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ABSTRACT:  

The solid-liquid phase boundaries on new innovative solvents for the carbon capture and storage 

(CCS) technology have been measured in this work. The solvents have been formulated with 

vapour reduction additives (VRAs) also known as water lean solvents. The solid-liquid equilibrium 

(SLE) data will create better prediction models for the CCS technology and prevent precipitation 

in process equipment and thereby reduce the risk of costly shutdowns. The presented SLE data 

cannot be used in the prediction of solid formation in condenser as it would require knowledge of 

the vapour-liquid-solid equilibria. 



2 

 

The SLE of the systems urea-H2O, urea-monoethanolamine (MEA)-H2O, and monoethylene 

glycol (MEG)-H2O have been determined using the methods freezing point depression (FPD) and 

SLE by FPD. 61 new SLE data points are listed of 0 < w(urea) < 60 %, and 0 < w(MEG) < 20 %. 

It is the first time that the ternary systems have been measured. The eutectic temperatures were 

found at –8 °C for urea-H2O and –27 °C for urea-MEA-H2O. Highly concentrated urea solutions 

freeze completely upon mixing water with MEA due to the endothermic reaction. Solubility data 

of MEG-MEA-H2O was found for t > –40 °C. All SLE points for MEG in 30 wt% aqueous MEA 

freezes below –15 °C. 

To avoid clogging from urea precipitation, it is recommended to use urea below 30 wt%.  

 

1. Introduction  

Global warming is partially caused by the dependency on fossil fuels. Therefore, alternative 

energy sources such as biogas are researched as alternative fuels. Biogas is currently a largely 

unexploited energy resource produced from biological sources such as waste water and residual 

biomass. Typically biogas contains 25-50 % CO2, 50-75 % methane and impurities such as water, 

hydrogen sulfides, ammonia and volatile organic components (VOC)1,2.  

The presence of CO2 in the biogas leads to a low calorific value of around 8 kWh/m3 which can 

be increased to 15 kWh/m3 by removing CO2
3. This process is called first-generation biogas 

upgrading4. The upgraded biogas can be injected into the gas grid to replace natural gas from fossil 

fuel. 
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The first-generation upgrading process removes the CO2 in an absorption process utilizing 

chemical solvents such as aqueous amines. The technology is also known as acid gas removal. In 

this process, CO2 is removed from biogas or another gas which enters the absorber column from 

the bottom at 40 °C counter-current with the lean solvent that is fed in on the top of the column. 

The rich solvent, containing absorbed CO2, leaving the bottom of the absorber is heated in a cross 

heat exchanger with the lean solvent coming from the stripper column. The solvent is boiled in the 

bottom of the stripper. The desorber is usually operated at 100-120 °C. The rich solvent enters the 

stripper and CO2 is released at the top. The hot lean solvent from the stripper is cooled in the cross 

heat exchanger and recycled to the absorber. The separated CO2 can be stored in geological 

formations, and/or be used for downstream products in food, feed, and pharmaceutical industries 

or for welding applications.  

The upgrading process is energy intensive, and research into energy reducing methods is 

ongoing. One such method is applying vapour reduction additives (VRAs, also known as water 

lean solvents) to reduce the vaporization of the solvent in the desorption process and thereby 

effectively lowering the energy requirements. The addition of VRA to MEA reduces the amine 

vapour pressure causing more water vapour pressure reduction, resulting in less reboiler duty. The 

VRA technology and the water lean CO2 capture solvents are new developments and a limited 

amount of information is available for these solvent systems, 5–8. While these sources focus on 

reduced amine vaporization, they observe 10-25% reduced energy consumption. Most likely this 

is caused by less water vaporization. While the additives reduce the amine vapour pressure, they 

reduce the water vapour pressure more. The VRAs could have unforeseen adverse effect on fluid 

properties and it still remains to be proved if the VRA gives an overall improvements of the CO2 

capture concept. 
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MEA is as a benchmark solvent known for fast reaction with CO2. The disadvantage of using 

MEA is the high energy demand for the desorption process. The high energy consumption can be 

reduced by VRAs. The aim of adding VRA to a solvent like MEA is to increase the boiling point 

of water and thereby reduce vaporisation.  

The aim of this study is to investigate the solid-liquid equilibrium phase boundary of MEA 

solvent formulations containing VRA. The VRAs investigated in this study are urea and 

monethylene glycol (MEG). The effect on adding VRA to 30 wt% monoethanolamine (MEA) is 

investigated for the purpose of characterizing solvent behaviour with temperature, and of 

thermodynamic modelling of CO2 capture. The extended UNIQUAC thermodynamic model can 

be applied to systems including VRA for the purpose of optimizing CO2 capture systems. The SLE 

of respectively urea and MEG in aqueous solutions of MEA have previously not been examined. 

Urea and monoethylene glycol (MEG) are studied as potential VRAs. Urea  has been used 

worldwide as nitrogen-releasing agent in agricultural fertilizer9,10. Furthermore it has been used as 

a reducing agent to lower the NOx emissions from diesel engines11,12. MEG has mainly been used 

in antifreeze formulations13 and as raw material in the polyester fibre fabrication14,15. Additionally, 

MEG has also been known to prevent hydrate formation in wet gas transport pipelines and gas 

processing plants16,17. 

Table 1 shows the solid phase boundaries of urea-H2O, and MEG-H2O studied by several 

authors. Concentration and temperature range are presented in Table 1 and graphically presented 

in Figure 1 and Figure 2.  

To conclude on the SLE data, Table 1 only few have measured the freezing curve of urea in 

water. Freezing points of urea in water were measured by Hausrath18 and Chadwell and Politi19. 
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Several authors20, 21, 22, 23-24 have studied the solubility in the concentration range 40-76 wt% urea. 

Solubility up to132 °C was measured by Berliner25 and Miller and Dittmar26.  

The literature data on the MEG-H2O system is limited to four authors. This is surprising since 

the system has been used for decades on many industrial processes. The solubility of MEG in water 

in the whole concentration range was studied by Ross27, Cordray et al.28, and Ott et al.29. The phase 

diagram of MEG in water reveals two eutectic points near –49 °C and –43 °C, and a hydrate with 

the local maximum at ≈77.5 wt% MEG. Ott et al.29 and Ross27 reported also the forming of 

metastable phases.  

SLE of the ternary systems MEA-urea-H2O, and MEA-MEG-H2O have not been considered in 

the literature. 
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Table 1. Literature review on SLE data for the systems: urea-H2O, and MEG-H2O. 

Author Year Component Concentration 

(wt%) 

Temperature (°C) 

Hausrath18 1902 Urea 0.01 to 0.25 0 to –0.08 

Pinck and Kelly21 1925 Urea 40 to 76 0 to 70 

Shnidman and Sunier22 1932 Urea 51 to 76 18 to 70 

Miller and Dittmar26 1933 Urea 75 to 100 68 to 132 

Berliner25 1936 Urea 40 to 96 0 to 120 

Chadwell and Politi19 1938 Urea 2 to 33 –0.6 to –11.5 

Bergman and Sulaimankulov23 1959 Urea 57.5 30 

Druzhinin et al.30 1967 Urea 57 30 

Druzhinin and Kondratieva31 1967 Urea 54 25 

Kondrat'eva and Druzhinin32 1968 Urea 54 25 

Pavlenko33 1971 Urea 54 25 

Lee and Lahti20 1972 Urea 41 to 72 1.8 to 60 

Tembotov and Druzhinin24 1973 Urea 57 30 

Ross27 1954 MEG 0 to 95 0 to –53 

Ott et al.29 1971 MEG 0 to 100 0 to –49 

Cordray et al.28 1996 MEG 0 to 100 0 to –49 

Baudot and Odagescu34 2004 MEG 40 to 50 –22 to –36 

 

 

2. Experimental details 

2.1 Materials 
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The chemicals: MEA, MEG, and urea used in this study are shown in Table 2. They were used 

as received without further purification. The sample mixtures were prepared with deionised water 

with a conductivity of 0.2 μS/cm. When preparing the mixtures water was substituted with VRA. 

The MEA concentration was 30 wt% in all mixtures.   

 

 

Table 2. Chemicals used in the experiments. 

Chemical name Source CAS No. Mass fraction 

purity 

Purification 

method 

Monoethanolamine Sigma-Aldrich 141-43-5 ≥0.99 none 

Urea Sigma-Aldrich 57-13-6 ≥0.99 none 

Monoethylene glycol Sigma-Aldrich 107-21-1 0.998 none 

 

2.2 Apparatus  

Freezing points were measured using a modified Beckmann apparatus. Temperature was 

controlled by a thermostatic cooling/heating bath (Julaba MR, Julaba FP50). Sample temperature 

was recorded by an Agilent 34970A data acquisition unit connected to a PC. The temperature 

probe was a Pt100 DIN 1/10 made with a handle. The sample glass is fitted with a magnetic stirrer 

and a lid. The lid of the sample glass is connected to a rubber stopper. The temperature probe and 

a platinum wire stirrer surrounds the temperature probe are penetrated through rubber stopper and 

lid. The platinum wire stirrer can be moved up and down. The same setup is used for solubility 

measurements at temperature above 0 °C. A full description of the setup has been described in 

detail by Fosbøl et al.35,36.  
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2.3 Experimental method 

The detection of a freezing point firstly includes the addition of a sample mixture into a sample 

glass. The sample glass is cooled by placing it in an ethanol bath, which is controlled by a 

thermostatic bath. The temperature of the thermostatic bath is kept 5 °C below the expected 

freezing point of the sample mixture. As a freezing point is located the sample glass is removed 

from the ethanol bath and heated in the air until micro ice crystals are left in the sample solution. 

This procedure is repeated five times.  

The solubility of VRA in 30 wt% MEA at temperatures above 0 °C is determined by visually 

inspecting the melting of the solid precipitates of either urea or MEG. The same setup used for 

freezing point determinations is used to cool the sample solution until precipitation. When 

precipitation is observed, the sample is taken out of the ethanol bath and heated. The disappearance 

of the last crystal is recorded by the Pt 100 temperature probe which is used in the FPD setup.  

Manual stirring in the form of a stainless steel wire stirrer, which is moved up and down, is 

applied in both methods in order to maintain a uniform sample temperature. Each sample solutions 

have been replicated five times to obtain reproducible results. Standard deviations up to ±0.2 °C 

are observed using the FPD and the SLE by FPD methods. Before measurements, the Pt100 

temperature probe is calibrated against known freezing point values of aqueous NaCl solutions. 

The experimental work were conducted at atmospheric conditions.  

 

A detailed description of the freezing point depression (FPD) method is described elsewhere by 

Fosbøl et al.36. This method is applicable for detection of ice. Details of the method, named SLE 

by FPD, for measuring solubility above 0 °C is outlined elsewhere by Fosbøl et al.35.  
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3. Results and discussion 

3.1 The urea-H2O and MEA-urea-H2O systems 

The experimental solubility results of urea in water and urea in mixtures of MEA-H2O are 

presented in Table 3 and Table 4 together with literature data14-25 on urea-H2O. The SLE 

temperatures, standard deviations, and information on solid formation are all listed in the tables. 

(urea)w  is the concentration of urea on MEA free basis. All experiments were conducted at 

atmospheric pressure. Figure 1 shows the SLE phase boundaries of the systems: urea-H2O, and 

urea-MEA-H2O.  

Standard deviations up to ±0.2 °C were obtained in some cases. The reproducibility is decreasing 

when using the SLE by FPD method. This is expected as the melting of precipitates is visually 

inspected35. 

In the urea-H2O system the eutectic point, E1, is at the temperature –11 °C, see Figure 1. Ice is 

formed at w(urea) < 0.33. Above the eutectic temperature urea is precipitating.  

The eutectic temperature, E2, of the system of urea-MEA-H2O is approximately located at –27 

°C. Ice starts forming at –15 °C until the eutectic point and at (urea)w > 0.21 solid urea precipitates. 

No indication of hydrate formation was observed in the urea-H2O, and urea-MEA-H2O systems. 

MEA tend to have little impact on the urea solubility in water. The solubility curve for both systems 

show quite normal expected trends for ice formation as a parabolic decreasing curve is observed 

until the eutectic point. Above the eutectic point, where urea precipitates, the curve trend is convex 

in nature. It is expected that the SLE curve to increase with a concave tendency. The behaviour is 

related to the enthalpy, heat capacity, and activity of the dissolved urea. The curve indicates that 
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these parameters will have quite unusual or non-ideal magnitudes. A significant endothermic heat 

of dissolution was observed, while mixing urea into water.  

The experimental SLE data obtained in this work is in line with the literature14-25 on urea-H2O. 

Minor outliers are revealed in the study by Pinck and Kelly21 at w(urea) = 0.67 and w(urea) = 0.72, 

which creates valuable information in the context of the accuracy of thermodynamic modelling. 

The addition of MEA decreases the solubility of urea in water and in the mixture of 30 wt% 

MEA as seen in Figure 1. The eutectic point moves to the left from w(urea) = 0.33 in pure water 

to (urea)w = 0.21 in 30 wt% MEA. The temperature is also much lower than for urea in water. As 

urea starts precipitating, the two solubility curves are following the identical linear trend.  

At atmospheric conditions, solid urea decomposes around 130 °C to biuret and later to cyanuric 

acid37–40. Normal CO2 capture with MEA is operated at 120 °C. Use of VRA could cause a boiling 

point elevation of 5 °C. To lower the boiling point, preventing e.g. urea decomposition, the stripper 

could be run 0.1 bar lower than normal operation pressure of 1.8 bar. A decrease of 0.1 bar reduces 

the boiling point temperature corresponding to VRA addition. As the use of VRA may change the 

pressure in the stripper and impact the need for compression and the performance of the overall 

capture plant.  The solubility data above 130 °C obtained by Miller and Dittmar26 might be biased 

by decomposition products.  

The use of urea as VRA in solvent formulation for CCS may create challenges often observed 

when dissolving chemicals. Mixing the solvent with concentrated urea creates an endothermic 

reaction, which at (urea)w = 0.30 makes the solvent freeze completely. It can be recommended to 

heat the solvent while dissolving urea. Addition of urea to the solvent may reduce the stripper 

pressure in order to avoid solvent degradation. This could offset savings in the reboiler duty.   
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Urea will like any other salt precipitate at high concentration. The solid phase diagram of urea 

in water and in 30 wt% MEA can be used to prevent solid formation in the plant. Formulation of 

30 wt% MEA with urea should under normal conditions be below (urea)w = 0.30. Operational 

condition during wintertime at Artic and Scandinavian condition could entail other minimum 

design specifications. 
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Table 3. SLE temperatures of the binary urea-H2O system. The SLE temperatures are given at 

Pressure p = 0.1 MPaa  

Urea t ut
b Solid phase 

g/g total °C °C   

0 0.00 0.0 Ice 

0.025 –0.68 0.029 Ice 

0.050 –1.41 0.04 Ice 

0.075 –2.28 0.017 Ice 

0.100 –2.82 0.059 Ice 

0.125 –3.60 0.032 Ice 

0.150 –4.35 0.057 Ice 

0.175 –5.27 0.024 Ice 

0.200 –6.17 0.042 Ice 

0.225 –7.00 0.046 Ice 

0.250 –8.01 0.042 Ice 

0.275 –8.98 0.051 Ice 

0.300 –10.03 0.043 Ice 

0.310 –10.26 0.044 Ice 

0.315 –10.59 0.028 Ice 

0.320 –10.76 0.051 Ice 

0.325 –10.98 0.052 Eutectic composition 

0.330 –10.06 0.054 Urea 

0.335 –8.90 0.144 Urea 

0.340 –7.98 0.112 Urea 

0.350 –6.47 0.114 Urea 

0.375 –2.96 0.052 Urea 

0.400 0.93 0.185 Urea 

0.425 4.86 0.193 Urea 

0.450 8.58 0.152 Urea 

0.475 12.70 0.082 Urea 

0.500 16.76 0.064 Urea 

0.550 25.55 0.032 Urea 

0.600 35.14 0.1 Urea 
aStandard uncertainties (u) for the temperature, weight fractions, and the pressure are uc(t) = 

√(u2(calibration) + u2(repeatability) = 0.05 °C, u(w) = 0.001, u(p) = 1 kPa. Temperatures are 

reported as the standard deviation of the mean in the table. bStandard deviations of five consecutive 

analysis. 
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Table 4. Solubility data of the ternary MEA-urea-H2O system. The SLE temperatures are given at 

Pressure p = 0.1 MPaa.  

MEA Urea Urea t ut
b Solid phase 

g/g total g/g total g/g (water + urea) °C °C   

0.300 0 0 –14.92 0.050 Ice 

0.300 0.025 0.036 –17.07 0.055 Ice 

0.300 0.050 0.071 –18.48 0.017 Ice 

0.300 0.075 0.107 –20.65 0.023 Ice 

0.300 0.100 0.143 –22.49 0.029 Ice 

0.300 0.125 0.179 –24.75 0.059 Ice 

0.300 0.130 0.186 –25.32 0.064 Ice 

0.300 0.135 0.193 –25.52 0.072 Ice 

0.300 0.140 0.200 –26.14 0.077 Ice 

0.300 0.145 0.207 –26.86 0.083 Ice 

0.300 0.150 0.214 –27.24 0.050 Eutectic composition 

0.300 0.155 0.221 –24.73 0.094 Urea 

0.300 0.160 0.228 –23.14 0.017 Urea 

0.300 0.165 0.236 –21.84 0.063 Urea 

0.300 0.170 0.243 –20.44 0.14 Urea 

0.300 0.175 0.250 –19.24 0.04 Urea 

0.300 0.200 0.286 –13.57 0.10 Urea 

0.300 0.225 0.321 –8.03 0.080 Urea 

0.300 0.250 0.357 –2.71 0.10 Urea 

0.300 0.275 0.393 2.40 0.044 Urea 

0.300 0.300 0.429 7.54 0.062 Urea 

0.300 0.325 0.464 12.93 0.044 Urea 

0.300 0.350 0.500 18.97 0.031 Urea 
aStandard uncertainties (u) for the temperature, weight fractions, and the pressure are uc(t) = 

√(u2(calibration) + u2(repeatability) = 0.05 °C, u(w) = 0.001, u(p) = 1 kPa. The temperatures are 

also reported as the standard deviation of the mean in the table. bStandard deviations of five 

consecutive analysis. The concentration of urea is presented twice. The concentration in terms of 

g/g total reflects the real solubility in the multicomponent mixture. The concentration is also 

presented in terms of MEA free basis g/g(water + urea) which greatly improves the comparison 

basis in the figures. 
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Figure 1. SLE diagram of solid precipitation in urea-H2O, and in urea-MEA-H2O as a function of 

temperature at atmospheric conditions. Vertical lines represents the eutectic composition. E: 

eutectic temperature. The SLE data for urea-H2O are taken from the literature18-29.  

 

3.2 The MEG-MEA-H2O system 

The measured solubility data for MEG in 30 wt% MEA are graphically presented in Figure 2. 

The corresponding SLE data are given in Table 5 together with standard deviations and 
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information on solid precipitation. A repeatability better than 0.1 °C was obtained indicating a 

good accuracy. The FPD method was used for all experimental data points in the MEG-MEA-H2O 

system. (MEG)w is the concentration on MEA free basis. 

Figure 2 shows the SLE curve for MEG-MEA-H2O and the literature data26-29 for MEG-H2O. 

The freezing curves for both systems illustrate expected behaviour with parabolic trend. The MEA 

does not change the parabolic behaviour to a large extent. The SLE diagram for MEG-MEA-H2O 

only presents concentrations of (MEG)w ≤ 0.20 and t > –40 °C. The sample mixtures above this 

concentration were too viscous when cooling down and due to limitation of the cooling bath, it 

was not possible to obtain solid precipitates. Ice was formed in the analysed concentration range 

and there was no indication of hydrate formation.   

The SLE phase diagram of MEG-H2O, shows two eutectic points at –49 °C and at –43 °C and 

the existence of a hydrate with the local minimum at approximately w(MEG) ≈ 0.75. The two data 

points, indicated with red circles in Figure 2, at –53 °C and –52 °C was reported as metastable 

points by Ross27. Comparing the two phase diagrams the freezing points of MEG-MEA-H2O is 

decreased with Δt ≈ 15 °C.  

Based on the SLE diagram of MEG-MEA-H2O there is no risk of solid formation or clogging in 

a CCS plant during wintertime as the solid formation occurs below –15 °C. 

There is a need for a more detailed study of the solid phase boundary of MEG-MEA-H2O for 

(MEG)w > 0.20 even though it may not be relevant in a CCS perspective it will be important for 

the precision of thermodynamic modelling.  
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Table 5. SLE data of the ternary MEG-MEA-H2O system. The SLE temperatures are given at 

Pressure p = 0.1 MPaa. 

MEA MEG MEG t ut
b Solid phase 

g/g total g/g total g/g (water + MEG) °C °C  

0.299 0 0.000 –14.92 0.050 Ice 

0.300 0.025 0.036 –17.21 0.073 Ice 

0.300 0.050 0.071 –19.48 0.068 Ice 

0.300 0.075 0.107 –21.93 0.064 Ice 

0.300 0.100 0.143 –24.33 0.025 Ice 

0.300 0.125 0.179 –27.47 0.082 Ice 

0.300 0.150 0.214 –30.12 0.090 Ice 

0.300 0.175 0.250 –34.35 0.031 Ice 

0.300 0.200 0.286 –37.75 0.060 Ice 
aStandard uncertainties (u) for the temperature, weight fractions, and the pressure are uc(t) = 

√(u2(calibration) + u2(repeatability) = 0.05 °C, u(w) = 0.001, u(p) = 1 kPa. The temperatures are 

also reported as the standard deviation of the mean in the table. bStandard deviations of five 

consecutive analysis. The concentration of urea is presented twice. The concentration in terms of 

g/g total reflects the real solubility in the multicomponent mixture. The concentration is also 

presented in terms of MEA free basis g/g(water + urea) which greatly improves the comparison 

basis in the figures. 
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Figure 2. Solid phase boundary of MEG-MEA-H2O and of MEG-H2O as a function of temperature. 

Solubility data of MEG-H2O is obtained from the literature31-34. E: eutectic point, H: hydrate. The 

red circles indicate the metastable points reported by Ross27.  
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4. Conclusion  

In this work, the solubility of the binary system urea-H2O and the ternary systems urea-MEA-

H2O and MEG-MEA-H2O were determined using the two experimental methods freezing point 

depression (FPD) and solid-liquid equilibria (SLE) by FPD. In total 61 new data points were 

determined in the temperature range spanning from –40 to 35 °C. 

The SLE data for urea-H2O was compared to the literature and it agreed well. For the urea-MEA-

H2O system ice is forming until the eutectic temperature of –27 °C. Above the eutectic temperature 

urea is precipitating. No hydrates were observed in the urea-MEA-H2O system. For liquid 

precipitation, urea can be used as a VRA in 30 wt% MEA up to a concentration of ≈30 wt%. At 

higher concentrations, solids will form and this will create clogging in a CCS plant. The SLE 

diagram of MEG in 30 wt% aqueous MEA indicated that ice is forming below –15 °C. Due to 

cooling limit of the cooling bath, the eutectic temperature was not revealed.  

Solid formation in condenser etc. cannot be predicted based on the above results. Such an 

evaluation would require knowledge of the vapour-liquid-solid equilibria, not studied here. On the 

other hand, data from this work can contribute to the formation of a thermodynamic calculation 

basis, which enables evaluations of condenser or similar other types of unintended precipitation 

phenomena.  

There could be solvent challenges which are not clear currently but need to be investigated in 

the future. These could be the influence of lowering the stripper pressure on the reboiler duty 

savings, corrosion, mass transfer restrictions, and reaction limitations in terms of kinetics.  

The presented SLE data will contribute to quality of thermodynamic modelling of new 

innovative CO2 solvents for the CCS technology.   
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