease with CO2 loading. It can be explained that a huge
amount of free H2O in these three aqueous absorbents
weakens the impact of carbamate, carbonate, and protonated
amine formed through CO2 uptake on the diffusivity of H2O.
The diffusivity of water in the MEA blends at zero CO2 loading
decreases substantially with the addition of NMP by up to
∼50.0%. The trends for DMEDA and DMPDA are less
obvious with the diffusivity of water fluctuating around the
initial value for the CO2 free blends, only decreasing below the
initial value for DMEDA, with DMPDA essentially remaining
constant. The diffusivity of H2O decreases with increasing CO2
loading in water-lean absorbents. Using the data for blends
containing the largest amount of H2O, the diffusivity of H2O
decreases by about 50% or so for the MEA, DMEDA, and
DMPDA blends. Interestingly, the diffusivity of H2O was

found to be comparable at CO2 loadings <0.2 (mol CO2·mol
amine−1) across the three MEA blends containing differing
amounts of H2O, while the blend with the highest H2O
content (20%) maintained the largest H2O diffusivity as the
CO2 loading increased toward saturation. The change in H2O
diffusivity may result from strong hydrogen bonding between
H2O and the amine and carbamate and the interruption of the
hydrogen bonding network (via H2O) with increasing
concentration of the NMP component into the blend. H2O
diffusivity in the two diamine absorbents, DMEDA and
DMPDA, was the highest in the blends with the lowest
content of H2O over the entire CO2 loading range (similar to
10% water content in zero loading). Again, in each of the
blends, the water content has a positive influence on hydrogen
bond formation in the water-lean system.34

Diffusion of NMP followed similar trends to the diffusion of
H2O with increasing CO2 loading (Figure 4). A similar
diffusion coefficient for NMP was achieved in the MEA blends

Figure 5. Diffusion coefficients of amine and carbamate versus CO2 loading at 313.0 K in three amine-based absorbent series.

Figure 6. Comparison on the diffusivity of four species in three water-lean absorbents with 10% H2O and their corresponding aqueous absorbents
at 313.0 K (a: H2O; b: NMP; c: amine; d: carbamate).
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with differing H2O, below 10% H2O, while the range and
spread of values in the two diamine systems were wider. This
effect could result from the difference in the chemical structure
of MEA with the hydroxyl group (in MEA), which is able to
form a stronger hydrogen bond with H2O compared to the
amino groups in the diamine. Hence, it is the strong attraction
between MEA (via OH) and H2O stemming the diffusivity of
H2O, leading to a lower diffusion coefficient (of H2O) than
that of NMP.

Diffusion coefficients of amine and carbamate as a function
of CO2 loading at 313.0 K in the three amine blend systems are
displayed in Figure 5. Similar to the diffusivity of H2O, amine,
and carbamate, diffusivities in the absence of NMP are only
slightly changed with increasing CO2 loading. However, in the
presence of NMP, the trend in diffusivity decreases
significantly with increasing CO2 loading. The diffusivity of
amine and carbamate in the MEA-H2O mixtures was about
50% greater than that in the corresponding DMEDA-H2O and
DMPDA-H2O blends. In the case of the MEA blend, addition
of NMP resulted in a decrease in the diffusivity of amine and
carbamate. Interestingly, the diffusivity of amine in the
DMEDA and DMPDA blends in the presence of NMP
initially exceeds that of the purely aqueous solutions in the low
CO2 loading range, indicating a positive impact of the addition
of NMP. This enhancement of diffusion transitions around the
mid-CO2 loading range at 0.5 mol CO2·mole amine−1 where it
decreases substantially. The trends in diffusivity of the amine
between the DMEDA and DMPDA series are similar, with the
former maintaining a slightly elevated and more linear decrease
in diffusion coefficient over the CO2 loading range. This is
compared to DMPDA, which was observed to decrease more
rapidly in the initial CO2 loading range, where the rate of
change begins to taper in the CO2 loading beyond 0.5 mol
CO2·mol amine−1 and approaches saturation. It is clear from
the trends that the additional length in the carbon chain from
DMEDA to DMPDA, despite being only a single carbon, has a

dramatic effect on the diffusivity. Similar phenomena were also
observed in the diffusivity curves of the carbamate in each of
the blends. The observed phenomena may be due to the larger
size of the carbamate and the formation of protonated
carbamate species ((CH3)2+HN-(CH2)x-NH-COO−, x = 2 or
3).
3.1.3. Difference in Diffusivity between Absorbents. To

clearly demonstrate the difference between the MEA,
DMEDA, and DMPDA systems, diffusivities of the four
species, H2O, NMP, amine, and carbamate, in each of the
blends with 10% H2O at 313.0 K are shown in Figure 6. The
diffusion coefficients of H2O follow similar trends among the
aqueous absorbents MEA, DMEDA, and DMPDA across the
CO2 loading range and follow the order DMEDA ≈ DMPDA
> MEA. Surprisingly, H2O had the lowest diffusion in MEA.
However, the larger concentration of MEA in the absorbent (5
mol·L−1) and the presence of the strongly hydrogen bonding
hydroxyl group (of MEA) significantly impact the diffusion of
H2O. NMP diffusion in the absorbents followed the trend
DMEDA ≈ DMPDA > MEA, showing greater diffusivity in the
presence of DMEDA and DMPA as opposed to MEA. Amine
diffusivity was the largest for aqueous MEA and the DMEDA
and DMPDA blends in the presence of NMP at CO2 loadings
<0.5 mol CO2·mol amine−1. Then, the rate of decrease (in
diffusivity) was similar for the above three blends, maintaining
similar diffusivity with CO2 loading from 0.1 to 0.4 mol CO2·
mol amine−1. Notably, diffusivity in the DMEDA and DMPDA
blends with NMP was approximately double those of the
corresponding aqueous blends initially, decreasing to similar
values approaching 0.5 mol CO2·mol amine−1. Similar to H2O
and NMP, the diffusivity of MEA in the presence of NMP was
impacted dramatically, having the lowest values of the blends
evaluated here over the entire CO2 loading range. Carbamate
followed similar trends to that of the amine, which is expected
given the similar chemical structures.

Figure 7. Diffusivity of amine in three amine-based absorbent series with a fully covered water ratio at three temperatures (black: 293.0 K; red:
303.0 K; blue: 313.0 K).
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3.1.4. Effect of Water Content. To further understand the
impact of water content on diffusivity, a wider range of water
ratios (from 0.0 to 70.0% w/w) was evaluated here at three
temperatures with the amine content maintained at 30% w/w
and the NMP content at 70% H2O w/w. The resulting
diffusivities of amine in the three blends under CO2-free
conditions are shown in Figure 7. As would be expected, the
diffusivity increases with increasing temperature. The trend
with increasing water content is similar at each temperature.

It is also noticeable that all three amines had high diffusivity
in the blend with NMP (0% H2O). Then, the diffusivity
decreased, while the water contents increased. These trends
differed when the water contents in blends were over 30%.
With a further increase in water content beyond this point, the
diffusivity of two diamines relatively remained steady, while
that of MEA started increasing and reached the highest value
in its aqueous solution (70% H2O).

To explain the results, it is worth referring the molecular
structures of the involved compounds. Both diamines contain
one primary and one tertiary amino group, while MEA has one
primary amino and one hydroxyl group. So, MEA has a
stronger ability to form hydrogen bonds and greater hydro-
philicity than diamines.49 NMP is a nonprotonic polar
molecule that generally does not form hydrogen bonds, but
its amide group can be affected by the electron polarity of
other molecules, although it is much weaker than hydrogen
bonds. The water component is the most common polar liquid
with a strong ability to form hydrogen bonds. In the NMP
blends (0% H2O), all three amines have a smaller interaction
with NMP, hence moving reasonably easier than in the
situation with up to 30% added water. The added water should
form hydrogen bonds with amino and hydroxyl groups of
amines. The water ends of these hydrogen bonds can attract
the polar amide group of NMP, hence making the amine shift
slower in the blends. After the amine molecule was fully
hydrated and maximum hydrogen bonds formed, the further
added water then acted more as a medium of blends, so 30%
water contents showed an interesting point. The MEA blend
shows a different trend from this point, with diffusivity
increasing along with the blends changing from 30 to 70% w/w
water contents. This trend is different from that of two diamine
blends. This may be caused by the polarity change of the
property of blend medium toward that of water. The higher
polarity of the medium assisted the shift of a more polar MEA
molecule, resulting in a climbing diffusivity curve. The
increasing medium polarity had little impact on the diamines
with lower polarity, so their diffusivity curves were generally

steady in this range. Therefore, the largest diffusivities of two
diamine blends were observed in the DMEDA and DMPDA
blends without water at 313.0 K (26.34 × 10−10 and 19.44 ×
10−10 m2·s−1, respectively), and MEA had its largest diffusivity
in the aqueous blend (7.26 × 10−10 m2·s−1). The maximum
diffusivity of two diamines in nonwater blends is higher than
that of both MEA nonwater and water blends. Although
avoiding the presence of some water is unrealistic under real-
world conditions, minimizing the water content can signifi-
cantly increase the diffusivity in these water-lean blends.
3.1.5. Viscosity. Solution viscosity is an equally important

parameter in industrial and engineering applications, given that
it is strongly related to the diffusivity of species in solution and
is used (as a parameter) to predict the CO2 mass transfer
performance of different absorbent systems. Often a balance
between the two properties must be struck given the
requirement to pump solutions around the capture process,
the size of the pumping equipment to do so increasing with
increasing viscosity and becoming limited to a point.
Viscosities of the three amine-based absorbent systems at
313.0 K as a function of CO2 loading have been evaluated here
with a summary of the measured data shown graphically in
Figure 8.

Viscosities in the aqueous blends of MEA, DMEDA, and
DMPDA appear almost linear with increasing CO2 loading,
with a relatively small increase with increasing CO2 loading.
The corresponding blends with NMP increase in an
exponential trend with CO2 loading. This indicates that
viscosities of water-lean absorbents are more sensitive to
changes in CO2 loading compared to aqueous absorbents. A
similar phenomenon was also observed in the diffusivities
where hydrogen bonding is also a key factor for the viscosity of
solution. Interestingly, reduction of water content has a larger
impact on the solution viscosity in the MEA blends going from
a completely aqueous system to those in the presence of NMP
despite their lower molecular weight compared to DMEDA
and DMPDA. Below a CO2 loading of 0.4, the MEA blends
containing NMP are very similar. Above a loading of 0.4, the
viscosity increases with decreasing water content. This is
different to the DMEDA and DMPDA blends containing
NMP, in which the viscosity increases with increasing water
content across all CO2 loadings. This can be attributed to the
hydroxyl group of MEA, which has a stronger interaction than
the amino group of two diamines with the carbamate formed
in the reaction.
3.2. Hydrodynamic Radius. The diffusion of particles

through a liquid with low Reynolds number is governed by the

Figure 8. Measured viscosity versus CO2 loading of three amine absorbents at 313.0 K.
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Stokes−Einstein equation as shown in eq 2, with the
assumption that the particle is represented as a sphere of
hydrodynamic radius r (Å).

=D
k T

r6
B

(2)

=k
k

r6
B

(3)

Plotting the measured diffusion coefficient D (m2·s−1) versus
the ratio of temperature to the measured viscosity T/η (K·(Pa·
S)−1) will provide a linear relationship proportional to the
inverse of the hydrodynamic radius r for species in solution,
which do not undergo any change to their hydrodynamic radii
via processes such as aggregation. Linearity across the data
evaluated for each of the amine absorbents at 293.0 K is shown
in Figure 9, indicating that each of the species remains

unimolecular across the conditions studied. A similar relation-
ship was also found for the data at 313.0 K. Under these
conditions, the hydrodynamic radii of each species can be
calculated by the linear slope k, as shown in eq 3.

Calculated hydrodynamic radii for each of the species H2O,
NMP, amine, and carbamate at 293.0 and 313.0 K are
summarized in Table 2 and shown in Figure 10. The same y-
axis maximum of 5.0 Å is adopted in Figure 10 so that the
height of the bars illustrates the relative hydrodynamic radii.
The magnitude of the hydrodynamic radii generally reflects the
spatial size of the species with the trend in the data here
following carbamate > amine > NMP > water. The most
noticeable difference across all the datasets was that the
hydrodynamic radii decreased significantly at higher temper-
ature in the water-lean blends but conversely were unaffected
in the aqueous absorbents. It is possible that weaker molecular
interactions between water, amine, and carbamate with NMP
are significantly reduced at higher temperature, while the
stronger H-bonding interactions with water are less affected.
This would then lead to a relatively larger increase in diffusivity
at elevated temperature for the water-lean absorbents
compared to aqueous absorbents.

The hydrodynamic radii of the amines were similar in all
water-lean absorbents at 293.0 K (2.0−2.4 Å) but were smaller

in the water-lean absorbents at 313.0 K (1.5−1.6 Å). This is
similarly advantageous alongside the diffusivity, and the amine
as the reactive species will have a positive effect on CO2 mass
transfer. Unsurprisingly, the carbamates of all three amines had
the largest hydrodynamic radii in the water-lean absorbents at
293.0 K (4.2−4.7 Å), decreasing dramatically at 313.0 K (1.8−
2.7 Å). Conversely, they remained constant in the aqueous
absorbents. This is consistent with the theory that the
interaction with NMP is weaker at higher temperature. This
reduction in hydrodynamic radius with increased temperature
of the carbamates in the water-lean absorbents is also
advantageous as the resulting increased diffusivity allows this
product of the reaction between CO2 and amine to more
rapidly move away from the gas−liquid interface and into the
bulk solution, which would also positively impact CO2 mass
transfer.

The difference in hydrodynamic radii between the water-
lean and aqueous absorbents for each of the amines was
consistent apart from the hydrodynamic radius of H2O in the
aqueous blends, which was notably larger in the aqueous MEA
absorbent. This further supports the stronger hydrogen
bonding characteristics of MEA, via the hydroxyl group, with
H2O. The effect was weakened in the presence of NMP.

4. CONCLUSIONS
Diffusivities in three water-lean absorbent systems comprising
the diamines DMEDA and DMPDA and alkanolamine MEA
with NMP as an organic diluent, together with their

Figure 9. Plot of diffusivity (D) versus the ratio T/η for each amine in
the water-lean and aqueous absorbents at 293.0 K.

Table 2. Hydrodynamic Radii of Different Species in Water-
Lean and Aqueous Absorbents

293.0 K 313.0 K

water rH (Å) R2 std. error rH (Å) R2 std. error

ENH 1.6 0.94 0.1 1.16 0.97 0.05
PNH 1.6 0.89 0.2 1.14 0.94 0.07
MNH 1.38 0.97 0.06 1.16 0.97 0.05
DMEDA-H2O 0.64 0.98 0.04 0.71 0.99 0.04
DMPDA-H2O 0.63 0.94 0.08 0.7 0.91 0.1
MEA-H2O 1.7 0.99 0.1 1.38 0.99 0.07

293.0 K 313.0 K

NMP rH (Å) R2 std. error rH (Å) R2 std. error

ENH 1.9 0.92 0.1 1.34 0.96 0.07
PNH 1.8 0.92 0.1 1.24 0.98 0.05
MNH 1.64 0.96 0.08 1.27 0.96 0.06

293.0 K 313.0 K

amine rH (Å) R2 std. error rH (Å) R2 std. error

ENH 2.4 0.97 0.1 1.48 0.97 0.07
PNH 2.38 0.99 0.07 1.56 0.98 0.06
MNH 2.04 1.00 0.02 1.47 0.95 0.08
DMEDA-H2O 2.3 0.99 0.1 2.08 1.00 0.04
DMPDA-H2O 2.5 0.99 0.1 2.26 1.00 0.03
MEA-H2O 2.28 1.00 0.04 1.78 1.00 0.04

293.0 K 313.0 K

carbamate rH (Å) R2 std. error rH (Å) R2 std. error

ENH 4.3 0.97 0.2 1.8 0.95 0.1
PNH 4.7 0.96 0.3 2.2 0.98 0.1
MNH 4.2 0.99 0.1 2.73 0.99 0.06
DMEDA-H2O 2.76 1.00 0.05 2.62 1.00 0.05
DMPDA-H2O 2.91 1.00 0.04 2.79 1.00 0.04
MEA-H2O 3.11 1.00 0.05 2.48 1.00 0.03
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corresponding aqueous absorbents, were investigated here
using a convenient and reproducible NMR analysis technique.
Diffusivities of the four main species in the absorbent systems,
H2O, NMP, amine, and carbamate, were determined. The
influence of several properties including temperature, CO2
loading, absorbent composition, and viscosity on diffusivity of
the species in the blends was determined.

The diffusion coefficients and viscosities were found to be
very dependent upon CO2 content in the water-lean absorbent
blends and much less so in the aqueous blends. It was also
found that the water and NMP fractions had a significant
impact on diffusivities, with diffusivity in the diamine blends
decreasing with increasing water, while the MEA blends passed
through a minimum with water content. This suggests that
mass transfer benefits can be obtained by minimizing the water
content of water-lean absorbents.

The resulting dataset of diffusion coefficients was observed
to follow a linear relationship with the ratio of temperature and
viscosity (T/η) in accordance with the Stokes−Einstein
equation. This allowed the estimation of the hydrodynamic
radius rH of each species as a function of composition. It was
found that in the water-lean absorbent blends, rH values of the
components decreased with increased temperature, while in
the aqueous blends, they remained relatively unchanged. This
was attributed to the presence of NMP weakening
intermolecular interactions between molecules relative to
water and its ability to form strong hydrogen bonds. These
weaker interactions are further reduced by increasing the
temperature. This suggests that rH, and by relationship, the
diffusivity, is more sensitive to temperature in water-lean
absorbents with significant increases in diffusivity due to small
temperature increases compared to the aqueous absorbent. As

a consequence, the optimal operating conditions to maximize
mass transfer will be different in water-lean and aqueous
absorbent systems.
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