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Abstract  

In the production of natural gas, (mono-)ethylene glycol (MEG) is commonly added to the 

well stream to prevent the formation of clathrate natural gas hydrates. A reduction in the 

amount of MEG required for hydrate prevention in industrial subsea flowlines would 

decrease the costs associated with natural gas production. Methyldiethanolamine (MDEA) is 

sometimes used for corrosion control in wet gas flowlines by increasing the solution pH, and 

will be typically injected with the MEG. In systems where both hydrate and corrosion control 

is required, hydrate inhibition via MDEA could represent an opportunity to reduce the 

required MEG injection rate. However, no experimental data are available to quantify the 

degree to which MDEA may act as a hydrate inhibitor, either in isolation or in the presence of 

MEG. In this work, we report 20 measurements of the hydrate phase boundary in the 

presence of MDEA (3 to 7 vol%) and MEG (0 or 20 vol%), performed at high pressure (6 to 

9 MPa) in a sapphire autoclave cell with both ultra-high purity methane and a natural gas 

mixture. The results illustrate that MDEA acts as a hydrate inhibitor and, when combined 
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with MEG, provides additional inhibition. For the systems studied, the effectiveness of 

MDEA as a hydrate inhibitor is approximately half that of MEG. When 20 vol% MEG was 

added to the aqueous phase, the MDEA became less effective as a hydrate inhibitor. 

However, 7 vol% MDEA still caused an average temperature shift in the hydrate phase 

boundary of 0.3 K, which is equivalent to the effect that would be achieved by increasing the 

amount of MEG in the system by 3 % (i.e. from 20 vol% to 20.6 vol% MEG).  
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1 Introduction  

Gas hydrates are crystalline inclusion compounds, where molecular cages of water surround 

species with low molecular weight (e.g. methane)
1
. Natural gas hydrates can form a stable, 

solid aqueous phase at temperatures up to 20 ℃ for systems under moderate pressure (e.g. > 5 

MPa, depending on the gas phase composition). Hydrate formation and blockage in long 

subsea tie-backs, which are used increasingly to develop and produce natural gas from remote 

offshore reservoirs, is a major flow assurance risk
2
. Traditionally, gas hydrates in production 

operations are managed through the injection of thermodynamic hydrate inhibitors (THIs), 

such as (mono)ethylene glycol (MEG), which form hydrogen bonds with water molecules 

through their OH-groups. This decreases the hydrate stability temperature at a given pressure 

as fewer water molecules have hydrogen bond sites available to form hydrate structures
1
. For 

economic and environmental reasons, MEG must be recovered and recycled at the processing 

facility. As such, reductions in the amount of MEG required for hydrate prevention would 

decrease the capital and operating costs associated with MEG injection and regeneration
3-5

.  

The presence of acid gas compounds (H2S or CO2) and water in the produced natural gas can 

cause corrosion issues. A common corrosion control technique used in such situations is 

known as pH stabilisation, in which chemicals are injected lead to increase in the pH of the 

liquid aqueous phase present
6-12

. Doing so facilitates the formation of a protective iron 

carbonate or sulfide film on the pipeline’s internal surface, suppressing corrosion of the 

steel
11

. Aqueous solutions of methyldiethanolamine (MDEA) are commonly used to lower 

the pH of formation water in natural gas production flowlines 
8, 13, 14

. 

The parallel injection of chemical inhibitors to prevent hydrate formation and corrosion 

provides an opportunity to reduce the total amount of inhibitor injected if at least one of the 

chemicals can suppress both hydrate formation and corrosion. The alkanolamines used for 
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natural gas sweetening have been reported to inhibit hydrate formation in amine units too
15

. 

Burgazli et al 
16

 assessed the dual inhibition effects of four chemicals on corrosion rates and 

gas hydrate formation using a high-pressure autoclave and a linear polarization resistance 

meter. However, while the use of MDEA
8, 13, 14

 along with MEG in gas flowlines for the 

control of corrosion and hydrate formation is well established in industrial practice 
11

, to the 

best of our knowledge, there are currently no experimental data available to test whether 

MDEA also acts as a thermodynamic hydrate inhibitor. If MDEA when added to the aqueous 

MEG solution also acts to suppress the hydrate stability curve, there may an opportunity to 

reduce the required MEG injection rate. In this paper we present hydrate dissociation data 

measured in the pressure range (6 to 9) MPa for systems of methane + water + MDEA (at 3 

and 7 vol%) and a multi-component gas mixture + water +MDEA (7 vol%) + MEG (0 and 20 

vol%).  

2 EXPERIMENTAL SECTION  

The information on the test materials used in this work is listed in Table 1 and Table 2. 

Ethylene glycol (99.8%) and n-methyldiethanolamine (>99%) were purchased from Sigma-

Aldrich. Ultra-high purity methane (99.995%) and a gas mixture (Table 2) were supplied by 

Coregas. Deionised water with a conductivity of 0.23 µS was prepared in the laboratory using 

a Millipore Q purification system. In each test, appropriate quantities of n-

methyldiethanolamine, ethylene glycol and deionized water were weighed on an electronic 

analytical balance with an uncertainty of ±10 mg, and mixed to make an aqueous solution 

with a volume of about 100 mL at the desired concentration. 
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Table 1. List of the material used in this experiment 

Component Purity Supplier 
CAS 

Number 

ethylene glycol 

(1,2-ethanediol) 
99.8 wt% Sigma Aldrich 107-21-1 

n-methyldiethanolamine 

(2,2′-methyliminodiethanol) 
≥ 99 wt% Sigma Aldrich 105-59-9 

methane ≥99.995% Coregas 74-82-8 

gas mixture See Table 2 Coregas - 

De-ionized water Conductivity of 0.23 µS 
Millipore Q 

purification system 
- 

 

 

Table 2. Composition of the gas mixture used in this experiment 

Component Composition Uncertainty 

ethane 5.71 mol% 0.11 mol% 

propane 1.90 mol% 0.04 mol% 

carbon dioxide 2.00 mol% 0.04 mol% 

methane Balance - 

   

 

A high-pressure visual autoclave (HPVA) apparatus (Figure 1) was used for these 

experiments. The HPVA apparatus has been described in detail previously
17-19

 and only a 

summary is presented here. It consisted of a sapphire cell (25.4 mm internal diameter, 150 

mm height and 6.4 mm thickness, 21.0 MPa rating) with a high pressure magnetically-

coupled mixing shaft (MRK Mini 100-50) connected to a ViscoPakt Rheo-57 motor. The 

motor was capable of producing mixing speeds up to 1800 RPM, with a tolerance in practice 

of ± 1 RPM. The cell’s contents were mixed by a four-blade vane-and-baffle geometry 

impeller to provide adequate mixing while maintaining a stratified gas-liquid interface. Cell 

and bath temperatures were measured with 100 Ω platinum resistance thermometers (PRT) 

http://www.sigmaaldrich.com/catalog/search?term=74-82-8&interface=CAS%20No.&N=0&mode=partialmax&lang=en&region=AU&focus=product
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with an uncertainty of 0.15 K and 0.2 K, respectively, while cell and reservoir pressures were 

monitored by two Omegadyne transducer (0-34.5 MPa, 0-17.3 MPa, respectively) with a 

uncertainty of 0.01 MPa. Signals from the PRTs, pressure transducers, and torque sensor (up 

to 57 N·cm with 0.04 N·cm resolution) were recorded by a LabView® data acquisition 

system at 30 second intervals throughout the experiment. The autoclave cell and gas manifold 

(12.0 MPa rating) were submerged in a water-glycol bath (1:1 by volume), which contained a 

ThermoFisher immersion cooler that operated continuously to remove heat. The bath was 

fitted with an 1100 W electrical cartridge heater, which was activated intermittently by a 

LabView® control algorithm to maintain cell temperature within a tolerance of 0.15 K. 

 

 

Figure 1. Simplified diagram (left) and picture (right) of the high pressure autoclave cell. 

 

The experimental procedure has been described in detail previously
20

. In each experiment, the 

cell was thoroughly cleaned with sequential rinses of toluene, ethanol, and acetone, dried 

overnight, and loaded with water, MDEA and/or the MEG. The cell was then purged with the 

target gas (methane or gas mixture) three times at 2.0 MPa, and was then pressurised to target 

starting pressure (6.0, 7.0, 8.0, or 9.0 MPa); the mixing system was engaged at 1000 RPM 
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with the system outside the hydrate region at 293.15 K. The cell was left overnight to confirm 

the absence of leaks, and then cooled to 277.15 K at a rate of 1 K/hr. The cell remained inside 

the hydrate stability region for 20 hours to ensure the hydrate reaction reached steady-state, 

after which hydrate was dissociated using a step-heating procedure: (i) the cell was heated at 

1 K/hr to a point 3 K below the estimated hydrate equilibrium temperature based on 

Multiflash
21

 calculations; (ii) the cell was then heated at 0.1 K/hrs to each temperature step, 

until the system passed the hydrate equilibrium point. Typically, the system was kept at each 

step for two to three hours to reach steady-state pressure and temperature; as a consequence, 

each phase boundary measurement required about three weeks to be completed. The hydrate 

– liquid – vapour equilibrium condition was determined from each data set by finding the 

intersection of two straight lines, which were fitted to the gas-liquid data points (most of 

which were measured during the initial cooling) and the hydrate-gas-liquid data points 

measured during heating. 

A total of twenty experiments were performed in five different systems, as shown in Table 3. 

The MDEA and MEG volume percent figures shown in Table 3 are based on the water 

volume only (i.e. in Tests 17-20, 25 ml (27.83 g) of MEG and 7.53 ml (7.82 g) of MDEA 

were added to 100 ml (100 g) of de-ionised water.  

Table 3. The test matrix for experiments to measure the hydrate phase boundaries in the 

presence and absence of MDEA and MEG. 

Test No. Methane 
Gas 

Mixture 

DI 

Water 

MDEA 

(vol%) 

MEG 

(vol%) 
Pressure / MPa 

1-4  -  0 0 6.0, 7.0, 8.0, 9.0 

5-8  -  3 0 6.0, 7.0, 8.0, 9.0 

9-12  -  7 0 6.0, 7.0, 8.0, 9.0 

13-16 -   7 0 6.0, 7.0, 8.0, 9.0 

17-20 -   7 20 6.0, 7.0, 8.0, 9.0 
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The standard uncertainties in temperature and pressure of each measured condition were 

0.15 K and 0.01 MPa, respectively, while those associated with the determination of the 

intersection of the two regressed lines were estimated to be 0.21 K and 0.013 MPa, 

respectively. Combining these in quadrature, we estimate the combined standard uncertainties 

in the measured equilibrium temperatures and pressures were 0.26 K and 0.02 MPa, 

respectively.  

Figure 2 shows an example of the method used for determining the hydrate dissociation point 

in the methane–water system. The intersection of the fitted lines to the gas-liquid cooling data 

points and hydrate-gas-liquid heating data points are found to be 284.91 K and 8.66 MPa. 

The predicted equilibrium temperature for methane hydrate at 8.66 MPa using the cubic plus 

association (CPA) equation of state model set in the software package Multiflash
21

 is 

284.85 K. The deviation of the measured equilibrium temperature at 8.66 MPa from the 

calculated value using Multiflash
21

 is +0.06 K, which is well within the estimated 

experimental standard uncertainty. 
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Figure 2. An example of the method used for determining hydrate dissociation points. The 

intersection of the straight lines fitted to the gas-liquid (methane-water) data points and 

hydrate-gas-liquid heating data points the hydrate equilibrium condition. The coloured points 

indicate whether the cell was being cooled (blue) or heated (red). 

3 RESULTS AND DISCUSSION  

3.1 Methane Experiments  

To validate the experimental method and assess the data quality, four tests were carried out 

with pure methane and deionized water at different pressures. The measured hydrate 

equilibrium points were then compared to the values measured by others
22-30

 and hydrate 

phase boundary calculated using Multiflash
21

 using the cubic plus association (CPA) equation 

of state model set. The summary of the results is shown in Figure 3 and Table 4, which 

indicates that our measurements are in very good agreement with the data reported in 
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literature
22-30

 and Multiflash’s prediction. The maximum absolute deviation between the 

measured and calculated temperatures by Multiflash is 0.06 K. 

Table 4. Hydrate phase boundary measurements and calculations for methane and water. 

P 
exp

 / MPa T
exp

 / K 
T

eq 
/ K 

(Calculated) 

8.66 284.91 284.85 

7.69 283.71 283.75 

6.69 282.40 282.43 

5.71 280.94 280.90 
Standard uncertainties u in temperature T and pressure p are u(T)= 0.26 K and u(p)= 0.02 MPa. 

 

 

 

Figure 3. Hydrate phase boundary for methane and water measured in the autoclave (solid red 

data points), compared to predictions from Multiflash (grey solid curve) and the values 

measured by others
22-30

. The maximum absolute deviation between the measured and 

calculated temperatures is 0.06 K. 
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The effect of adding 3 vol% MDEA to the de-ionised water on the hydrate phase boundary of 

the methane-water system was measured in the autoclave at pressures ranging from 5.70 to 

8.67 MPa. A summary of the results is shown in Figure 4 and Table 5. The addition of 3 

vol% MDEA to the aqueous phase inhibited the hydrate phase boundary by an average of 

0.3 K; Figure 4 also shows the predicted hydrate phase boundaries for systems with and 

without 3 vol% MDEA, illustrating that the software package is currently unable to capture 

the effect of MDEA as a hydrate inhibitor. To quantify this inhibition effect with MDEA, 

MEG was substituted in the software package to determine the equivalent amount to have the 

same inhibition effect.  The amount of MEG required to shift the methane hydrate phase 

boundary by approximately 0.3 K was estimated to be 1.5 vol%, as shown in Figure 4; this 

comparison suggests that, for the pure methane-water system studied, MDEA is 

approximately half as effective as MEG at hydrate inhibition. 

 

Table 5. Hydrate phase boundary measurements for methane and deionised water containing 

(3.0 ± 0.1) vol% MDEA. 

P 
exp

 / MPa T
exp

 / K T
eq 

/ K (Calculated) ∆T / K 

8.67 284.50 284.85 0.35 

7.66 283.36 283.70 0.34 

6.69 282.11 282.42 0.31 

5.70 280.56 280.87 0.31 
Standard uncertainties u in temperature T and pressure p are u(T)= 0.26 K and u(p)= 0.02 MPa. 
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Figure 4.  Hydrate phase boundary for methane and an aqueous phase containing 3 vol% 

MDEA in water, which is represented by circles and corresponds to the experimental 

measurements in the autoclave, while the solid line correspond to the Multiflash-CPA 

predictions. The comparison (solid curve and circles) illustrates that the Multiflash model 

does not account for the effect of MDEA on the hydrate phase boundary. The hydrate phase 

boundary for methane and an aqueous phase containing 1.5 vol% MEG in water ( dotted line) 

calculated with the Multiflash-CPA model matches (within 0.06 K) the measured hydrate 

phase boundary for methane and an aqueous phase containing 3 vol% MDEA in water, 

suggesting 3 vol% MDEA is equivalent to 1.5 vol% MEG.  

 

The effect of 7 vol% MDEA in water on the hydrate phase boundary of the methane-water 

system was measured in the autoclave at pressures ranging from 5.69 to 8.60 MPa, and a 

summary of the results is shown in Figure 5 and Table 6. The measured dissociation points 

show that 7 vol% MDEA shifted the methane hydrate phase boundary by approximately 
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0.8 K. At these pressure and temperature conditions, the Multiflash
21

 calculations suggest that 

7 vol% MDEA is equivalent to approximately 3.1 vol% MEG (Figure 5). 

Table 6. Hydrate phase boundary measurements for methane and deionised water containing 

(7.0 ± 0.1) vol% MDEA. 

P 
exp

 / MPa T
exp

 / K T
eq 

/ K (Calculated) ∆T / K 

8.60 283.90 284.79 0.89 

7.63 282.95 283.68 0.73 

6.65 281.57 282.37 0.80 

5.69 280.09 280.85 0.76 
Standard uncertainties u in temperature T and pressure p are u(T)= 0.26 K and u(p)= 0.02 MPa. 

 

Figure 5. Hydrate phase boundaries for methane and an aqueous phase containing 7 vol% 

MDEA in water; circles correspond to experimental measurements from the autoclave, while 

the solid curve corresponds to the Multiflash-CPA predictions, which are almost identical to 

the predicted phase boundary for methane + water. The calculated hydrate phase boundary 

for methane and an aqueous phase containing 3.1 vol% MEG (dotted curve) matches (within 

0.11 K) the measured hydrate phase boundary for methane and an aqueous phase containing 

7 vol% MDEA in water (circles).  
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3.2 Gas Mixture Experiments  

The effect of 7 vol% MDEA in water on the hydrate phase boundary of the mixed gas (Table 

2) + water system was measured in the autoclave at pressures ranging from 5.86 to 8.87 MPa, 

and a summary of the results is shown in Figure 6 and Table 7. The measured dissociation 

points show that 7 vol% MDEA shifted the hydrate phase boundary for the mixed gas by 

approximately 0.7 K. At these pressure and temperature conditions, Multiflash
21

 calculations 

suggest that 7 vol% MDEA is equivalent to approximately 3.5 vol% MEG (Figure 6). 

Table 7. Hydrate phase boundary measurements for the gas mixture and deionised water 

containing (7.0 ± 0.1) vol% MDEA. 

P 
exp

 / MPa T
exp

 / K T
eq 

/ K (Calculated) ∆T / K 
8.87 290.42 291.13 0.71 

7.84 289.51 290.32 0.81 

6.81 288.56 289.36 0.80 

5.86 287.69 288.28 0.59 
Standard uncertainties u in temperature T and pressure p are u(T)= 0.26 K and u(p)= 0.02 MPa. 

 

The effect of an aqueous phase containing 7 vol% MDEA and 20 vol% MEG on the hydrate 

phase boundary of the gas mixture system was measured in the autoclave at pressures ranging 

from 5.70 to 8.59 MPa, and a summary of the results is shown in Figure 6 and Table 8. The 

measured dissociation points indicate that 7 vol% MDEA shifted the mixed gas hydrate phase 

boundary by approximately 0.3 K. At these pressure and temperature conditions, Multiflash
21

 

calculations suggest that adding 7 vol% MDEA (relative to the water volume) to a system 

containing 20 vol% MEG (relative to the water volume) is equivalent to approximately 

20.6 vol% MEG (Figure 6). That is the marginal change in the hydrate equilibrium boundary 

caused by the addition of the MDEA was equivalent to that which would be achieved by a 3 

% increase in the amount of MEG above the original concentration. 
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Table 8. Hydrate phase boundary measurements for the gas mixture and deionised water 

containing (20.0 ± 0.1) vol% MEG and (7±0.1) vol% MDEA. 

P 
exp

 / MPa T
exp

 / K  T
eq 

/ K (Calculated) ∆T / K 
8.59 284.40 284.67 0.27 

7.61 283.52 283.91 0.39 

6.68 282.86 283.05 0.19 

5.70 281.66 281.95 0.29 
Standard uncertainties u in temperature T and pressure p are u(T)= 0.26 K and u(p)= 0.02 MPa. 
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Figure 6. Hydrate phase boundary for the gas mixture and aqueous phases containing various  

MDEA and/or MEG concentrations in water. Triangle data points correspond to experimental 

measurements for the system containing 7 vol% MDEA, while the solid curve shows the 

corresponding Multiflash-CPA predictions, which are insensitive to the presence of MDEA.  

The calculated hydrate phase boundary for the gas mixture with an aqueous phase containing 

only 3.5 vol% MEG (dashed curve) matches (within 0.12 K) the measured hydrate 

equilibrium data for the gas mixture and an aqueous phase containing 7 vol% MDEA in 

water. The square data points correspond to experimental measurements for the system 

containing 20 vol% MEG and 7 vol% MDEA in water, while the dashed curve with dots 

shows the corresponding Multiflash-CPA predictions. The calculated hydrate phase boundary 

for the gas mixture with an aqueous phase containing only 20.6 vol% MEG (dotted curve) 

matches (within 0.11 K) the measured hydrate phase boundary for the gas mixture and an 

aqueous phase containing 20 vol% MEG and 7 vol% MDEA in water (square data points).  
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4 CONCLUSIONS  

The experimental data collected in this investigation demonstrate that MDEA 

functions as a thermodynamic hydrate inhibitor at the concentrations of (3 and 7 vol%) 

studied.  

Table 9 presents a summary of the results for the methane and mixed gas hydrate 

phase boundaries measured in the presence of MDEA with and without MEG. The results 

illustrate that MDEA shifts the hydrate phase boundaries between 0.3 and 0.8 K at these 

concentrations. This hydrate inhibition effect is not captured currently by industry-standard 

models for hydrate equilibrium calculation, reflecting the fact that no data for this system 

were available previously. A comparison between the MDEA experiments and predictions 

made with the software package Multiflash 
21

 for MEG-inhibited systems suggested that 

MEG is approximately twice as effective as MDEA in shifting the hydrate phase boundary to 

lower temperatures.  

 

 

Table 9. Summary of the experiments and calculations. 

System 

Added 

MDEA 

(vol%) 

Average shift in 

hydrate curve,           

∆T / K 

Equivalent MEG 

(vol%), which 

causes the same 

shift in hydrate 

curve 

Methane -Water 

0 0 0 

3 0.3 1.5 

7 0.8 3.0 

Gas Mixture-Water 7 0.7 3.5 

Gas Mixture-Water-MEG (20 vol%) 7 0.3 0.6 

 
 

In the presence of MEG, MDEA acts to further reduce the hydrate equilibrium temperature. 

The effectiveness of MDEA as a hydrate inhibitor decreased when it was injected alongside 
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MEG. For the mixed gas system containing 20 vol% MEG, the addition of 7 vol% MDEA 

achieved a level of hydrate suppression equivalent to that of 20.6 vol% MEG in water. Thus, 

the presence of 7 vol % MDEA in a system with 20 % MEG is the equivalent of increasing 

the amount of MEG injected by 3 % (i.e. the concentration increased in relative terms by 3 %, 

from 20.0 vol% to 20.6 vol% MEG). 
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