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Abstract 

Accurate assessment of the long-term security of geologic carbon sequestration requires 

knowledge of the mobility of carbon dioxide in brines under pressure and temperature conditions 

that prevails in subsurface aquifers. Here, we report Raman spectroscopic measurements of the 

rate of CO2 diffusion in water and brines as a function of pressure, salinity and the concentration 

of the CO2. In pure water at 50 ± 2˚C and 90 ± 2 bar, we find that diffusion coefficient, D, to be 

3.08 ± 0.03 × 10
-9

 m
2
/s, a value that is consistent with a recent microfluidic study but lower than 

earlier PVT measurements. At reservoir conditions, salinity affects the mobility of CO2 

significantly and D decreased by 45% at 4M solution of NaCl. We find significant differences of 

Page 1 of 22

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 2

diffusivity of CO2 in brines (0 - 4 M NaCl), both in the absolute values and the trend compared 

to Stokes-Einstein perdition at our experimental conditions. We observe that D decreases 

significantly at the high CO2 concentrations expected in subsurface aquifers (~15% reduction at 

0.55 mol/kg of CO2) and provide an empirical correction to the commonly reported D values that 

assume tracer concentrations dependence on diffusivity. 

Introduction 

Removal of anthropogenic carbon dioxide (CO2) by geologic carbon sequestration (GCS) is 

expected to be an important approach to mitigate CO2 emission to the atmosphere from 

hydrocarbon combustion while transitioning to a clean-energy economy.
1-2

 In the GCS concept, 

supercritical CO2 (scCO2) is injected into aquifers at depths of 1-3 km where capillary trapping 

in pores, dissolution into brine and precipitation as carbonate minerals enable long-term carbon 

sequestration. Following injection and pressure- and buoyancy-driven advection, CO2 diffusion 

into the formation is a necessary transport process for mineral sequestration reactions and hence 

knowledge of the diffusivity of CO2 under GCS conditions is important for all modelling 

assessments of the feasibility of secure entrapment of CO2.  

Several approaches have been developed for the quantitation of diffusion coefficient, D, of 

CO2 in aqueous solution. 
3-4

 Traditionally, the Pressure-Temperature-Volume (PVT) technique 
5
, 

based on pressure drop of gas phase, provides a macroscopic measurement of the diffusivity of 

CO2 in water in reservoir-like conditions. Despite the simplicity, it has been shown that PVT 

methods lack the ability to capture microscopic details of the process and prone to error due to, 

for example, density driven mixing in the system. Taylor dispersion
6
 has also been frequently 

used for diffusivity measurement and has successfully used to measure diffusivity of CO2 in pure 

water at elevated temperature and pressure.
7
 Recently, Alternative optical spectroscopic methods 
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 3

have been used to determine the diffusivity of CO2 in aqueous solutions. For example, Lu et al. 

used Raman spectroscopy to determine D of CO2 in pure water in a wide range of temperatures 

(-5°C – 200°C) and pressures (100-450 bar) 
8
.  

While the diffusivity of CO2 in pure water has been studied extensively, both under ambient 

conditions and at high pressure and temperature, GCS conditions are characterized by high 

concentrations of brines as well as high concentration of CO2 and yet the effects of salinity and 

diffusing tracer concentration (CO2) on D have not been studied thoroughly. Indeed, recent 

reports of the absolute value of diffusion coefficients, D, in saline solutions, and its dependence 

on salinity, show significant variations. For example, a study that used a pH-sensitive dye and 

fluorescence spectroscopy to monitor the CO2 transport in brines found that diffusivity drops 

nearly 50% between 0-4 M NaCl concentrations at 26°C and 5 bar 
9
. At the same temperature, a 

Pulsed Field Gradient (PFG)-NMR study reported a drop of, based on extrapolations of their 

data, 30% in diffusivity over the same salinity range 
7
. A Raman spectroscopic study at 21 °C 

found a drop of ~ 30% under similar salinity conditions 
10

. Both linear 
7, 9

 and non-linear
10

 

dependence of D on salinity have been reported. However, Salinity effect at reservoir-like 

conditions has not been reported to date.   

Moreover, the assumption that infinite-dilution CO2 diffusivity will accurately predict the 

diffusivity of CO2 in GCS reservoirs 
3-4

 has never been experimentally tested.  

To clarify the diffusion behavior of CO2 under realistic reservoir conditions, and to pursue a 

research program on fluid and mineral reactions relevant to GCS, we have constructed a Raman 

microscope that is compatible with high-pressure, high-temperature capillaries and microfluidic 

cells that operates routinely up to 100 bar and 80˚C with imaging capabilities at diffraction-

limited spatial resolution (i.e., ~300 nm). In this paper, we report measurements of the diffusion 
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 4

kinetics of CO2 in pure water and brines (0–4 M NaCl) up to supercritical conditions (60–100 bar 

at 50°C). These results provide new observations. First, we report the effect of salinity on 

diffusivity at GCS conditions. Diffusivity of CO2 drops as much as 45% at 4 M NaCl 

concentration from its value in pure water and show that the dependence of D on salinity is not 

fully described by the standard Stokes-Einstein relationship. Second, we quantify the influence 

of CO2 concentration on the net diffusion of this species. Based on numerical simulations, we 

report that diffusivity of CO2 drops ~ 15% at 0.55 mol/kg of CO2 and can be modelled by second 

order dependence on concentration at reservoir-like conditions presented here.  

 

Experiment 

Millipore water (18.1 Ohms) were used for all experiments. NaCl(s) (Sigma-Aldrich; 99.9% 

purity) and CO2(g) (Praxair; 99.999% purity) were used as received. 

 

Fluidic system 

Figure 1A shows a simplified diagram of the experimental setup that was designed to generate 

concentration profiles of CO2 in water (or in brines) as a function of time at 90 ± 2 bar and 50 ± 

2 °C. Fluid handling system consists of two Teledyne ISCO model 100DM pumps (pump A and 

B) and two Chemyx Nexus 6000 pumps (pumps C and D), stainless steel and PEEK tubing and 

valves to deliver and control the flow pattern at high pressure and temperature. A home-made 

right-angle PEEK holder (Fig. 1B) connects fused silica capillaries (Polymicro Technologies; 

150-micron or 200-micron diameter) in to the fluidic system. The entire fluidic setup, with 

exception of the pumps, are kept in an insulated box in which the temperature was controlled 

with an active PID controller (Omega Engineering, model-CN8DPt)) within ± 2°C. In a typical 
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 5

experiment, fluidic pathway is thoroughly flushed (to remove air in the system) and filled with 

water (or brines) between valves V1, V2 and V3 with pump A. Thereafter, with valve V2 closed, 

pump B and pump C is synchronized in a “push-pull” motion to deliver and withdraw scCO2 to 

and from the system. This process replaces water (or brine) between V1 and V3 with scCO2 (flow 

path indicated in yellow in Fig. 1B) while leaving a trapped stationary water/brine column in the 

capillary tubing from point A to V2 (blue line). This procedure establishes a stable 

aqueous/scCO2 interface at point A (x = 0) in the PEEK adapter.  

 

Raman Microscope 

A home-built Raman microscope was used for this research. The microscope is a Nikon 

Eclipse Ti-U with a 20x Nikon objective with a 7.6-mm working distance. Raman spectra are 

acquired using a 532-nm laser (Spectra-Physics EXLSR-532-300-CDRH), Princeton Instruments 

Acton Spectropro SP-2358 spectrometer (300-mm focal length, 600 lines/mm and 750 nm blazed 

grating) and a back-illuminated PIXIS 100 Br charge-coupled device (CCD). The Nikon 

objective was partially immersed in to a temperature-controlled enclosure with air-circulating 

fans to minimize thermal drifts and gradients.  

 

Raman Data Collection and Analysis 

Each diffusion experiment was started by creating a fresh interface between scCO2 and water 

(or brines) at a given pressure and temperature at point A (x = 0) as shown in Fig. 1B. 

Microscopic observations of the scCO2–water interface confirmed that it was stable and static. 

The objective was focused on to the center of the capillary tube at a distance x (7.75-13.75 mm) 

from the interface. Raman spectra were integrated for 10 seconds to achieve a good signal-to-
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 6

noise ratio, resulting in time series of CO2 concentrations over 6000-30000 seconds, a time scale 

that is much larger than breakthrough time. Concentration of CO2(aq) at the distance x was 

quantified as a function of time using the integrated intensity of the Raman signal from CO2 in 

the 1325–1430 cm
-1

 region, one of the Fermi dyad peaks that results from coupling of symmetric 

stretching mode, ν1 and first overtone of the bending mode, ν2 
11

. All spectra were normalized to 

the Raman peak of water (2800 cm
-1

 – 3600 cm
-1

) as described below.  

First, the baseline contribution to the Raman peak of water (2800–3600 cm
-1

) and CO2 (1325–

1430 cm
-1

) was removed by fitting the baseline to a first order polynomial. After baseline 

subtraction, intensity under the Raman peaks were integrated for CO2 (α���)	and pure water 

(α���)	(or brines (α��	
�)). Integrated intensity under the CO2 peak was normalized to that of 

pure water (α��� α���)	⁄ or to that of brine (α��� α��	
�)	⁄  to remove instrumental variations 

such as changes of laser intensity or focal point from run to run.  

Normalized Raman cross section of CO2 (Ω) is calculated by using normalized integrated 

intensity under CO2 peak of a saturated CO2 solution at 50 ± 2 °C and 90 ± 2 bar  which has 

known solubility of 1.08 mol/kg,
12

 according to Eqn. 01.  

   	Ω =	 ����� α���⁄ ���� 1.08⁄   (01) 

Concentration of CO2 at a given time was calculated by dividing normalized integrated intensity 

under CO2 peak (α��� α���)	⁄  by Raman cross section of CO2 (Ω) determined by Eqn. 01. A 

similar approach was taken to determine the concentration of CO2 in brines.  

Convection and advection processes, such as density driven mixing and natural (buoyancy) 

convection, can interfere with the measurements of diffusion coefficients. We minimized density 

driven mixing by holding the capillary system horizontally. The entire set up was kept in a 

constant temperature enclosure thus avoiding temperature gradients across the capillary tubes. 
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 7

Swelling of the brine phase up on CO2 diffusion has been observed at high pressures.
13

 However, 

the stationary aqueous/scCO2 interfaces observed in our experiments implicate that there were no 

significant swelling of aqueous phase has occurred under our experimental conditions.  

 

Analytical Fits to Diffusion Data  

Assuming that the diffusion coefficient (D) is independent of concentration, Fick’s 2
nd

 law 

(Eqn. 02) 
14

 can be solved for one-dimensional system, analytically.   

��
��	 = � ���

���                 (02) 

The solution shows that concentration at time, t, at a distance x from the interface is given by 

Eqn. 03 for a semi-infinite cylindrical geometry (i.e., length >> radius). 

�(�,  ) = ���� ∗ "#$% & �
('(�))/�+                     (03) 

for the boundary conditions: (1) C(t)	=	0 at t	=	0,	x	>	0; and (2) C(t)	=	C(0) at x	=	0 at t = 0. 

Csat is the concentration of the solute at saturation. We used models developed by Duan et al.
12

 to 

calculate this quantity. We fitted Eqn. 03 to experimental CO2 concentration profiles using a 

non-linear least-squares optimization tool provided in Matlab (R2010b). To accommodate any 

subtle changes in distance, x was used in the equation as a fitting parameter with tight (± 3%) 

boundary controls on the measured values.   

 

Numerical Simulations of Diffusion 

In order to test the applicability of Fick’s 2
nd

 law under GCS conditions, we investigated the 

validity of the assumption that diffusion coefficient is independent of CO2 concentration. To this 

end, we performed numerical simulations using CrunchFlow 
15

, a multi-component reactive 
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 8

transport code. Numerical simulation was set up as follows. It is assumed that at the scCO2 / 

water interface, the water phase equilibrates with scCO2 instantaneously, reaching a saturated 

concentration, Csat. This imposes Dirichlet constant-concentration boundary condition at the 

aqueous side of the interface. Csat is taken to be a function of the experimental pressure and 

temperature.
12

 One dimensional computational domain was used to represent the capillary tube. 

The discretization was refined such that further refinement of the mesh did not affect the 

simulations results statistically. For the simulations without consideration of concentration 

dependence of the diffusion coefficient, discretization of the diffusion-reaction equation is given 

as follows.  

  
�234∆36�23

∆�	 = � (�24)3 7�28)3 69�23)
∆�� + ;(�	�)                  (04) 

For the simulations with the consideration of concentration dependence of diffusion 

coefficient, the diffusion coefficient �(�	) is a function of the concentration of CO2 and varies 

with space. The discretized diffusion-reaction equation is instead given as the following 

equation. 

  
�234∆36�23

∆�	 = ((�2)
&<24)

3 8<2
3+

∆= 6((�28))
(<2

38<28)
3 )

∆=
∆� + ;(�	�)   (05) 

Dissociation of carbonate species was also included in numerical simulations.  

 

Results and Discussion 

> in pure water 

Ability of Raman spectroscopy to detect CO2 in aqueous media provides a direct and simple 

way to quantify CO2 in solution over other optical methods. Typical Raman spectra acquired at 

the beginning and during, of a diffusion experiment are shown in Fig. 2A. Initially, only the 
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 9

Raman peak of water are detectable and as the diffusion progresses, characteristic Raman 

signatures of CO2(aq) appear in the Raman spectrum at 1273 cm
-1

 and 1381 cm
-1

 (Fig. 2A inset). 

Concentration profiles of CO2 obtained by integrating the area under the Raman peak between 

1325-1430 cm
-1

, as detailed in the experimental section, is shown in Fig. 2B. In order to obtain 

D, the diffusion coefficient of CO2, we fitted experimental concentration profile data to Eqn. 03. 

As discussed later in the manuscript, deviations from Fick’s 2
nd

 Law were observed at higher 

dissolved CO2 concentrations under GCS conditions. Therefore, we first limited the analysis to 

CO2 concentrations below 0.07 mol/kg to obtain the diffusion coefficient with Eqn. 03 (Fig. 2B 

inset). The D value that is determined from fitting the low concentration data will be referred to 

as measured D for experiments performed under different P, T and salinity conditions.  

We verified that our measurements of D were independent of the specific choice of experimental 

parameters, by measuring diffusion in two different capillary inner diameters (ID), either 150 or 

200 µm, and at three different distances from the CO2/water interface to the Raman measurement 

position (x), that ranged from 7.75–13.75 mm. Measured D values are shown in Fig. 3. Under 

these conditions, at 50 ±2 ˚C and 90 ±2 bar, we estimate D of CO2 in pure water to be 3.08 ± 

0.03 × 10
-9

 m
2
/s. Our observation is at the lower end of the previously reported measurements at 

50 ± 2 ˚C in pure water. For example, at 50 °C, Thomas and Adams reported D to be 3.35 ± 0.03 

× 10
-9

 m
2
/s at 1 bar in a free-flowing jet 

16
 and more recent Raman spectroscopic work of  Lu et 

al. reported 3.21 ± 0.03 × 10
-9

 m
2
/s in a capillary with a larger ID (300 µm)

8
. Our result may be 

more reliable than the preceding studies because of the care taken here to avoid convection, 

which may artificially increase mixing and dispersion, and therefore result in larger values in the 

measured D value. Cadogan et al., with use of pulse-gradient NMR, reported a higher D of 3.64 

± 0.05  × 10
-9

 m
2
/s. 

7
 As discussed in more detailed later, we find several points of discrepancy 
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 10

between our work and the pulse-gradient NMR data. We further confirmed the accuracy of our 

experimental approach by  measuring D in pure water at 25˚C and found identical value as 

reported by Sell et al. 
9
 who also used narrow ID microfluidic cell with fluorescence microscopy. 

 

Pressure Dependence of D 

Recent experimental work below the supercritical conditions and moderate pressures (26 °C  

and between 5-50 bar)
9
 and above critical point pressure (140-493 bar)

7
 have demonstrated 

pressure has minimal contribution in diffusivity,  Here, we report measurements at 50 ± 2˚C for 

the pressure range of 60–103 bar, which bridges the transition between the gaseous and 

supercritical states of CO2, finding that D is independent of the pressure within the margin of 

error (Fig. 4). Our results show that pressure does not change the diffusivity of CO2 in water and 

furthermore, change of phase of CO2 does not, as expected, alter the diffusivity in solution.  

 

Salinity Dependence of D 

One of the main goals of this work is to determine the effect of salinity on diffusivity of CO2 

under reservoir-like conditions. Salinity in GCS formations can reach up to 100 g salt/kg of 

water, predominantly as sodium chloride, which lowers the rates of solute diffusion. By analogy 

with particle hydrodynamics, the decrease of the diffusion coefficient with salinity is often 

modeled as an effect of the altered viscosity of the solution, ηηηη, and  predicted by the Stokes-

Einstein relationship, 

 � = ?@A BCDEηF⁄        (06) 
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 11

where kkkkBBBB	is	Boltzmann’s constant, T is absolute temperature, aaaa	is the solute hydrodynamic radius 

and nnnnSESESESE is the Stokes-Einstein number.  

Our observations of the effect of salinity on the diffusivity of CO2 are shown in Fig. 5. Between 

0-4 M NaCl concentrations at 90 ± 2bar and 50 ± 2 °C, we observe that D decreases by 45 ± 2 %. 

As mentioned earlier, there are no reports on CO2 diffusivity in brines at GCS conditions for a 

direct comparison with our results. To compare with available data at different conditions, our 

observation of decrease of D due to salinity has shown similar magnitude (i.e. ~ 50 %) within the 

margin of error of the fluorescence micro-spectroscopic data acquired at 26˚C in a microfluidic 

cell 
9
 but significantly higher than reported values for PFG-NMR

7
 (30 % decrease at 25 °C) and 

Raman (30% decrease at 21 °C)
10

 for the same salinity range. The later Raman study finds the 

diffusivity to be linearly correlated with salinity while our and fluorescence microscopic results
9
 

are best described by an exponential decay. Since there are no experimental reports available to 

compare directly with our measurements of the absolute value of D, we have used the 

methodology adopted by Cadogan et. al. to find the Stokes-Einstein estimate relevant to our 

conditions (50 ±2 °C and 90 ±2 bar). In two papers, Cadogan et. al. 
7
 first showed that Stokes-

Einstein (S-E) equation (Eqn. 06), with a modification to the hydrodynamic radius of carbon 

dioxide, FM(N) to account for temperature, could describe the D between 25–150 °C in pure 

water. Subsequently, they reported 
7
 that the S-E relationship, with  FM(N) at 298 K determined in 

pure water, correctly predicted the D in brines at the same temperature in the range of 0–5 M 

NaCl, essentially declaring hydrodynamic radius of CO2 to be independent of the salinity in the 

system. Using the relationship, FM =	F9OPQ1 + �(A(R) − 298)V, given by Cadogan et al.,
7
 

where α = 2.0 x 10
-3 

and a298 = 168 pm, we determined FW9W to be 176.4 pm for our conditions. 

Thereafter, with FW9W and viscosity data from the literature 
17

, we calculated the S-E prediction of 
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 12

the salinity dependence of CO2 diffusivity in brine at 50 ± 2°C and 90 ± 2 bar. As shown in Fig. 

5, S-E predictions are greater than the measured values by 20-30 % from 0 - 4 M NaCl. Cadogan 

et al.
7
 noted significant  disagreement with fluorescence micro-spectroscopic data 

9
 at 26 °C with 

this approach. More interestingly, we find that single hydrodynamic radius of CO2 cannot 

represents experimental D values with increasing salinity. For example, as shown in Fig. 5 

(dashed black line), S-E prediction with FM = 210 nm, arbitrarily selected to match our 

experimental D of CO2 in pure water (left most data point) would deviate from the experimental 

D in brine as the salinity increases from 0-4 M. This observation suggests of a molecular level 

changes in hydration shell structure of CO2 with increasing salinity.  

It is not surprising that Stokes-Einstein approach, developed to deal with diffusivity of hard 

smooth spheres, yields predictions that deviate from experimental results for the diffusivity of a 

small molecule in a strongly hydrogen bonded medium. Numerous modifications have been 

proposed to relax the hard sphere assumption , to consider when the size of the tracer molecule 

approaches that of the solvent 
18

 and to better account for the viscosity 
19

 and temperature 
20

 

dependence. Furthermore, theoretical studies have shown the relevance of the microscopic 

details that are neglected in the macroscopic S-E view 
21-22

. It was unexpected, however, to find 

agreement of PFG-NMR with S-E prediction that disagree with other optical methods in the 

absolute values of D (for fluorescence measurements performed at 25˚C)
9
 and in the trend in D 

with viscosity (albeit at different temperatures) for data determined by the present macroscopic 

diffusion study.  

The PFG-NMR method is a well-established approach for molecular diffusion coefficient 

measurements 
23-24

. We propose that the discrepancy could be due to the chemical reactivity of 
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 13

dissolved CO2 with water as shown in Eqn. 07. Bicarbonate dissociation has negligible presence 

under our experimental (pH) conditions and therefore was omitted from consideration.  

 

Although under our experimental conditions the majority of CO2 is present as the solvated 

CO2, this pool is in dynamic equilibrium with a fraction (~1/650) in the form of carbonic acid. 

Hydration rate of CO2(aq), k1 + k2 = 0.040 ±0.003 S
-1

,
25

 which is on a timescale that is slower 

than the PFG-NMR measurement time could lead to a net reduction in macroscopic diffusion 

rate that is not detectable by the PFG method. further studies on the molecular interactions 

between CO2, water and electrolyte ions, and kinetic models that combine translation and 

reaction, would be required to test this suggestion.  

 

Concentration Dependence of D 

As discussed above, the analytical solution to Fick’s 2
nd

 law shown in Eqn. 03 uses the 

assumption that D is independent of concentration. This assumption is accurate for the low 

concentrations of dissolved CO2 found in water or brine under ambient conditions and has been 

justified for high pressures due to negligible change of density and viscosity of the aqueous 

phase but has not been tested experimentally for elevated CO2 concentrations that encountered at 

high pressure in GCS conditions. In Fig. 6, we compare the experimental concentration profile of 

CO2 in pure water at 90 ± 2 bar and 50 ± 2 °C with the predicted concentration profile that 

assumes D to be independent of CO2 concentration. The latter determination was made by first 
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 14

applying Eqn. 03 to the experimental concentration profile below 0.07 mol/kg of CO2 to 

determine Fick’s diffusion coefficient (D) and subsequently reapplying D to Eqn. 03 to 

determine the concentration of CO2 (C(t,x)) for the entire concentration range.   The analytical 

solution over-predicts the CO2 concentration and therefore the diffusivity at higher 

concentrations, thus demonstrating the influence of CO2 concentration on D. To account for the 

discrepancy, we have used reactive transport modelling to calculate the diffusion coefficient as a 

function of concentration. By writing D as 2
nd

 order polynomial of concentration,  

   � = ?X(1 + ?Y� + ?9�9)	  (08)          

where k0,	 k1	 and	k2 are constants,, we were able to reproduce the experimental concentration 

profile of CO2 in pure water (k0	=	2.94e-9	,	k1	=	0.017and	k2	=	0.25	at	90	bar	and	50	°C	for	

pure	water). As shown by the dashed line in Fig. 6, this correction provides good agreement 

between experimental data and the numerical calculation of CO2 concentration in the aqueous 

phase. The analysis shows that D drops by up to 15% at 0.55 mol/kg of CO2 under these 

conditions in pure water. The 2
nd

 order dependence of D on concentration of CO2 (Eqn. 08) is 

only applicable for above conditions and has not been tested for other T,P conditions and 

salinity.  

 

 Conclusions 

Direct Raman spectroscopic observation and quantification of CO2 in aqueous fluids under GCS 

conditions provides an accurate approach for measuring the CO2 diffusivity. In addition to 

contributing new measurements for D, the results highlight the need to better understand the 

molecular processes that govern diffusion-based mass transportation. The faster reduction in D 

with increasing salt concentration than predicted by the Stokes-Einstein, dependence of the 

Page 14 of 22

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 15

hydrodynamic radius of the solute on salinity and the decline in D with increasing CO2 

concentration must consider microscopic solute-solvent (CO2 and water) and solute-solute (CO 

and Na
+
 and Cl

−
) interactions for an explanation and not yet fully described by molecular 

simulations or theories for solution thermodynamics.  

 

 

 

  

FIGURES  
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Figure 01. (A) Schematic diagram of the experimental setup used for diffusion experiment. (B) 

PEEK holder that connects capillary tubing to fluidic system.  
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Figure 2. Quantification of CO2 concentration and diffusion rate in high-pressure aqueous 

solutions using Raman spectroscopy. (A) Raman spectra at t = 0 (pure water; red -----) and at t = 

4000 seconds (CO2 dissolved water; blue —). A-Inset: Spectral region between 1200–1500 cm
-1

 

showing the Fermi dyad, resulting from coupling of symmetric stretching mode, ν1 and first 

overtone of bending mode, 2ν2, of CO2(aq). Spectra were offset for clarity. (B) Diffusion profile 

of CO2 in a pure-water-filled 200-µm capillary measured 7.75 mm away from the interface. The 

profile was obtained by integrating the area between 1325–1430 cm
-1

 and normalizing it to the 

area of water peak. B-Inset: Non-linear least-square fit of the analytical solution of Fick’s 2
nd

 

Law (Eqn. 02; blue line) to the experimental data (red line). The fit is calculated only to the 

duration of the experiment for which the CO2 concentration remained below 0.07 mol/kg. 
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Figure 3. Measured diffusion coefficient (D) of CO2 in pure water at 90 ± 2 bar and 50 ± 2 ˚C 

obtained from measurements at different distances (x = 7.75 – 13.75 mm) from the CO2/water 

interface in 200-µm diameter capillary (Red �) and in 150-µm diameter capillary (blue �). 

Error bars are the standard deviation of at least 3 measurements. The average for all 

measurements is D = 3.08 ± 0.03 × 10
-9

 m
2
/s. 

 

Figure 4. Measured diffusion coefficient (D) of CO2 in water for the pressure range of 60–103 

bar at 50 ± 2 ˚C. D is independent of the pressure range that bridges between gaseous and 
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supercritical phases of CO2. Open Square denotes the CO2 in gaseous state while the solid 

squares represent the supercritical phase. 

 

Figure 5. Dependence of the diffusion coefficient (D) of CO2 on viscosity of the solution, 1/η, in 

0–4 M solutions of NaCl at 50 ± 2 °C and 90 ± 2 bar. Solid blue line is the Stokes-Einstein 

prediction that used a hydrodynamic radius, a = 176.4 pm. Dashed black line is the S-E 

prediction for a = 210 nm that was made based on our experimental D for CO2 in pure water (the 

left most data point) at 50˚± 2C and 90 ± 2 bar (see text for details). 
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Figure 6. Dependence of diffusion coefficient (D) on CO2 concentration. Experimental concentration of 

CO2 as function of time (red solid line) is poorly described at higher concentrations of CO2 by analytical 

solution (Eqn. 03) to the Fick’s 2
nd

 law (blue solid line). Numerical prediction of CO2 concentration with 

a 2
nd

 order concentration correction to D, Eqn. 08, provides a significantly better agreement (black 

dashed line).   
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