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Summary 
Around 25 % of the world energy demand is met through natural gas production, with a 

significant proportion traded globally and delivered as Liquefied Natural Gas (LNG) which has 

been cryogenically "shrunk" from gas to liquid through sophisticated high-pressure cooling 

processes. There are two main challenges associated with those processes: (1) over-engineered 

equipment due to the lack of understanding upon the thermophyscial properties of LNG 

mixtures, and (2) unscheduled LNG plant shutdowns due to the blockages caused by the freeze-

out of impurities such as heavy hydrocarbons (HHC), mainly BTEX compounds (benzene, 

toluene, ethylbenzene, xylene). Central to the identification and prediction of the HHC 

concentration limits above which solids will form are thermodynamic models anchored to 

reliable and relevant solid−fluid equilibrium (SFE) data, which are sparse.  

The overarching objective of this PhD project is to generate accurate and reliable experimental 

data using a novel experimental system, named the CryoSolid apparatus, designed and 

constructed to measure SFE and melting (liquidus) temperatures in hydrocarbon mixtures at 

different temperatures, pressures, and compositions. The CryoSolid apparatus consists of two 

major parts: (1) a high pressure sapphire equilibrium cell equipped with a Peltier-driven copper 

post which can be sub-cooled relative to the bulk liquid mixture to control the location of the 

solid formed within the cell, and (2) a cooling environmental chamber including an air-bath to 

study heavy hydrocarbons with high-boiling points, a cryogenic thermostat fitted with 

periscopes for measurements down to 150 K, and a cryogenic chamber for measurements down 

to 85 K.  

First the CryoSolid apparatus was successfully validated by measuring the SFE of a reference 

binary mixture of cyclohexane and octadecane at different pressures and across the entire range 

of composition using the air bath. The measured results showed a very good agreement with 

the available literature data. Following these validation studies, the CryoSolid apparatus was 

used to measure melting temperatures for synthetically prepared methane + p-xylene and 

ethane + p-xylene mixtures at different temperatures and pressures. For the methane + p-xylene 

system, both vapour-liquid equilibrium (VLE) and solid-vapour-liquid equilibrium (SLVE) 

data sets were measured and used separately to anchor two values for the binary interaction 

parameter (BIP) within the Peng Robinson equation of state. For methane + p-xylene, the VLE-

tuned BIP systematically under-predicted the measured melting temperatures while the SLVE-
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tuned BIP could represent the melting temperature data with considerably lower deviations. 

For ethane + p-xylene, a BIP estimated using a group contribution method systematically over-

predicted the measured melting temperatures while tuning the ethane + p-xylene BIP to the 

measured SLE data more than halved the model’s r.m.s. deviation. This suggests that a single 

BIP to accurately describe all phase equilibria types is not adequate. 

Among BTEX compounds, benzene poses the highest freeze-out risk during LNG production 

due to its relatively high concentrations in natural gas (>1000 ppmv) and its high pure 

component melting temperature (278 K). The significant data scatter in the literature 

necessitates the additional measurements for benzene containing systems. Therefore, the 

equilibrium cell was employed in a specialized cryogenic environmental chamber to measure 

the melting temperature of methane + benzene binary mixtures at benzene mole fraction 

concentrations ranging from 120 to 1012 ppm. The software tool ThermoFAST could predict 

the melting temperature data at 1000 ppm and 200 ppm benzene with an r.m.s deviation of 0.68 

K and 3.4 K, respectively. For the first time, solid-liquid retrograde phenomena which include 

retrograde melting (solids form upon heating) and retrograde solidification (solids melt upon 

cooling) were observed in this system at temperatures ranging from 180 to 260 K, at fixed 

pressure and concentration, suggesting new LNG freeze-out mitigation methods can be 

developed.   

Ternary and higher order mixtures, which are more analogous to LNG, present critical tests of 

thermodynamic models in terms of their utility and predictive accuracy. Therefore the 

CryoSolid apparatus was extended to allow the analytical measurement of solvent composition 

in multi-component systems in equilibrium with a solid phase. The analytical system was 

successfully commissioned and used to measure melting temperatures and solvent 

compositions of a ternary mixture containing methane, ethane, and benzene at temperatures 

down to 125 K and pressures to 6 MPa. The effect of ethane addition on the solubility of 

benzene was investigated at different ethane mole fractions ranging from 0 to 0.96, and was 

observed to significantly decrease the temperature at which benzene melted into the liquid 

mixture. ThermoFAST showed a deviation less than 1 K for ethane liquid phase mole fractions 

up to 0.5, and less than 4 K deviation for 0.85 < 
2Cx < 0.97. The higher deviation observed in 

the ethane-rich region could be due to ThermoFAST’s inadequacy to describe the ethane + 

benzene binary in similar range of conditions and/or that that the impact of methane on this 

interaction is more complicated than it was previously understood. 
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1. CHAPTER 1| Introduction 

1.1 Global Energy Demand and Australia’s LNG Exports 
 

The increasing global energy demand shown in Figure 1 is due to the world’s population 

growth. On the other hand, “energy poverty”, carries significant socio-economic issues 

particularly for more vulnerable developing countries [1-4]. According to the reports by the 

United Nation [5] and Global Energy Outlook [6] there are around 3 billion people in the world 

with no access to clean, reliable and affordable energy. Moreover, climate change presents us 

with the unprecedented challenge of tackling the growing energy needs as well as the energy 

poverty while reducing greenhouse gas emissions produced by our primary energy sources. 

Natural gas, which is found in abundance, is the world’s cleanest-burning fossil fuel and an 

important ‘transitionary fuel’ as countries around the world look for reliable, affordable, safe 

and low-carbon alternatives to coal, and ways of supporting intermitting renewable energy 

sources. Natural gas accounts for nearly 25 % of the world energy production, with 

approximately 33 % of the global energy trade occurring through the production and transport 

of liquefied natural gas (LNG). The international trade of natural gas can be considerably 

enhanced by LNG because the liquid phase has an economically viable energy density which 

occupies less volume, making it easier for transport and storage [6].  

 

 

 

 

 

 

 

 

 

 

Figure 1. Global energy trend in the liquefaction capacity and utilization of natural gas together 

with the global LNG demand [7].  
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Australia is blessed with extensive natural gas resources; however due to its geographical 

location international export is only viable through the liquefaction of natural gas and 

transportation by LNG tankers. Australia’s first LNG cargo was produced in 1989, and since 

then the LNG industry has significantly expanded and reached very important milestones. By 

the year 2020, Australia is expected to have 7 LNG operators running 10 LNG plants which 

include 21 LNG trains [8] (Figure 2). According to a report by the Australian Government [7], 

Australia’s LNG exports are forecast to increase from 62 million tonnes in 2017–18 to 78 

million tonnes in 2019–20, driven by Australia’s recent wave of LNG investment. LNG 

revenue is forecast to increase to over $50 billion in 2019-2020 as Australia overtakes Qatar as 

the world's largest exporter of LNG. 

 

Figure 2. Australia’s LNG operators and expected capacity by 2020 [8].  
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1.2 Natural Gas Liquefaction Processes and Challenges 
 

Natural gas and LNG provide significant economic and environmental benefits. However, the 

liquefaction of natural gas involves very complicated and demanding processes. Figure 3 shows 

the heart of an LNG plant: treated natural gas, with impurities such as the hydrogen sulfide 

(H2S), carbon dioxide (CO2), and water removed, enters a cryogenic distillation tower known 

in the industry as a ‘scrub column’, operating at 4 - 6.5 MPa which produces a liquid stream at 

about 273 K and a gas stream at temperatures as low as 190 K [9]. The gas stream then enters 

the main cryogenic heat exchanger (MCHE) where the liquefaction occurs; the LNG is then 

de-pressurised and sent to storage. The scrub column’s purpose is to prevent significant 

concentrations of compounds heavier than ethane (C3+) from entering the MCHE, so that (a) 

the LNG meets its heating value specification and (b) compounds heavier than pentane (C5+) 

do not freeze-out and block the narrow tubing networks within the MCHE. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Simplified schematic of an LNG plant’s major liquefactions units: scrub column and 

main cryogenic heat exchanger.  
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One of the major problems facing the LNG industry is unscheduled plant shutdowns which 

repeatedly occur due to the blockages caused by the freeze-out and solid deposition of 

impurities such as heavy hydrocarbons. The severity of the financial loss (around $ 30M (USD) 

per missing one LNG cargo [10]), safety and the environmental hazards associated with such 

blockage-induced shutdowns are significantly high. In 2014, an LNG plant shutdown incident 

occurred at the RasGas facility in Qatar and was detailed by Ismail & Al-Thani in 2016 [11]. 

The unscheduled LNG plant shutdown was caused by a blockage which occurred in the main 

cryogenic heat exchanger of Train 4 in their facility. The blockage’s root cause was identified 

as a total loss in the reflux flow of the scrub (distillation) column for only 50 seconds during 

the plant start up. As shown in Figure 4, this short time window was enough to let C5+ 

compounds enter the MCHE at concentrations around 0.2 mol % which was double the plant’s 

target specification. This resulted in blockages caused by the freeze-out of those C5+ 

compounds which acted as an adsorption site for other smaller components such as water and 

CO2, which were present at very small concentrations below the plant specification limits. 

Consequently, the pressure drop caused by those blockages increased to the point where the 

plan shutdown became inevitable, and eventually occurred in December 2014. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Operating data from the main cryogenic heat exchanger in Train 4 of the RasGas 

LNG plant in Qatar [11]. 
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Such incidents continue to occur because the models currently implemented in process 

simulators used across the industry are not able to reliably match experimental data for even 

simple binary systems, resulting in inaccurate predictions for the freeze-out of heavy 

hydrocarbons in LNG mixtures. This also obliges operating companies to adopt very large 

safety margins in the liquefaction processes, causing the increase of energy consumption, 

oversized design of the pre-treatment units, and reduced profits in subsequent LNG sales.  

Avoiding the conditions of solid-fluid-equilibrium (SFE) in systems containing heavy 

hydrocarbons (C5+) is particularly important for the multi-component hydrocarbon mixtures 

found in the main cryogenic heat exchanger of an LNG plant (SFE is referred to the equilibrium 

of solid with vapour and/or liquid). Among those heavy hydrocarbons, BTEX compounds 

(benzene, toluene, ethylbenzene, and xylenes) are considered as the highest freeze-out risk in 

LNG production because of their high pure component melting temperatures (Figure 5). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Chemical structure of BTEX (benzene, toluene, ethylbenzene, and xylenes) 

compounds together with their pure component melting temperatures (Tmelt) [12].  
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To help solve these problems, a large database of reliable and relevant experimental data 

to quantitatively describe the solid solubility and SFE of binary and multi-component 

mixtures is required. This will then provide opportunities to develop accurate and reliable 

thermodynamic models capable of matching those experimental data to be able to predict the 

hydrocarbon solid formation and deposition. This potentially helps avoid similar incidents and 

plant shutdowns that occurred in RasGas LNG and many other plants around the world. 

Accordingly, the main objectives of this PhD thesis were to (1) develop a robust experimental 

method and an apparatus capable of measurements in binary and multi-component hydrocarbon 

systems analogous to LNG mixtures at different temperatures, pressures, compositions and 

fluid phase equilibria, (2) fill existing literature gaps by generating experimental data on the 

melting temperature of heavy hydrocarbons, mainly BTEX compounds, in liquid methane and 

ethane at conditions similar to LNG production (i.e. temperatures down to 100 K and pressures 

to 6 MPa), and (3) experimentally evaluate the SFE predictions made by the thermodynamic 

model implemented in the software package ThermoFAST, developed at UWA. 

1.3 Fundamental Concepts 
1.3.1 Phase Equilibrium 

The word “equilibrium” refers to a state of rest or balance due to the equal action of 

opposing forces [13]. In thermodynamics, equilibrium refers to the condition or state of a 

system with no tendency to change on a macroscopic scale [13]. Phase-equilibrium 

thermodynamics provides insights into the relationships between the various properties of 

the system such as temperature, pressure and composition at equilibrium, where all 

tendency for further change has ceased [13]. Different phases can be at equilibrium with 

each other; for example liquid + liquid, vapour + liquid, vapour + solid, liquid + solid, or 

vapour + liquid + solid phases.   

The equilibrium condition between different phases, in a multi-component system, is 

achieved at the same temperature, pressure and composition which is governed by the 

chemical potentials between them. 

A system at equilibrium conditions can be described by Gibbs energy:  

 
1, ,

/
j

i iT P n
dG Vdp SdT G n dn



                             (1) 
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that should be minimized (dG=0) at constant temperature and pressure to satisfy those 

equilibrium conditions: 

1, , ,( / ) 0
jP T i T P n i

i

dG G n dn


             (2) 

Since the chemical potential is defined as 

, , i j

i

i P T n

G

n




 
  

 
, at equilibrium condition the 

equation 2 becomes: 

, 1 1 2 2 3 3 ...P T i idG dn dn dn dn                (3) 

For example, for a system at vapour-liquid equilibrium (VLE), the chemical potential 

balance can be expressed as: 

, 0V V L L

P T i i i i

i i

dG dn dn              (4) 

If there is no chemical reaction on the closed system, based on the mass balance,  V L

i idn dn

and hence the chemical potential balance would become
V L

i i  . 

Therefore general equilibrium criteria of a mixture in the system with N components and 

P phases would be as follows: 

1 2

1 2

1 2

1 1 1

1 2

2 2 2

1 2

...

...

...

...

...

P

P

P

P

P

N N N

T T T

P P P

  

  

  

  

  

  

  

  

         (5) 

These equations establish the basis of the Gibbs phase rule, making it possible to identify 

the various independent intensive properties that can be arbitrarily specified to determine 

the intensive state of the system [13]. The number of intensive properties is called degrees 

of freedom. Since the chemical potential is an intensive property it is dependent on the 

molar composition ratio and not the amount of components.  
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1.3.2 Fugacity 

The chemical potential can approach infinity in equilibrium calculations which can often 

lead to computational complexities [13]. Therefore for some systems it may be more 

convenient to use fugacity instead of chemical potential. Fugacity plays the same role as 

the pressure in an ideal gas system. The relationship between fugacity ( f ) and chemical 

potential μ can be expressed by: 

ln( )g RT f             (6) 

For the system that behaves like an ideal gas (at pressures approaching to zero), the 

fugacity of a pure component is equal to the pressure, which can be expressed by:  

0
lim 1
p

f

p
           (7) 

For a multiphase, multi-component system the fugacity for a component must be the same 

in all phases in order to achieve equilibrium. In other words:  

1 2 ... P

i i if f f             (8) 

 

1.3.3 Phase Diagram of Natural Gas Mixtures 

Safe and economical operation and design of facilities in natural gas processing require 

accurate and detailed understanding of the phase equilibrium behaviour of hydrocarbon fluid 

mixtures. Phase diagrams are excellent tools to represent the relationships between 

temperature, pressure, and composition of a system as well as the existence of different phases 

under equilibrium. Figure 6 illustrates a typical vapour-liquid equilibrium (VLE) phase 

diagram for a multi-component natural gas mixture at a fixed composition [14]. The blue curve 

which separates the single phase vapour (V) from the two phase vapour (V) + liquid (L) region 

is referred to as dew point curve, while the orange curve separating the L and V+L regions is 

referred to as bubble point curve. The point where the bubble point and dew point curves meet 

is called critical point (C). If the temperature and pressure conditions of the system reach and/or 

exceed the critical point, the mixture is then referred to as a supercritical mixture. The 

maximum pressure at which vapour and liquid can co-exist in equilibrium is called 

cricondenbar (N), and similarly the maximum temperature at which vapour and liquid can co-

exist in equilibrium is called cricondentherm (M). The shaded regions represent unique 
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phenomena known as vapour-liquid retrograde. The blue region is known as isothermal 

retrograde where the amount of liquid reduces upon compression at constant temperature. 

Similarly, the green region represents isobaric retrograde vaporization where the amount of 

liquid increases as temperature increases at constant pressure.  

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Example of a typical p-T projection of a VLE phase diagram for a multi-component 

natural gas mixture [14].  

 

The knowledge of VLE phase behaviour is of particular importance for the design and 

operation of an LNG plant distillation column (discussed in Section 1.2).  However, to avoid 

the freeze-out of heavy hydrocarbons in the main cryogenic heat exchanger of an LNG plant 

accurate solid−fluid equilibrium phase envelope is critical. Furthermore, at low temperatures 

and high pressures, many systems relevant to the description of LNG mixtures can exhibit a 

variety of phase equilibria such as vapour–liquid–liquid equilibrium or liquid–liquid 

equilibrium; the occurrence of such phase transitions needs to be explicitly identified to ensure 

they do not cause ambiguity regarding the detection of a solid phase.  

In 2018, Campestrini and Stringari [15] published a comprehensive review focusing on the 

phase equilibrium behaviour (including VLE and SFE) for the binary mixtures of (1) methane 

+ (2) n-alkanes. As shown in Figure 7 (A-D), they summarized the global p-T and T-x phase 

diagrams into four categories for the binary system of (A) CH4 + nCXH2X+2 with X= 2-5, (B) 
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CH4 + nC6H14, (C) CH4 + nC7H16, and (D) CH4 + nCXH2X+2 with X= 8-30. The representation 

of diagrams is based on the classifications of van Konynenburg & Scott (vKS: Types I-V) [16] 

and Kohn and Luks (KL: Types A-D) [17].  

 

 

 

Figure 7. Global phase diagram for binary mixture of (A) CH4 + nCXH2X+2 with X= 2-5, (B) 

CH4 + nC6H14, (C) CH4 + nC7H16, and (D) CH4 + nCXH2X+2 with X= 8-30 [15]. 
 

The thin continuous lines represent the saturation, melting and sublimation branches of the 

pure components in the binary mixture. The hollow triangles and circles are the triple and 

critical points of the components, respectively. The bold continuous lines are the 3-phase 

vapour-liquid-solid equilibrium loci of the binary mixtures. The filled squares and triangles are 

quadruple points and critical endpoints, respectively, while the dashed lines are critical lines. 
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According to the vKS classification, the fluid-fluid equilibria for the binary mixtures of 

CH4+C2H6, C3H8, nC4H10, nC5H12 are considered type I where the critical points of the two 

components are connected by a continuous dashed L=V line. The phase behaviour (shown in 

Figure 7(A)) was considered as type D by KL. Interestingly, the binary systems of CH4 + 

nC6H14 (Figure 7 (B)) and CH4 + nC7H16 (Figure 7 (C)) exhibit unique phase behaviours 

amongst other n-alkanes. Therefore the CH4 + nC6H14 system has been classified as Type V 

and Type C, while the CH4 + nC7H16 system has been classified as Type IIIa and Type B by 

vKS and KL, respectively. These systems show quadrupole points where two immiscible liquid 

and/or solid phases are in equilibrium with vapour (e.g. S2L2VE, S2L1VE, S2L1L2VE, etc) 

Figure 7 (D) shows a qualitative global phase diagram with the p-T and T-x projections for the 

binary mixtures of CH4 + nCXH2X+2 , where X= 8-30. This phase behaviour type is classified 

as Type IIIs by vKs and Type A by KL where the S2L1VE locus can be limited and not extended 

to the high temperature quadrupole points observed in other systems. The main difference 

between the phase behaviour observed in Figure 7 (C and D) and that of Figure (A and B) is 

the importance of specifying the type of liquid phase at equilibrium. In other words, in Figure 

(A and B) the liquid L1 and L phases (in equilibrium with solid S) are equal which represent a 

liquid phase rich in methane, whereas the L1 and L2 shown in Figure (C and D) are indicative 

of two immiscible liquid phases [15].  

1.3.4 Equation of State (EOS) 

Equations of state (EOS) refer to any integrable functions that relate pressure, temperature, 

density and composition of pure fluids and fluid mixtures [18]. They are quite important in 

chemical and process engineering design as they play a key role in the understanding of the 

gas, liquid, and solid phase equilibria, as well as the calculation of the thermodynamic 

properties of fluids [19]. Figure 8 shows various EOS and their relationships between one 

another which was categorized by Wei and Sadus (2004) [19] based on their repulsion terms. 

Among those EOS, van der Waals (vdW) EOS (known as cubic EOS) was the first to predict 

the equilibrium between vapour and liquid [20]. Years later, the vdW EOS was improved by 

Redlich and Kwong (1949) [21] by introducing a temperature-dependant attractive term.  
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Figure 8. The relationship between various equations of state [19]. 

In 1972 and 1976 Soave [22] and Peng-Robinson [23], respectively, proposed new 

modifications to the vdW EOS aiming to improve the predictions of vapour pressure, liquid 

density, and equilibria ratios. Table 1 summarises these four cubic EOS which have the same 

repulsive but different attractive terms. 

Table 1. Cubic equations of state. 

Van der Waals (VdW), 1873 [20] 

2


m m

RT a
P -

V - b V
 

Redlich-Kwong (RK), 1949 [21] 


m m m

RT a
P -

V - b V (V b ) T
 

Soave-Redlich-Kwong (SRK), 1972 [22] 


m m m

RT a (T )
P -

V - b V (V b )


 

Peng – Robinson (PR), 1976 [23] 


  m m m m

RT a (T )
P -

V - b V (V b ) b(V b )


 

 

Today the Soave-Redlich-Kwong (SRK) and Peng and Robinson (PR) are the most widely 

used EOS due to (1) their reasonable accuracy to achieve a fit to vapour pressure data, and (2) 

the inclusion of the acentric factor allowing more accurate VLE calculations [18]. Therefore, 

in this PhD project, SRK and PR EOS are used for the prediction of the VLE and SFE of the 
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measured mixtures. Table 2 tabulates the details of SRK and PR EOS parameters together with 

the mixing rules used for the systems with more than one component. 

Table 2. Parameters and mixing rules for SRK and PR EOS. 

Parameters Soave-Redlich-Kwong (SRK) Peng-Robinson (PR) 

a 20 42748


c

i
i c

i

. ( RT )
a

p
 

20 45724


c

i
i c

i

. ( RT )
a

p
 

α 2

1 1   
 i i r ,in ( T

20 48508 1 55171 0 15613  i i in . . .   

2

1 1   
 i i r ,in ( T  

20 37464 1 5422 0 26992  i i in . . .   

b 
0 08664

c

i
i c

i

RT
b .

p
 0 07780

c

i
i c

i

RT
b .

p
 

Mixing 

Rules 
1 1

1
 

 
n n

i j ij i i j j

i j

a x x ( k ) ( a )( a )    ,  
1


n

i i

i

b x b  

 

1.4 Outline of This Thesis  

This PhD thesis is organised in accordance with The University of Western Australia’s Doctor 

of Philosophy Rules for the content and format of a thesis and is presented as a series of journal 

papers. This implies that the thesis contains papers that have been published, manuscripts that 

have been submitted for publication but not yet accepted, future manuscripts that could be 

submitted, or any combination of these. This thesis is presented in 6 chapters in total; 

constitutes Chapters 2, 3, 4, and 5, each containing a relevant literature review. The thesis 

document aims to present a coherent story through the combination of these papers by first 

introducing LNG processing and the associated challenges, and then detailing the development 

and validation measurements of the CryoSolid apparatus, and finally describing it measuring 

solids formation and melting in cryogenic high-pressure mixtures relevant to LNG production. 

Chapters 3 and 4, respectively, describe the details of the solid-fluid equilibrium measurements 

of the two important BTEX compounds, namely p-xylene and benzene, in liquid methane and 

ethane binary mixtures. Following successful binary measurements at cryogenic conditions, 

the CryoSolid apparatus underwent a further modification to allow for analytical measurements 

of the fluid (solvent) phase composition. The analytical system development, together with the 

results of preliminary SFE measurements conducted for ternary mixtures of methane + ethane 
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+ benzene are presented in Chapter 5. Chapter 6 summarizes the research findings and presents 

recommendations for future work to improve the efficiency and accuracy of the SFE 

measurements conducted using the CryoSolid apparatus. 
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2. CHAPTER 2 | CryoSolid 

Apparatus Validation with 

Cyclohexane + Octadecane Mixtures 

at Pressures to 5 MPa 

2.1 Abstract  
 

 A specialized apparatus (CryoSolid 

apparatus) designed for visual 

measurements of solid-liquid equilibrium 

(SLE) and solid-liquid-vapor equilibrium 

(SLVE) was constructed and used to 

measure liquidus (melting) temperatures in 

binary mixtures of cyclohexane (C6H12) and 

octadecane (C18H38) across the entire range 

of composition and at pressures from about 

(0.004 to 5.3 ) MPa. A Peltier-cooled copper tip immersed in the liquid mixture was used to 

determine both freezing and melting temperatures by varying the temperature of the copper tip 

relative to the stirred, bulk liquid. With the bulk liquid held at the mixture’s SLVE temperature, 

the induction time required to nucleate solid octadecane decreased exponentially as the 

subcooling of the copper tip increased, halving approximately every 0.25 K. At higher 

pressures, while the melting temperature of pure cyclohexane (cyC6) increased by about 

0.55 KMPa-1, at xcyC6 = 0.5675 it increased by only 0.15 KMPa-1. The new data were 

compared with measurements reported in the literature, empirical correlations describing those 

literature data, and the predictions of models based on cubic equations of state (EOS), including 

the Peng-Robinson Advanced (PRA) EOS implemented in the software Multiflash. The best 

description of the data was achieved by adjusting the binary interaction parameter in the PRA 

model from 0 to -0.0324, which reduced the deviation of the SLVE data at the eutectic point 

(xcyC6 0.95) from (12.8 to -0.2) K. Although the accuracy of predictions made with the SLVE-

tuned PRA EOS deteriorated slightly at pressures around 5 MPa, they were still as good as, or 

better, than the empirical correlations available for this system. Furthermore, the SLVE-tuned 
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PRA EOS was more accurate at describing literature VLE data for this binary than the default 

PRA EOS, reducing the r.m.s. deviation in bubble temperature predictions from (6.7 to 0.67) K. 

2.2 Introduction 

There are many different techniques used to measure solid-fluid phase equilibria [1] which are 

often referred to by various different names [2]. In Table 1 the most commonly used 

experimental methods for solid-fluid phase equilibrium determination are summarised. The 

methods are briefly described together with their advantages and challenges. We categorised 

the methods into two main groups: synthetic and analytic. The former represents the 

methodologies where synthetic mixtures, with known compositions, are loaded in an 

equilibrium cell and the system’s pressure and temperature conditions are changed until the 

mixture undergoes a phase change. The latter signifies the methods where samples are acquired 

from one or more phases and their compositions are analysed. 

For the measurement of SLE in mixtures representative of LNG systems, the amount of the 

solid phase likely to form is small, which presents a significant signal-to-noise consideration 

for any method. As indicated by the literature overview presented in Table 1, we are unaware 

of any publications describing the use of a Peltier-driven cold spot in binary mixture SLE 

measurements, although cold-finger techniques are used for wax appearance temperature 

studies in multi-component hydrocarbon liquid mixtures. The visual synthetic method allows 

for the exact type of phase equilibria occurring to be identified and, by controlling exactly 

where the solid phase forms, has the potential for an extremely high signal-to-noise ratio 

(SNR). In addition, visually observing the freezing and melting processes of mixtures can 

provide insight into their nucleation behaviour as well as the growth and morphology of the 

subsequent crystals. It is also relatively straightforward to include a sampling and analytical 

capability into a visual equilibrium cell containing a synthetic mixture to make the 

measurement semi-analytic (i.e. capable of determining one or more phase compositions) if 

required.      

Here, we report the development of synthetic visual apparatus for solid-liquid equilibrium 

(SLE) measurements, which utilizes a Peltier element to control the temperature of a copper 

post immersed in the liquid mixture to induce solid formation on the tip of the post. The 

experimental setup, hereafter referred to as the CryoSolid apparatus, has been developed to be 

used ultimately in a program to measure solids formation and melting in cryogenic, high 
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pressure mixtures relevant to LNG production. In this first stage of the research program, we 

demonstrate the apparatus at temperatures near ambient with mixtures of cyclohexane + 

octadecane at pressures to 5 MPa. Some data are present in the literature for this system, which 

enable the technique to be tested. These data allowed the dependence of SLE on pressure to be 

investigated for these binaries, and enabled the optimisation of thermodynamic models used to 

predict liquidus (melting) temperatures. The CryoSolid apparatus was also used to study the 

relationship between subcooling and induction time as these potentially could provide some 

insight into nucleation processes relevant to LNG production.  
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Table 1. Summary of the most commonly used experimental methods for solid-liquid phase equilibria studies. 

Experimental 

Method 

Description Capabilities Challenges Reference 

Synthetic Overall composition is known. 

A single phase homogeneous mixture is 

prepared; temperature or pressure of 

system in equilibrium cell are varied 

until new phase appears. 

 

No sampling or compositional 

analysis required. 

Applicable when phase densities 

are similar. 

Equipment can be small in size. 

 

Accurate/careful synthesis of mixture. 

High uncertainties if phase boundaries are 

strongly composition dependent. 

Measurement rate can be slow. 

Signal to noise ratio (SNR) can be 

problematic depending on location of 

solids formation.  

 

[1, 3] 

 Visual Phase transition is detected either by 

direct or indirect (e.g. via camera) 

observation. 

Visual observation provides 

additional information such as phase 

volumes, liquid level change, and 

crystallization morphology. 

No signal analysis or expensive 

optical equipment required. 

Suitable for phase behaviour of 

unknown or less-studied systems, or 

systems where LLE or VLLE may 

occur. 

 

Visual observation of phase transition is 

dependent on the observer’s eyesight or the 

resolution of the camera used. 

Automation of complete system can be 

difficult. 

Need to know where to look for solids and 

be able to see. 

 

[4-11] 
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Thermal Analysis- 

Differential 

Scanning 

Calorimetry (DSC) 

This technique is based on the 

measurement of the difference in the 

amount of heat absorbed between a 

sample and a reference by increasing or 

decreasing the temperature.  

When the sample undergoes a phase 

transition, the amount of heat flowing to 

the sample depends on the exothermal or 

endothermal nature of the process. 

Applicable where visual techniques 

have limitations or fail. 

Operation under fully automated 

instruments and control.  

In addition to phase behaviour 

studies, other physical properties 

such as enthalpy or heat capacity can 

be measured concurrently. 

High sensitivity to the small energy 

changes. 

Controlling the heating and cooling rate of 

experiment.  

Signal-to-noise ratio limits the experiments 

for very small sample masses and very low 

scanning rates. 

Difficult to implement mixing. 

Interpretation of thermograms. 

High-subcooling can be required. 

Limited composition range due to scanning 

and achievable signal-to-noise.  

 

[12-19] 

Spectroscopic  Raman, ultraviolet, and infrared 

spectroscopy methods used to measure 

compositions and/or nature of phases 

present. 

Could be considered as a subset of 

visual techniques, although use of a 

spectroscopic probe or lens may limit 

the field of ‘view’. 

Simultaneous detection of all 

components present. 

In-situ composition determinations 

possible without the need for 

sampling. 

Better suited to the study of near 

critical systems. 

Relatively fast analysis can be used 

for near critical or critical regions. 

 

Time-consuming calibration. 

Signal evaluation of spectra. 

Maintaining temperature uniformity. 

 

[20-24] 

 Indirect  Effect of change in one system variable 

(p, V, T, etc) on other parameters is 

investigated (e.g. p-V slope in piston-

cylinder system).   

Ability to run experiments at very 

high pressures (e.g. GPa). 

Simple equipment design. 

Relatively easy to automate. 

 

Indirect measure of potentially long 

equilibration times. 

High accuracy in pressure or volume 

measurements are required. 

Blind cells increase uncertainty about 

what’s actually happening: other phase 

equilibria can cause false positives. 

Poor SNR at low solute mole fractions. 

[25-29] 
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Analytical Overall composition may not be exactly 

known. 

Samples of one or more phases 

normally acquired and analysed (e.g. by 

gas chromatography although 

characterization of phases at 

equilibrium can be carried out without 

sampling (e.g. via spectroscopy). 

Normally carried out under isobaric 

and/or isothermal regimes. 

 

Information on tie lines. 

Particularly suitable for 

multicomponent mixtures. 

Composition dependent phase 

behaviour can be readily measured.  

Phase composition analysis required. 

Acquisition of representative samples can 

be problematic. 

[1-3] 

2.1. Static Solute-solvent mixture are in contact in 

a closed cell until reaching equilibrium.  

Usually analysed by chromatography or 

spectroscopic methods. 

Spectroscopy allows in-situ analysis 

with no sampling. 

Identification of co-solubility of a 

solid solution in liquid. 

Chromatography requires in-situ 

sampling.  

Sampling for chromatography method may 

disturb equilibrium. 

Acquiring representative samples can be 

difficult, particularly if cell is blind. 

Loading or sampling procedures may lead 

to an inhomogeneous solid phases. 

[3, 30, 31] 

2.2. Dynamic Often referred to as flowing or isobaric-

isothermal methods. 

One or more fluid streams are 

continuously (re-)circulating through or 

in an equilibrium cell.  

Pressure control is usually carried out 

via the vapour phase. 

Can be more representative of 

industrial processes. 

Relatively larger samples can be 

acquired without disturbing 

equilibrium. 

Suitable for SLVE measurements. 

Shorter residence time in cell. 

Sampling must be carried out very 

carefully to achieve higher accuracy. 

Less accuracy for multicomponent 

systems. 

Inherent uncertainty regarding whether 

equilibrium has actually been achieved. 

[2, 32] 
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2.3 Experimental 
 

2.3.1 CryoSolid Apparatus: Specialized Visual SLE Cell in Air-Bath 

 

Figure 1 shows the 3D drawing for the high pressure equilibrium sapphire cell with some of its 

key dimensions, while the CryoSolid apparatus setup is shown in Figures 2 and 3.  

 

Figure 1. Schematic of the high pressure equilibrium sapphire cell with several key 

dimensions. The internal and outer diameters of the sapphire cylinder were 38.30 mm and 

57.22 mm, respectively, while its height was 74.7 mm.
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The CryoSolid apparatus consisted of a high-pressure cell with a sapphire tube and high 

strength stainless steel (Nitronic 50) base, top and four guide poles. A high precision zero-

degree growth sapphire tube (custom made by Rayotek Scientific) with 57.22 mm (±0.02 mm) 

outer diameter, 38.30 mm (±0.02 mm) internal diameter, and 74.7 mm (±0.1 mm) height was 

employed. The sapphire tube burst and maximum allowable working pressures were calculated 

as 124 and 62 MPa, respectively [33-34]. In this work, a safety factor of 4 was applied, setting 

the maximum allowable working pressure at 31 MPa, although the highest pressure studied 

here was 5 MPa. 

The sapphire tube was sealed using a custom trapezoidal O-ring made of a Teflon composite 

containing 25 % glass (supplied by E-Plas), that was compressed between the inner surface of 

the sapphire tube and a re-entrant boss on the stainless steel flange. The cell sealing system has 

been tested successfully at temperatures down to 90 K at pressures up to 10 MPa without any 

leakage detected.  

The CryoSolid apparatus was equipped with an automated data acquisition (DAQ) system 

where all the temperature and pressure sensors in this experiment were connected to a digital 

multimeter DAQ unit (Keysight 34970A) with a relative uncertainty of ±0.03 % of the 

measured voltage and current. The DAQ unit was monitored and controlled via a LabVIEW 

computer program.  

To ensure the system is homogenous and well-mixed, the sapphire cell was equipped with a 

stepper motor mixer (Arun Microelectronics D42.2 ultra-high vacuum motor connected to an 

SMD210 dual stepper motor controller). To determine and pinpoint the crystallisation and 

melting temperatures, a copper element comprising a tip, a post and a base, was used and 

coupled with an 40 Х 40 mm Peltier module (RS Components) to provide the required heating 

and cooling (up to 58.6 W). A DC power supply (Keysight LXI- N5750A) was used to drive 

the Peltier element. The Peltier’s temperature, heating and cooling rates were monitored and 

controlled via a proportional–integral–derivative (PID) algorithm, which was programed and 

incorporated in the LabVIEW software [35]. The PID parameters for the Peltier were tuned in-

situ, using voltage as a manipulated variable, with the proportional gain being 5, the integral 

time 1.8 min and the reset time being 0.2 min; these were kept constant over the course of the 

measurements. A large copper heat sink was attached to the other side of the Peltier to prevent 

the Peltier’s temperature from rising and to transfer of the heat removed from the copper tip to 

the air bath. The imaging and visualization was carried out using a high-definition CCD camera 
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(Edmund Optics) fitted with a 13-130 mm macro lens (Computar MLH) with 10Х magnification 

capability, which was mounted inside the bath. To capture precisely the temperature at which 

solid-liquid transition occurred, a 100 Ω platinum resistance thermometer (PRT), labelled as 

(TT01), was inserted into the copper post to monitor the temperature of the copper element’s 

tip. Another temperature sensor (TT02) was also used to capture the temperature of the bulk 

liquid inside the cell (Figure 2). In addition, wells were bored into the top and bottom stainless 

steel lids of the cell to house another two 100 Ω PRTs (TT03) and (TT04) to monitor the cell’s 

vertical temperature distribution. Prior to mounting in the cell, all four PRTs were calibrated 

over a temperature range of 220 to 343 K against a reference SPRT (ASL-WIKA) with a 

standard uncertainty of 0.02 K. We report herein the temperature of the PRT (TT01), inserted 

inside the copper element, as most representative of the freezing or melting temperature. 

A pressure transducer (Kyowa PHB-A-50MP), labelled as (PT01) was also housed in the lid to 

minimize the associated dead volume. This transducer was suitable for operations at 77 to 

483 K and was designed to measure pressures up to 50 MPa. The transducer was calibrated in-

situ at different temperatures by comparison with a reference quartz-crystal pressure transducer 

(Paroscientific Digiquartz 9000-6K-101). The resulting standard uncertainty of the pressure 

measurement was estimated to be 0.3 % of the reading above 1 MPa. At pressures near or 

below ambient (0.1 MPa) the uncertainty of this transducer became excessive and alternative 

means were used to estimate the pressure as described in section 2.3. 

The equilibrium cell was housed within a fan-forced air bath to control the temperature of the 

system and particularly of the bulk liquid mixture within the sapphire cell.  The air bath was a 

moisture-tight Peltier-cooled incubator (Memmert IPP110) with an operating temperature 

range of 273 to 343 K. A high precision syringe pump (Teledyne ISCO 260D) was utilized to 

provide accurate and predictable flow and pressure control during sample injection, with flow 

rates from 0.001 to 107 ml·min-1 and at pressures from 0.07 to 52 MPa. To avoid the effect of 

ambient temperature fluctuations on the solvent’s properties during injection, the syringe pump 

was fitted with a temperature control jacket where distilled water was circulated to keep the 

fluid injection temperature constant at 298 K via a connected benchtop chiller (PolyScience 

LM6). The chiller working temperature was from 263 to 303 K with a temperature stability of 

±0.1 K. To ensure there was no air in contact with the mixture inside the cell, a vacuum pump 

(Vacuubrand MZ2C) was utilized to provide a vacuum of 0.7 kPa. In addition, a total of five 
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manual needle valves (Swagelok SS316-3NS4) labelled as V1 to V5 were implemented for 

system isolation and drainage purposes.   
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Figure 2. Visual CryoSolid apparatus setup including the location of the temperature and pressure transducers (TT and PT, respectively). The available sample 

volume between V1, V2 and V5 was approximately 55 mL.  
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Figure 3. The front view of the apparatus with the equilibrium cell placed inside the air bath. The ISCO pump, benchtop chiller and the vacuum pump are 

located behind the air bath.
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2.3.2 Materials 

 

The chemicals used in this study are listed in Table 2, together with their source and purity as 

specified by the supplier. They were used without further purification, apart from being 

degassed directly before being loaded into the equilibrium cell. 

 

Table 2. Chemicals used in this work with their corresponding purities. 

Chemical Name Source 

(Product Number) 

Grade Mole Fraction 

Purity 

CAS Number 

           Cyclohexane (C6H12)    Sigma Aldrich 

(650455) 

 

HPLC ≥0.99 110-82-7   

Octadecane (C18H38) Sigma Aldrich 

(O652) 

- 0.99 593-45-3   

 

2.3.3 Melting and Freezing Temperature Measurements 

 

Measurements were carried out in four main stages including (a) mixture preparation and 

injection (b) evacuation, (c) temperature control, and (d) image recording. To prepare the 

mixture, the solute (octadecane) was first manually charged to the cell (i.e. by removing its 

steel top plate). This was because the high molecular weight octadecane (C18H38) was solid at 

ambient temperature and injecting it by use of a syringe pump risked tubing blockages. 

Accordingly, for each measurement (apart from those with pure cyclohexane), the desired 

amount of octadecane (ranging approximately from 1 to 30 g) was accurately weighed using a 

precision balance (A&D GH-252) with 0.01 mg resolution, and placed in the cell. The cell was 

re-assembled and evacuated to remove any air before the solvent (de-gassed cyclohexane) was 

injected using the volume-calibrated syringe pump to achieve the required composition (in the 

case of measurements with pure octadecane, no cyclohexane was injected). For the low-

pressure measurements, approximately (0.5 to 20 mL) of cyclohexane was injected, which 

raised the level of the liquid-vapour interface to approximately that of the stirrer bar, as shown 

in Figure 4 (a). Strictly, this meant that the low pressure measurements were actually of solid-

liquid-vapour equilibrium (SLVE) rather than SLE because the interface and stirrer ensured 
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there were no significant mass transfer resistances between the three phases. We note that in 

the past this distinction has not been made in some of the literature describing SLE 

measurements, possibly because melting temperatures depend weakly on pressure. However, 

specifying clearly whether melting temperature measurements correspond to SLVE or SLE 

conditions is particularly important when tuning thermodynamic models intended to predict 

such phase equilibria. 

The pressure of the SLVE measurements was essentially set by the vapour pressure of the 

liquid mixture, which was much lower than the resolution of the pressure transducer connected 

to the cell (full scale 50 MPa). Accordingly, the pressure in the cell during the SLVE 

measurements was estimated from the measured bulk liquid temperature and known mixture 

composition using a thermodynamic model as described below. The predicted vapour pressures 

were not sensitive to the choice of the thermodynamic model. The largest variation occurred at 

300.49 K for the composition xcyC6 = 0.1004, for which Raoult’s law predicted 1.5 kPa while 

the Peng Robinson Advanced (PRA) equation of state implemented in the software package 

Multiflash [36] using the binary interaction parameter, kij = -0.0324, predicted 1.3 kPa. (The 

development of the PR EOS is detailed in Peng and Robinson [37] with the advanced form 

extended to improve mixture density calculations as outlined in Peneloux and Rauzy [38] and 

Mathias et al. [39]).  

Following solvent injection and initiation of mixing, the bath temperature was reduced to about 

0.2 - 0.5 K above the estimated melting point, where it was held constant. Once the bulk liquid 

temperature sensor (TT02) had stabilised at the bath set point (where it remained constant 

throughout the measurement), the copper post temperature (TT01) was reduced automatically 

with the Peltier element. A scan rate of 0.01 K·min-1 was used to freeze-out the solid on the tip 

of copper element as it cooled slightly relative to the bulk. Following the freeze-out, the 

temperature at the tip of the copper element (captured by TT01 sensor) was increased to the 

point where no solid phase remained (as shown in Figure 4 (b)). The fitted CCD camera was 

then utilized to visualize and record the images to allow the observation of the very small 

crystals being formed and melted. These measurements were carried out over a complete range 

of cyclohexane mole fraction from 0 to 1 in the same fashion. The melting points are usually 

considered as the equilibrium temperatures as opposed to the freezing temperatures, which are 

generally lower than the equilibrium condition due to subcooling as discussed further in Section 

3.1. 
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The minimum amount of solid detectable within the cell is determined by the copper tip’s 

surface area (50 mm2), the camera’s resolution (5 megapixels), and the lens magnification 

factor ( 10). When the entire cone of the copper tip is covered, the amount of solid visible 

was estimated to be 20 mg (using a conservative assumption about the solid thickness of 0.5 

mm and density of 0.77 g·cm-3 appropriate to the temperatures studied), whereas the smallest 

amount resolvable (upon melting) was estimated to be 3 mg. The minimum detectable amount 

would thus be in the range (3 to 20) mg to account for cases where solid was present on the 

hidden side of the copper tip. 

 

 

 

 

Figure 4. (a) Wide-field image of the cell during a low pressure measurement. (b) Melting of 

the solid phase from the copper tip as captured by the 10Х camera fitted with a macro lens. 

 

2.3.4 Experimental Uncertainty and Standard Deviation 

 

The standard experimental deviations as well as the standard uncertainties were determined 

using the Guide to the Expression of Uncertainty in Measurements (GUM) [40]. The former is 

referred to as Type A uncertainty while, according to the latter, the standard uncertainty u(f) of 

a quantity f(x1, x2,. . .,xn) is obtained from: 

2 2

1 1

( ) ( , )
n n

i j

i j i j

f f
u f u x x

x x 

 


 
                                                       (1) 

where xi and xj are binary input variables from which f to be obtained, ( f / ix ) represents the 

sensitivity coefficient of  f  with respect to xi, and u2(xi , xj) is the covariance (i ≠ j) or the 

(a) 

(b) 
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variance (i = j) for xi and xj. The term u2 (xi , xj) has been simplified to u2(xi) as the diagonal 

terms (i = j) are only retained [41]. 

To calculate the uncertainty associated with the mass of cyclohexane injected to the cell, mcyC6, 

via the ISCO syringe pump, the following equation was used: 

6

2 2 2

EOS( ) ( ) ( )r cyC r inj ru m u V u               (2) 

Here ur denotes the relative standard uncertainty of the quantity in brackets. The uncertainty in 

the amount of cyclohexane originated from the volume of the solvent injected (Vinj) and the 

equation of state (EOS) used to estimate the solvent density (EOS) as part of the mass 

calculation. The density of cyclohexane was obtained from the Helmholtz EOS of Zhou et 

al.[42] with a relative uncertainty of 0.1 %. The uncertainty of the solvent injected volume was 

estimated by combining in quadrature the 0.5 % relative uncertainty of the syringe pump’s 

volume read-out stated by the manufacturer, with the standard uncertainty of the volume 

calibration conducted using reference fluids to determine the dead volume in the pump and 

connecting lines (0.25 mL). The binary mixture composition was then calculated using: 

   
6 6 6

6

6 18 6 6 18 18

cyC cyC cyC

cyC

cyC C cyC cyC C C

n m M
x

n n m M m M
 

 
      (3) 

where ncyC6 and nC18 are the number of moles of cyclohexane and octadecane loaded into the 

cell, respectively, which were estimated from the loaded masses, mcyC6 and mC18, and the molar 

masses McyC6 and MC18 of these compounds, respectively.  The standard uncertainty in mole 

fraction composition was thus estimated using: 

6 6 6 6 18

2
2 2 2

cyC cyC cyC r cyC r C( ) (1 ) ( ) ( )u x x x u n u n        
                    (4) 

The standard uncertainty in nC18 was estimated by combining in quadrature the uncertainty of 

the octadecane mass measurement and the purity of the compound as specified by the supplier 

(see Table 2). Similarly, the standard uncertainty in ncyC6 was estimated by combining in 

quadrature the value of u(mcycC6) calculated using eq (2) and the solvent’s purity.  

The standard uncertainty of the temperature at which crystals were observed to appear or 

disappear from the copper tip was estimated by combining in quadrature the standard deviation 

of three repeat measurements (Type A uncertainty in GUM) with the standard uncertainty of 

the thermometer’s calibration (0.022 K). The standard uncertainty of the thermometer 
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calibration was considered to be the only significant contributor to the Type B uncertainty. 

Other contributions such as heat dissipation via the test leads, the uncertainty in the multimeter 

and temperature gradients in the copper tip were negligible in comparison with the standard 

deviation of the three repeat measurements. 

Similarly, for the high-pressure SLE measurements, the standard uncertainty in the 

experimental pressure was estimated by combining in quadrature the standard uncertainty of 

the transducer’s calibration and the standard deviation of the three repeat measurements.   

2.4 Results and Discussion 
 

2.4.1 Heating Rate and Induction Time Experiments 

 

In solute + solvent systems, the temperature at which the solute crystalizes (Tfreeze) upon 

cooling is observed to be lower than the temperature at which the last crystal disappears (Tmelt). 

When the phase transition occurs during a time dependent temperature ramp, neither of these 

temperatures corresponds to the equilibrium temperature of the phase transition, Teqbm. The 

difference between freezing and melting temperature is dependent on (a) the induction time 

associated with the nucleation of a new phase and (b) the heat transfer limitations associated 

with the temperature scanning rate. The former means that Tfreeze < Teqbm, while the latter means 

Teqbm  Tmelt, where the equality applies only when the heat transfer limitations associated with 

the scan rate are negligible. The relative magnitudes of these two effects were explored for the 

current experiment in a set of preliminary experiments. 

Prior to the commencement of the SLE measurements, an optimum value for the cooling or 

heating rate was determined first for use as practical basis for the entire set of freezing and 

melting temperature measurements. Figure 5 (a) represents an example of a PID temperature-

programed Peltier ramp used to provide cooling or heating at a required scan rate. To test their 

repeatability, the measurements were conducted in a two-stage loop (I and II). Figure 5 (b) 

shows freezing and melting temperatures as a function of Peltier scan rate (  ), indicating that 

in the limit of zero scan rate, Tfreeze and Tmelt converge to (286.82 ± 0.15) K and (287.58 ± 

0.08) K, respectively, for xcyC6 = 0.6581, and (279.10 ± 0.14) K and (279.83 ± 0.09) K for pure 

cyclohexane, respectively. The results also revealed that at a scan rate of 0.01 K·min-1 the 

difference between the measured melting temperature and the value obtained when the Tmelt 
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data are extrapolated to scan rate is negligible. We therefore used the optimum scan rate of 

0.01 K·min-1
 throughout the entire set of measurements.  

 

Figure 5. (a) An example of Peltier dual-loop temperature-programed profile at 0.01 K·min-1 

during the low pressure SLVE experiments with xcyC6 = 0.6581. (b) Effect of Peltier heating 

and cooling rates (  ), on freezing and melting temperatures at two different compositions.  
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To investigate the stochastic nature of induction time as a function of subcooling, the bulk 

liquid was cooled down from the usual (0.2 to 0.5) K above the pre-measured equilibrium 

temperature of (298.67 ± 0.04) K for 
6cyCx = 0.2351 so that Tbulk = Teqbm, where it was held 

constant for the duration of the remaining induction time experiments. The temperature of the 

copper tip was then reduced at 0.01 K·min-1 to a temperature below Tbulk but above the Tfreeze 

of 297.74 K measured during the initial scans at this composition. The time was then recorded 

until the first crystals were visually observed on the copper tip. The results are presented in 

Figure 6 and show that increased subcooling exponentially shortened the induction time, 

halving approximately every 0.25 K. These observations are consistent with those generally 

observed in the nucleation experiments [43] where formation of a new condensed phase 

requires to overcome an activation energy barrier associated with the interfacial energy 

between the new and parent phases; no such energy penalty exists for the melting process where 

the energy bound in the interfacial region is released [44-48]. 

 
 

Figure 6. Induction time, tinduct, profile as a function of subcooling temperature (Teqbm- Tfreeze) 

for the SLVE measurements with
6cyC 0.2351x  . The bulk liquid was held constant at the 

equilibrium temperature, Teqbm, determined from melting measurements, while the copper tip 

has held constant at a lower temperature, Tfreeze, until solids eventually formed.  
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2.5 SLVE & SLE Measurements of cyC6+C18 
 

2.5.1 Low Pressure SLVE Measurements  

 

Figure 7 (a) shows results from the low pressure experiments regarding the SLVE for the binary 

mixture of cyclohexane and octadecane. The results are consistent with the SLE data measured 

at 0.1 MPa by Domanska et. al. [26] which confirms that solid equilibria are comparatively 

insensitive to pressure. For simplicity, and because our focus is on the solubility of solid 

compounds, in Figure 7 (a) we neglect the existence of the vapour phase in our measurements 

to enable representation of the new data together with those from the literature. Four regions 

are present in this simplified T-x diagram, labelled by Roman numerals: region I corresponds 

to a single liquid mixture, consisting of a mixture of two components (cyC6+C18), whereas at 

lower temperatures in region IV, only solid phases exist (assumed to be pure cyC6 and pure 

C18). The other two regions (II and III) correspond to a single liquid phase mixture in 

equilibrium with either pure C18 or pure cyC6 in the solid phase, respectively. Starting from the 

melting temperature of pure C18 at 301.37 K , the observed melting temperatures decrease as 

the mole fraction of cyC6 increases until a eutectic point is reached at Te = 265.51 K and xe = 

0.9499. The eutectic point corresponds to the minimum temperature at which a liquid phase 

exists. Further increasing the mole fraction of cyclohexane causes the liquidus temperature to 

increase to the melting temperature of the pure cyclohexane at 279.83 K. Figure 7 (b) shows 

how the hysteresis between the measured melting and freezing temperatures varies as a 

function of cyclohexane mole fraction at a constant scan rate of 0.01 K·min-1. The highest 

hysteresis observed is 0.93 K at cyC6 mole fraction of 0.2351, while the lowest is 0.43 K at the 

eutectic composition. At this low temperature scan rate, the magnitude of the hysteresis in 

temperature essentially corresponds to the induction time required for nucleation (e.g. a range 

from 93 minutes to 43 minutes). 

The SLVE data measured in this work have been tabulated in Table 3 and are accompanied by 

the estimated experimental uncertainties. The pressures reported for these SLVE data were 

calculated with the Peng-Robinson Advanced EOS implemented in the software package 

Multiflash [36] , using a tuned binary interaction parameter (BIP) of kij = -0.0324. As discussed 

below, this tuned value of the BIP improved both the description of the melting temperature 

data measured in this work, and VLE data for this system reported in the literature [49]. 
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Figure 7.  (a) T-x diagram of equilibrium melting temperatures measured visually for binary 

mixtures of cyclohexane + octadecane at pressures of 0.1 MPa or below and (b) the variation 
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in temperature hysteresis as a function of mole fraction of cyclohexane at constant scan rate of 

0.01 K·min-1. 

Table 3. Measured data for the freezing and melting temperatures of cyC6+C18 binary 

mixture. 

6cyCx  
6cyC

( )u x a Tfreeze / K  u(Tfreeze) / K b Tmelt / K  b) / Kmeltu(T c/kPa vap p 

0.0000 0.0023 300.63 0.13 301.37 0.11 3.5 x 10-5 

0.1004 0.0050 299.79 0.25 300.49 0.20 1.3 

0.2351 0.0045 297.74 0.13 298.67 0.04 2.8 

0.3574 0.0036 295.45 0.20 296.26 0.13 3.8 

0.4312 0.0051 293.64 0.15 294.36 0.16 4.3 

0.4986 0.0024 291.95 0.18 292.73 0.12 4.7 

0.5535 0.0053 290.26 0.23 291.02 0.14 4.8 

0.5937 0.0046 288.72 0.21 289.37 0.11 4.7 

0.6213 0.0042 287.68 0.20 288.46 0.18 4.7 

0.6728 0.0051 285.60 0.16 286.49 0.09 4.6 

0.7062 0.0036 284.60 0.14 285.24 0.11 4.5 

0.7613 0.0033 281.80 0.15 282.58 0.16 4.5 

0.7951 0.0045 279.56 0.19 280.36 0.17 4.3 

0.8367 0.0027 277.37 0.14 278.02 0.13 4.0 

0.8837 0.0045 273.82 0.23 274.71 0.06 3.6 

0.9231 0.0035 270.03 0.12 270.69 0.10 3.0 

0.9393 0.0031 267.09 0.28 268.01 0.14 2.6 

      0.9499 
      (Eutectic) 0.0024 265.08 0.17 265.51 0.10 2.3 

0.9605 0.0026 267.01 0.12 267.84 0.16 2.6 

0.9718 0.0026 269.59 0.13 270.43 0.07 3.1 

0.9805 0.0043 272.91 0.18 273.46 0.17 3.7 

0.9891 0.0035 275.47 0.20 276.22 0.13 4.4 

1.0000 0.0028 279.10 0.14 279.83 0.09 5.3 
 

a The total standard uncertainty in the mole fraction of octadecane and cyclohexane calculated using eq (4) (see 

section 2.4). For these SLVE measurements, the maximum change in xcyC6 due to the presence of a vapour phase 

was calculated as 4.8 x10-4
, which is negligible in comparison with the uncertainty reported above. 

b u(T) is the standard uncertainty of measured temperatures which was calculated from the quadrature combination 

of sensor calibration uncertainty and the standard deviation of three repeat measurements.  

c  The vapour pressure of the mixture was estimated using the tuned PRA EOS (kij = -0.0324) in Multiflash. 
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2.5.2 Equation of State Modelling 

Equation of state (EOS) based models are often utilized to predict SLE between a pure solid 

and a liquid solution. The approach is the equality of partial fugacities be satisfied for the 

individual component i that forms the solid phase: 

    pure,s mix,l mix,l, , ,i i if P T f P T x                     (5) 

For the present binary system, the solid phase can be considered as a pure component and the 

liquid phase as a binary mixture. The ratio of fugacities ( pure,s

if /
pure,l

if ) or the solubility of 

component i (xi) in the mixture may be obtained by a thermodynamic path described by 

Prausnitz et al. [50] as: 

  
 fus fuspure,s

, ,

pure,l fus fus

1 1
exp ln

        
             

i i p i p i o ii
i i

i i i

H T c c P P Vf T
x

f R T T R T RT
                 (6)  

where pure,s

if  is the fugacity of pure solid component i;
pure,l

if  is the partial fugacity of the same 

compound in the liquid phase at the same pressure and temperature; i  is the liquid phase 

activity coefficient of that compound; 
fus

iH , ,p i
c , and i

V  are the changes in molar enthalpy, 

molar heat capacity and molar volume, respectively, on fusion at the melting point of 

component i; 
fus

iT  is normal melting point temperature of component i; and P0 = 0.1 MPa. 

Central, then, to the calculation of the solubility, xi, of the pure compound (i) in the liquid 

mixture are the properties of the pure component to evaluate the right side of eq 6 (parameter 

values are shown in Table 4), and a mixture model to calculate the activity coefficient. 

 

Table 4. Cyclohexane and octadecane parameters used in Multiflash [36] for eq.6 and EOS. 

Parameter Cyclohexane Octadecane Unit 

Tc 553.56 747.41 K 

Pc 4.07 1.27 MPa 

Vc 308 1061 cm3·mol-1 

 0.209 0.812  
fus

iT  279.62 301.31 K 
fus

iH  2677 61706 J·mol-1 

∆cp,i 14.63 72.31 J·mol-1·K-1
 

∆Vi 8.30 46.7  cm3·mol-1 
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In this work, the Peng Robinson Advanced [37] (PRA) and Predictive Soave-Redlich-Kwong 

(PSRK) [51] equations of state implemented in the software package Multiflash 4.4 [36] were 

used together with eq 6 to predict the SLVE and SLE of the cyclohexane + octadecane system 

for comparison with the result measured in this work. The results of the comparisons between 

our data and the model predictions are depicted in Figure 8 (a), while in Figure 8 (b) the 

deviations of the melting temperatures from those calculated with the tuned PRA EOS are 

plotted as a function of mole fraction of cyclohexane. The default PRA EOS predicts values of 

Tmelt which are systematically larger than those calculated by the tuned PRA EOS for xcyC6 > 

0.5, reaching a maximum deviation of 12.8 K near the eutectic composition. The default PSRK 

model appears to describe our data relatively well especially at 0.5 < 
6cyC

x < 0.85. This may 

be due to the inclusion of the excess Gibbs energy in the model’s mixing rule with parameters 

determined by the UNIFAC method. Coutinho et al. [52, 53] also observed enhancements in 

the SLE prediction of n-alkane mixtures while using UNIFAC-derived models. However, the 

model still struggles to accurately describe the region near the eutectic point, with a maximum 

(absolute) deviation of approximately 3.7 K. 
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Figure 8.  (a) Model performance and data comparison for the binary mixture of cyC6+C18, 

and (b) deviations of melting temperatures (T) from values calculated with the tuned PRA 

EOS (kij= -0.0324), Tcalc. 
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The Tmelt predictions of the PRA EOS were improved substantially by adjusting the binary 

interaction parameter (BIP) kij from its default value of 0 to -0.0324. This relatively small 

amount of tuning allowed the simple cubic to outperform the PRSK model. For 0.0 < xcyC6 

< 0.4, the differences in the predictions of all three models are similar. However, the tuning 

improved the predictions of the PRA EOS at higher concentrations of cyclohexane, with 

deviations changing from 1.0 K to -0.2 K at xcyC6  0.5 and from 12.8 K to -0.2 K at the eutectic 

point. 

The aforementioned BIP (kij = -0.0324) was obtained by tuning to the experimental data by 

minimizing the r.m.s deviation between the SLVE data and the EOS predictions.  The group 

contribution method developed by Vitu et.al. (2008) [54] provides a method for estimating 

BIPs as a function of temperature. Over the temperature range studied the BIPs calculated by 

this group contribution method were between -0.0296 and -0.0343, which is in good agreement 

with our regressed value. 

Prior to their measurements of SLE for this binary mixture, Domanska and co-workers [49] 

also reported p-T-x data for its vapor-liquid equilibrium. This provided the opportunity for us 

to test the impact of the BIP tuned to SLE data on the EOS predictions of the system’s VLE. 

Remarkably, tuning the EOS to the SLVE data substantially improved the accuracy of its VLE 

predictions.  For 0.23 < xcyC6 < 0.74, the measured bubble pressures and temperatures ranged 

from (2.5 to 4.8) kPa and (297.70 to 284.20) K, respectively. Using the experimental 

compositions and pressures as inputs to the EOS, the bubble temperatures predicted with the 

default kij = 0 were systematically high, ranging from (288.38 to 281.07) K, with an r.m.s. 

deviation of 6.77 K. In contrast, the bubble temperatures predicted with the SLVE-tuned BIP 

kij = -0.0324 were in excellent agreement with the measured values, ranging from (296.75 to 

284.28) K, with an r.m.s. deviation of 0.67 K. This result suggests that there could be some 

advantage in tuning EOS to sufficiently reliable SLE or SLVE data and using the resulting 

model to predict the mixture’s VLE, particularly in cases where bubble pressures are difficult 

to measure (e.g. because they are very low) with high uncertainties. Potentially, in cases where 

scatter in the literature VLE data for a binary mixture obscures the optimization of the BIP such 

as those described by May et al. [55], tuning to sufficiently accurate SLE data may provide an 

alternative approach, assuming the resulting model can be shown to represent the VLE data 

with comparable accuracy.  Along these lines, Marsh and co-workers [56] suggested that while 

it was best to calculate the excess Gibbs free energies of mixing using high quality VLE data, 
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if these were not available then SLE data could be used to provide reasonable values provided 

that accurate melting temperatures, enthalpies of fusion and excess enthalpies are available.    

2.5.3 High Pressure Measurements  

 

The effect of pressure on the melting (liquidus) temperature was also investigated for two 

binary mixtures and pure cyclohexane, with results listed in Table 5. To conduct these high 

pressure measurements, pure liquid cyclohexane was injected into the cell containing 

octadecane with valve V2 open, displacing the vapour-liquid interface out the sapphire cell. 

Once the interface passed V2, the valve was closed and the syringe pump was placed in 

constant pressure mode, with a set-point of approximately 1, 3 or 5 MPa. Valves V1 and V4 

remained open during these measurements. Stirring was initiated and the mixture composition 

calculated from the volume of cyclohexane within the sapphire cell (i.e. the unstirred volumes 

of cyclohexane in the lines above and below the sapphire cell were not included in the 

calculation of xcyC6 using eq (3)). Accordingly, these determinations of Tmelt at high pressure 

correspond to SLE measurements. Figure 9 shows a comparison between the present high-

pressure measurements and those available in the literature. For pure cyclohexane, many high-

pressure data sets are available [57-64]; several were measured over the same pressure range as 

the present measurements, and in these cases the agreement is within the combined uncertainty 

of the data. In contrast, for the binary system there is only one published work [25] which 

focused on significantly higher pressures (100 to 300 MPa) than considered in this work. 

Nevertheless, a simple linear correlation of the present data and those of Domanska and 

Morawski [25] indicates a good degree of consistency, with R2 values of 0.9996 and 0.9999 

for mixtures with xcyC6 = 0.5675 and 0.8573, respectively. 
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Figure 9. Comparison of pressure-dependent literature SLE data [57-64] with this work for (a) pure 

cyclohexane and (b) binary mixtures of cyC6+C18 (literature data extracted from Figure 6 of ref. 25). 
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Table 5. Experimental freezing and melting temperatures measured as a function of pressure for 

cyC6+C18 binaries at SLE conditions. 

6Cx  
6tot cyC

( )u x a Tfreeze / K  u(Tfreeze)/ K b Tmelt / K  u(Tmelt) / Kb p /MPa u(p)/MPa b 

0.5675 0.0041 289.94 0.20 290.80 0.14 1.33 0.06 

0.5675 0.0041 290.13 0.23 291.02 0.15 3.40 0.05 

0.5675 0.0041 290.62 0.24 291.41 0.18 5.34 0.08 

0.8573 0.0032 275.69 0.16 276.26 0.08 1.32 0.05 

0.8573 0.0032 276.17 0.19 276.83 0.11 3.42 0.04 

0.8573 0.0032 276.55 0.21 277.17 0.13 5.30 0.07 

1.0000 0.0027 279.35 0.15 280.31 0.10 1.31 0.05 

1.0000 0.0027 280.61 0.21 281.53 0.14 3.43 0.05 

1.0000 0.0027 281.64 0.24 282.52 0.18 5.31 0.07 
a The total standard uncertainty in the mole fraction of octadecane and cyclohexane calculated using eq (4) (see 

section 2.4). 

b u(q) is the uncertainty of quantity q which was calculated from the quadrature combination of the RTD sensor 

calibrations (for temperature uncertainties), or the Kyowa pressure transducer calibration (for pressure 

uncertainties), with the standard deviation of three repeat measurements.  
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Figure 10. (a) Experimental p-x-T diagram for cyC6+C18 system at different pressures and (b) 

deviations of the experimental melting temperatures from those predicted using the tuned PRA 

EOS (kij = -0.0324) as a function of pressure. 
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Figure 10 (a) shows the high pressure SLE data together with the corresponding predictions of 

the PRA EOS tuned to the SLVE data. The melting temperatures increase monotonically with 

pressure at a rate that is composition dependent, ranging from approximately 0.55 KMPa-1 for 

pure cyclohexane, to 0.22 KMPa-1 for xcyC6 = 0.8573, and 0.15 KMPa-1
 for xcyC6 = 0.5675. This 

reflects the melting temperature’s insensitivity to pressure. As shown in Figure 10 (b), the 

predictions of the PRA EOS become slightly poorer as the pressure increases. For the two 

mixtures with xcyC6 = 0.5675 and 0.8573, the Tmelt deviations from the SLVE-tuned PRA EOS 

increase from -0.3 K and -0.2 K at about 4 kPa to -0.6 K and -0.9 K at 5.3 MPa, respectively. 

In contrast the deviations for pure cyclohexane increase from 0.2 K at 4 kPa to -1.54 K at 

5.3 MPa.  The fact that the deterioration in the prediction is worse for the pure fluid suggests 

that the cause is related to the structure of the Peng Robinson EOS and its ability to describe 

correctly the pure liquid’s fugacity as a function of pressure, rather than being due to the mixing 

rule or the BIP. In fact, for these two binary mixtures, the tuned BIP offsets some of the error 

of the PRA EOS associated with predicting partial liquid fugacities at higher pressures.  

One alternative to cubic EOS for predicting SLE at high pressures is the use of semi-empirical 

relations, such as the power law proposed by Simon and co-workers [65, 66]. 

  p T                                                    (7) 

Domanska and Morawski [25] measured the SLE of pure cyclohexane, pure octadecane, and 

their binary mixtures at pressures to 260 MPa over the temperature range (293 to 353) K. They 

correlated the measured melting temperatures and pressures for the pure fluids using eq (7), 

while using the following empirical relation for the cyclohexane + octadecane binaries.   

  
18
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3 2
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0 0 fus,C

1 1
ln

i

j

ij

i j

x D p
T T 

  
    

  
                                    (8) 

Here p and T are the mixture’s melting (liquidus) pressure and temperature, respectively, 

Tfus,C18 is the normal melting temperature of pure octadecane (301.2 K from reference 25), and 

the Dij are a set of twelve constants determined by regression to the data. Two sets of Dij were 

used, however, one for each side of the eutectic composition, bringing the total number of 

parameters in eq (8) to 24.  Furthermore, since the eutectic composition varies with pressure, 

the model must be used in conjunction with Table 9 of reference [25].  
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The empirical nature of eqs (7) and (8), means that predictions of SLE data not within the set 

used to determine the adjustable parameters risk being inaccurate; this is particularly true of eq 

(8) given the high order of the nested polynomials. Although the data set by Domanska and 

Morawski [25] used for regressing these empirical models included measurements at 0.1 MPa, 

the next lowest pressure used was 11.3 MPa for octadecane, 23.39 MPa for cyclohexane and 

17.23 MPa for the binary system. All three of these are above the highest pressure measured in 

this work: for the pure cyclohexane experiments reported here, solving eq (7) for Tmelt based 

on the measured pressures results in an over-prediction by 2.5 to 3.1 K. Such systematic errors 

are higher than those of the pure fluid PRA EOS predictions. The performance of eq (7) using 

the pure cyclohexane parameters recommended by Domanska and Morawski [25] is even 

worse if the experimental Tmelt are used as independent variables with the predicted SLE 

pressures being unphysical (-9 to 1.4 MPa). Clearly those parameters should not be used for 

melting temperature predictions at pressures below those correlated by Domanska and 

Morawski [25].  

Similarly, the predictions of the mixture SLE data measured in this work using eq (8) with 

parameters for the cyclohexane + octadecane binary determined by Domanska and Morawski 

[25] are poor. Inverting eq (8) to estimate Tmelt from the measured composition and pressure 

gives excessively lower temperatures. Using the measured pressure and temperature as the 

independent variables in eq (8) produces predictions of xC18 that are below the experimental 

values by mole fractions of 0.04 to 0.08. At 5.3 MPa, the errors in the compositions predicted 

with eq (8) would correspond to under-predictions of Tmelt by approximately 1.8 K at xcyC6 = 

0.5675, and 6.3 K at xcyC6 = 0.8573. These are, respectively, comparable to and significantly 

worse than the corresponding predictions made using the SLVE-tuned PRA EOS.   
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2.6 Conclusions 
 

A special visual apparatus, developed for measurements of SLE and SLVE in hydrocarbon 

mixtures, was used to study and improve the models available for the octadecane + cyclohexane 

binary system across the full composition range at pressures from about (0.004 to 5) MPa. The 

use of a Peltier-cooled copper tip containing a temperature sensor immersed in the stirred liquid 

mixture enables sensitive determinations of freezing and melting temperatures. Induction times 

associated with appearance of octadecane on the copper tip were measured as a function of 

subcooling, demonstrating that the apparatus is also capable of providing insight into 

nucleation within liquid hydrocarbon mixtures.  

New SLVE data for this binary mixture measured at about 4 kPa across the entire composition 

range were found to be in good agreement with the SLE data reported by Domanska and co-

workers [26] at 0.1 MPa. The other SLE data available for this binary exist at pressures above 

17 MPa, and the empirical correlations developed to describe those available literature data do 

not describe accurately the data measured in this work over the pressure range (0.004 to 5.3) 

MPa, which is generally the range of most interest to engineering applications. Predictions 

made using cubic EOS were compared with the new low pressure SLVE data, with maximum 

deviations occurring at the eutectic composition, xcyC6  0.95. By adjusting the binary 

interaction parameter kij from 0 to -0.0324, the deviation of the Peng-Robinson Advanced EOS 

from the measured eutectic melting temperature decreased from (12.8 to 0.2) K. 

By tuning the binary interaction parameter to the SLVE data, the predictions made with the PR 

EOS of experimental bubble point temperatures reported in the literature improved by an order 

of magnitude. At 5.3 MPa, the SLVE-tuned PR EOS was also able to describe liquidus 

(melting) temperatures of two binaries with xcyC6 = 0.5675 and 0.8573 to within 0.9 K. This 

performance is better than that achieved with the 24-parameter empirical model, and is despite 

the limited ability of the PRA EOS to describe the pressure dependence of pure cyclohexane’s 

melting temperature, which deviates by 1.5 K at 5.3 MPa. In future work, the visual SLE cell 

will be integrated into a cryostat to allow operation at temperatures around 100 K, and 

combined with a sampling system to allow the liquid composition to be monitored. This will 

enable the acquisition of new data and improvement of models able to describe SLE and related 

phenomena in mixtures directly relevant to LNG production.
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3. CHAPTER 3 | Cryogenic 

Solubility Measurements of p-

Xylene in Methane and Ethane 

Mixtures 

3.1 Abstract 

Even at trace concentrations the presence of 

heavy hydrocarbons such as BTEX 

compounds (benzene, toluene, 

ethylbenzene, and xylenes) in liquefied 

natural gas (LNG) production streams poses 

a significant risk of blockage and eventually 

plant shutdown. However, although p-

xylene has the highest melting temperature 

of all the BTEX compounds, no data are 

available for its solubility in liquid methane or ethane. In this work, sapphire equilibrium cells 

housed in either an air bath or a cryogenic thermostat fitted with periscopes were used to 

measure melting (liquidus) temperatures for synthetically prepared methane + p-xylene and 

ethane + p-xylene mixtures at temperatures from 200 K and pressures up to 22.5 MPa. Peltier-

driven copper posts, which could be sub-cooled relative to the bulk liquid mixture, controlled 

the location of the solid formed within each cell.  For the methane + p-xylene system both VLE 

and SLVE data sets were measured and used separately to tune the binary interaction parameter 

(BIP) within the Peng Robinson equation of state. The VLE-tuned BIP systematically under-

predicted the measured melting temperatures for this binary by up to 5.2 K, while the SLVE-

tuned BIP could represent the melting temperature data with an r.m.s. deviation of 0.4 K. For 

ethane + p-xylene, a BIP estimated using a group contribution method systematically over-

predicted the measured melting temperatures by as much as 14.6 K. Tuning the ethane + p-

xylene BIP to the measured SLE data more than halved the model’s r.m.s. deviation to 3.1 K. 

The use of BIPs tuned to VLE data rather than SLVE data has significant implications for 
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freeze-out risk assessments in LNG production. For example, at operating conditions typical 

of an LNG plant’s main cryogenic heat exchanger, the solubility of p-xylene in liquid methane 

predicted using a BIP tuned to VLE data is 20 times larger than the solubility predicted using 

a BIP tuned to SLVE data. 

3.2 Introduction 
 

Carry-over of heavy hydrocarbons into the vapour (overheads) product, even at trace 

concentrations, can result in freeze-out and consequently blockages in the main cryogenic heat 

exchanger. Such blockages can potentially become so severe that a shut down and warm-up of 

the plant is necessary, leading to a significant loss of production and revenue [1-4]. The pure 

component triple point temperatures of those heavy hydrocarbons which could potentially be 

present in sufficient quantities such that they are prone to freeze-out in LNG production are 

tabulated in Table 1, along with triple point pressures, enthalpies of fusion and molar volume 

changes on fusion at the triple point, and the Clausius-Clapeyron calculated change in melting 

temperature with pressure. It is evident that p-xylene (C8H10), benzene (C6H6) and neopentane 

(C5H12) have the highest triple point and hence melting temperatures, suggesting these 

compounds might carry a high freeze-out risk. Although LNG is liquefied in the plant’s main 

cryogenic heat exchanger at pressures typically between 4 and 6 MPa, the effect of pressure on 

the melting temperature of the solid is typically relatively small (less than 2 K increase from 

the triple point condition for all components in Table 1 except neopentane). More importantly, 

it is the paucity of experimental data for the solubility of such heavy hydrocarbons in LNG 

mixtures, or even in simple methane-rich binary systems that limits the accuracy of predictive 

engineering models used to avoid freeze-out problems [5-7].  
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Table 1. Triple point temperatures (Tt) of key pure heavy hydrocarbons (arranged from high 

to low), as well as triple point pressures (pt), enthalpies of fusion (ΔfusH) and molar volume 

changes on fusion (ΔfusV) at the triple point, and change in melting temperature as a function 

of pressure calculated from the Clausius-Clapeyron equationa (dTm/dp). This temperature, 

combined with their concentration in the natural gas to be liquefied, provides an initial 

indication of the extent of freeze-out risk in LNG production. Data from the Design Institute 

for Physical Properties (DIPPR) 801 Database [8] unless otherwise indicated.  

Heavy Hydrocarbon Solute Tt / K pt / Pa 
ΔfusH / 

kJ·mol-1 

ΔfusV / 

ml·mol-1 

(dTm/dp)/ 

K·MPa-1 

Name CAS No.      

p-Xylene 106-42-3 286.41 575.5 17.11 18.58 0.31 

Benzene 71-43-2 278.68 4764 9.866 10.40 0.29 

Neopentane 463-82-1 256.6 35740 3.146 9.58 0.78 

o-Xylene 95-47-6 247.98 21.84 13.6 11.70 0.21 

n-Decane 124-18-5 243.51 1.393 28.71 26.67 0.23 

m-Xylene 108-38-3 225.3 3.180 11.57 11.13b 0.22 

n-Nonane 111-84-2 219.66 0.431 15.47 20.71 0.29 

n- Octane 111-65-9 216.38 2.108 20.74 18.58 0.19 

n-Heptane 142-82-5 182.57 0.183 14.05 13.84 0.18 

Ethylbenzene 100-41-4 178.2 0.004 9.180 11.86 0.23 

Toluene 108-88-3 178.18 0.048 6.636 6.83c 0.18 

n-Hexane 110-54-3 177.83 1.36d 13.08e 12.59 0.17 

a Clausius-Clapeyron equation: dTm/dp = TfΔfusV/ΔfusH. 
b calculated using density of solid m-xylene from Schinke and Sauerwald [9] 
c calculated using density of solid toluene estimated at the triple point temperature by extrapolation of crystallographic densities of Anderson 
et al. [10] at T = 165 K and Nayak et al. [11] at T = 150 K. 
d  triple pressure of n-hexane from Carruth and Kobayashi [12] 
e enthalpy of fusion of n-hexane from Douslin and Huffman [13] 

 

The majority of HHC solubility data in the literature focus on binary systems as these help 

establish the fundamental interactions between pairs of species which are central to the 

modelling of multi-component LNG-like mixtures.  

Table 2 shows a literature survey of the most LNG-relevant and commonly studied binary 

mixtures of heavy hydrocarbons in liquid methane and ethane. Benzene is often present in 

natural gas at relatively high concentrations (e.g. greater than 1000 parts-per-million) and is 

considered to have the most potent freeze-out risk of the heavy hydrocarbons during the 

liquefaction process. Benzene and n-hexane have been the focus of most research studying 

methane-rich binaries with 181 and 100 data points, respectively, while in ethane-rich binaries, 

benzene and cyclohexane are the solutes which have been studied the most, with approximately 



CHAPTER 3: p-Xylene Solubility in Methane and Ethane Mixtures 

58 

 

70 data points combined. Somewhat surprisingly, no data have been published in the open 

literature for binary mixtures of p-xylene with either methane or ethane, even though as a pure 

substance p-xylene has the highest melting temperature among the heavy hydrocarbons listed 

in Table 1. This suggests that the predictions of any thermodynamic model for the melting 

(liquidus) temperature of natural gas mixtures containing p-xylene are likely to be inaccurate. 

This motivates the need for reliable solubility measurements for the methane + p-xylene and 

ethane + p-xylene binaries. 

Table 2. Literature survey on the melting (liquidus) temperature measurements of the most 

studied binary mixtures rich in either C1 or C2, and relevant to LNG production. 

Mixture Mole Fraction 

Range 

Melting 

Temperature 

Range / K 

Total Data  

Sets 

Total Data 

Points 

Reference 

Methane+ n-Pentane 0.0 ≤ 
1Cx ≤ 1.0 90 - 143 7 60 [14-20] 

Methane + Cyclopentane 0.98 < 
1Cx < 0.99 100 - 112 1 2 [14] 

Methane + n-Hexane 0.0 ≤ 
1Cx  ≤ 1.0 90 - 178 7 100 [15, 20-25] 

Methane + Cyclohexane 0.0 ≤ 
1Cx < 1.0 99 - 280 2 48 [22, 24] 

Methane + n-Heptane 0.0 < 
1Cx <1.0 94 - 181 5 62 [24-28] 

Methane + n-Octane 0.0 ≤
1Cx ≤ 1.0 90 - 217 5 55 [20, 22, 29-

31] 

Methane + n-Nonane 0.0 ≤
1Cx < 1.0 161 - 220 2 13 [20, 26] 

Methane + n-Decane 0.0 ≤ 
1Cx < 0.5 236 - 244 1 14 [32] 

Methane + Benzene 0.0 < 
1Cx ≤ 1.0 90 - 278 8 181 [24, 25, 31, 

33-37] 

Methane + Toluene 0.98 < 
1Cx <1.0 92 - 173 3 27 [16, 25, 38] 

Ethane+ n-Pentane 0.85< 
2Cx <0.99 90 - 114 1 4 [18] 

Ethane + n-Hexane 0.99 <
2Cx <1.0 90 - 113 1 3 [18] 

Ethane + Cyclohexane 0.0 < 
2Cx <0.94 145 - 255 1 23 [39] 

Ethane + n-Heptane 0.99 < 
2Cx <1.0 112 - 113 1 2 [18] 

Ethane + n-Octane 0.0 < 
2Cx <0.75 150 - 210 1 13 [40] 

Ethane + n-Decane 0.0 < 
2Cx <0.60 165 - 235 1 15 [40] 

Ethane + Benzene 0.0 < 
2Cx <1.0 97 - 275 2 40 [36, 39] 
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The main objectives of this work were to (1) demonstrate the development of an apparatus 

which consists of a cryogenic thermostat equipped with a pair of periscopes and a visual high 

pressure sapphire cell, and (2) extend the body of experimental data for the binary systems 

detailed in Table 2 by measuring melting temperatures in the previously un-studied binary 

mixtures of p-xylene (solute) in methane and in ethane (as solvent). 

3.3 Experimental 
In our previous work we reported the design, construction and validation of a specialized high 

pressure visual cell, which utilizes a Peltier-driven cold finger to allow accurate measurements 

of solid-liquid equilibrium (SLE) in different hydrocarbon mixtures via the synthetic method 

[6]. To measure the solubility of p-xylene in methane and ethane binary mixtures, we have 

employed this visual cell in two distinct thermal environments: 1) an incubation air bath as 

discussed by Siahvashi et al. [6], and 2) a multi-stage cryogenic thermostat, hereafter referred 

to as the CryoSolid apparatus. The CryoSolid apparatus is equipped with a pair of periscopes 

enabling the requisite visualization at low temperatures where normal cameras do not function. 

3.3.1  CryoSolid Apparatus: Cryogenic Thermostat   

The CryoSolid apparatus is shown schematically in Figure 2. The main elements include a high 

pressure sapphire cell, designed to operate at a maximum pressure of 31 MPa; a cryogenic 

thermostat equipped with periscopes, designed to operate at a minimum temperature of 90 K; 

two high pressure syringe pumps; temperature and pressure monitoring and control systems; 

and a liquid nitrogen dosing system. 

Figure 3 shows the core of the CryoSolid apparatus: the visual high-pressure equilibrium cell 

described previously [6], so only a brief description is presented here. The cell utilised a high 

precision sapphire tube (Rayotek Scientific) with dimensions of 57.22 mm (±0.02 mm) OD, 

38.30 mm (±0.02 mm) ID, and 74.7 mm (±0.1 mm) height. The sapphire tube was supported 

by Nitronic 50 high strength stainless steel base, top and four guide poles, and was sealed at 

each end by 25% glass-filled trapezoidal Teflon O-rings. As part of this work, this sealing 

system was successfully tested at cryogenic conditions down to 90 K and up to 20 MPa without 

any detectable leakage. The maximum cooling or heating rate applied to the CryoSolid 

apparatus was limited to 1 Kmin-1 to minimise the risk of thermal shock or damage to the 

system, and especially to the sapphire tube. The available sample volume in the sapphire cell 

was calibrated in-situ using the syringe pumps and found to be approximately 55 mL. 



CHAPTER 3: p-Xylene Solubility in Methane and Ethane Mixtures 

60 

 

As shown in Figure 4, the equilibrium cell was housed in a cryogenic thermostat designed and 

constructed in-house at the University of Western Australia. It was similar in concept but larger 

than the cryogenic thermostats described by Rufford et al. [41] and by May et al. [1] for 

adsorption and VLE measurements, respectively, with blind equilibrium cells. The cryogenic 

thermostat  used in this work was approximately 1.5-meter high and comprised of a stainless 

steel can, a radiation shield, a copper can concentrically arranged and surrounding the 

equilibrium cell. These were suspended from the lid of a Dewar, which was partially filled with 

liquid nitrogen. The lid also contained the ends of three periscopes to allow illumination and 

observation of the visual equilibrium cell.  The periscopes were equipped at each end with 3-

inch OD view flanges designed for a cryogenic environment (supplied by MDC Vacuum 

Products LLC). A 45o-angled mirror was fitted into the right angle join of the pipes comprising 

the periscope. Each periscope terminated in a second view window near the equilibrium cell. 

To avoid any internal condensation, the periscopes were filled with helium to around 0.15 MPa 

after evacuation. A light source was located at the ambient temperature end of one periscope 

to illuminate the cell, while a camera was located at the ambient temperature end of the second 

periscope to capture and record the image of the sapphire cell. These two periscopes were offset 

by 90 from each other. A third periscope, offset by 180 from the first one, was incorporated 

into the cryogenic thermostat as an additional view port allowing the other side of the copper 

tip to be seen. If required, it was also used to transmit additional light to enhance the image 

quality captured by the camera. 

The stainless steel can and the copper can were sealed using a Mylar film and tested at 

temperatures down to around 100 K: to increase the thermal isolation of the copper can from 

the environment a vacuum of 5 kPa was maintained in the stainless can using an oil-free scroll 

pump (Varian – SH110). The purpose of the copper can was to establish a near isothermal 

boundary around the equilibrium cell. To maximize its internal temperature uniformity, the 

copper can was charged with helium at 0.15 MPa. The temperature of the copper can was 

regulated using several thermofoil heaters (Minco Etched-foil Heaters) attached using high 

thermal conductivity epoxy (Stycast 2850 FT from CMR-Direct) at various locations around 

the can’s exterior surfaces. Temperature sensors (100  PRTs) were also mounted on the 

copper can next to the thermofoil heaters using epoxy to provide the feedback needed by the 

controller regulating the can’s temperature. Liquid nitrogen was transferred to the Dewar in 

which the stainless steel can was suspended via a remotely controlled micro-dosing system 
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(Norhof Series 900), which included a dosing pump, 100-liter tank, heaters, level sensor and 

controller.   

To charge the cell with the desired amount of solute (liquid phase) and solvent (gas or liquid), 

two high precision syringe pumps (Teledyne ISCO 260D) were employed: these could deliver 

flow rates ranging from 0.001 to 107 ml·min-1 under controlled pressures ranging from 0.07 to 

52 MPa. Both syringe pumps were equipped with a temperature control jacket in which distilled 

water was continuously circulated at a constant temperature of 298.15 K via a connected 

benchtop chiller (PolyScience LM6) with temperature range of 263-303 K and ±0.1 K stability. 

Both syringe pumps could be isolated with two high-pressure needle valves (from High 

Pressure Equipment Co.).  
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Figure 2. Schematic diagram of the CryoSolids apparatus (not to scale). The labels are described in the text. For clarity the periscopes used for visualisation are not 

shown here.  
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Figure 3. Image of the high pressure equilibrium sapphire cell with its key features.
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Figure 4. Experimental setup used to control and record the experiments: (A) High pressure 

sapphire cell placed inside the cryogenic thermostat with two periscopes shown, and (B) the 

front view of the assembled apparatus. 
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To accurately determine the melting (or liquidus) temperatures, solids were forced to form on 

and disappear from a small surface area at a known location, namely the tip of a copper element 

also comprising a post and a base. The tip was immersed within the high-pressure liquid 

mixture, while the post led to the exterior of the visual cell via a swaged ferrule that provided 

a seal. The base of the copper post was attached to a 40 Х 40 mm Peltier module (CP10-127-

05-L1 model from Laird Technologies) used to apply a specified cooling or heating rate to the 

copper tip. A DC power supply (Keysight LXI- N5750A) controlled by a proportional-integral 

algorithm was used to drive the Peltier element. The heat extracted by the Peltier module was 

dissipated to the helium atmosphere within the copper can via a large disc-shaped copper heat 

sink (35cm OD) with finned base attached to the other side of the Peltier. 

To capture precisely the temperature at which melting occurred, a fast-response 100 Ω platinum 

resistance thermometer (NR-141from Netsushin, Japan), labelled in Figure 2 as TT01, was 

inserted into the copper post to monitor the temperature of the copper element’s tip. Three 

similar temperature sensors (TT02-TT04) were also used to capture the temperature of the bulk 

liquid inside the cell and to monitor the cell’s temperature gradients. All PRTs were calibrated 

over a temperature range of 77 to 340 K using a reference standard PRT sensor (ASL-WIKA) 

with a standard uncertainty of 0.02 K. In this work, the reported melting temperature 

corresponds to the reading of the PRT (TT01) inserted inside the copper post at the moment 

the last solid crystal on the tip was observed to disappear. At a scan rate of 0.01 K·min-1 the 

observed melting temperature differed negligibly from one obtained by extrapolating to a scan 

rate of zero [6], with any difference being much smaller than the estimated uncertainty of the 

temperature measurement (discussed below).  

A stepper motor mixer (Arun Microelectronics D42.2) was used to homogenise the mixture 

under study. The motor shaft and the stirrer blade were magnetically coupled and controlled 

via an SMD210 dual stepper motor controller. A pressure transducer (Kyowa PHB-A-50MP) 

designed for operation at cryogenic temperatures, was used to monitor the fluid pressure. The 

transducer features a strain gauge with a hermetically-sealed structure filled with an inert gas, 

ensuring good linearity and thermal characteristics. The pressure transducer was calibrated in-

situ at different temperatures against a reference quartz-crystal transducer (Paroscientific 

Digiquartz 9000-6K-101) with estimated standard uncertainty of 0.2 % of the reading above 1 

MPa.  
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3.3.2  Materials 

The chemicals used in this work have been summarized in Table 3, together with their sources 

and purities as specified by the suppliers. They were used without further purification: 

however, upon loading of the solute prior to the start of each mixture measurement, the liquid 

was degassed by evacuating any dissolved gas present using a vacuum pump (Vacuubrand 

MZ2C), to lower the pressure to 0.7 kPa. 

Table 3. Chemicals used in this work with their corresponding purities as specified by the 

supplier. 

Chemical Name Source (Product Number) Grade Mole Fraction 

Purity 

CAS Number 

Methane (CH4) Coregas Australia  4.5 >0.99995 74-82-8 

Ethane  (C2H6) Coregas Australia 4.0 >0.9999 74-84-0 

p-Xylene (C8H10)
a Sigma Aldrich (317195) HPLC 0.998 106-42-3 

  a The batch number used for p-Xylene was SHBG4724V. 

3.3.3  Uncertainties and Calibration Experiments  

The CryoSolid apparatus generates measurements of melting (liquidus) temperature (Tmelt), 

pressure (p), and the composition (x). A detailed assessment of the experimental uncertainties 

in each of these quantities was provided in our previous work [6]. To summarize, the standard 

combined uncertainty in the solvent mole fractions of either methane u(
1Cx ) or ethane u(

2Cx

) and the  p-xylene solute u(
pxyCx ) were estimated by combining in quadrature the uncertainties 

arising from the syringe pump (ISCO) injections (volume, pressure, and temperature), dead 

volumes of the  liquid and gas injection lines, and the purity of the chemicals used in this study 

together with the propagated uncertainties of the pressure and temperature sensors. The total 

available cell volume was 55.3 (± 0.3) mL (determined from volumetric calibration 

experiments conducted in-situ with pure water using the syringe pump) and the volume of 

liquid present in the cell could be determined from the level of the vapour-liquid interface 

within 0.6 mL.  

The standard uncertainty of the measured melting temperatures, u(Tmelt), determined using the 

TT01 sensor was estimated by combining in quadrature the standard deviation of three repeat 

measurements with the standard uncertainty of the thermometer’s calibration (0.019 K). The 
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standard deviations stemming from repetition of the measurement (typically around 0.15 K) 

were the most significant source of uncertainty in the melting temperature measurements.  

A Kyowa pressure transducer (PT01), rated for measurements over the range of (0.1 – 50 MPa) 

was employed for the pressure measurements. When excited with a constant 5 VDC power 

source (as recommend by the manufacturer), the pressure transducer produced a voltage output 

that varied linearly with the system pressure. However, when compared with the reference 

Paroscientific pressure transducer, some variations in the voltage reading obtained at different 

temperatures were observed even though the manufacturer stated the transducer to be 

temperature-compensated. Accordingly, an in-situ calibration was carried out at pressures from 

(0.1 – 35) MPa over the temperature range (100-350) K by comparison of the PT-01 reading 

with that of the reference Paroscientific transducer (which was at ambient temperature). The 

root mean square (r.m.s.) deviation from the Paroscientific transducer readings following 

calibration of the PT-01 sensor was 3.2 kPa. The Kyowa pressure transducer uncertainty, u(p), 

was estimated by combining in quadrature the manufacturer’s stated uncertainty (0.2 % of the 

reading), the r.m.s. deviation of the transducer’s calibration (3.2 kPa), and the standard 

deviation of three repeat measurements (typically around 20 kPa). 

After the calibration was completed, the Kyowa transducer pressure readings were validated 

by measuring the saturation pressures of pure methane and ethane over a range of temperatures. 

This provided a consistency check between the calibrated temperature sensor and the calibrated 

pressure sensor. Figure 5 depicts the measured saturation pressures for methane and ethane 

together with their deviation plots. The corresponding saturation pressures were calculated 

from the measured cell temperature using the reference equations of state (EOS) for methane 

and ethane [42, 43] implemented in the software package NIST REFPROP 9.1 [44] The 

measured and calculated saturations are compared in Figure 5, which shows deviation plots for 

the methane and ethane measurements. The measured saturation pressures produced an r.m.s 

value of 19.4 kPa for pure methane and 13.3 kPa for pure ethane. These are consistent with the 

combined uncertainty of the pressure measurement given the 20 kPa standard uncertainty of 

the pressure and the 5 kPa due to the standard uncertainty of the thermometer (0.15 K). 
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Figure 5.  Deviations of the measured saturation pressure for (A) methane and (B) ethane from 

the calculation using respective reference EOS as implemented in REFPROP 9.1. 
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3.4  Melting Temperature Measurement Procedure 
 

Most of the melting temperature measurements for the methane + p-xylene binary were made 

using the incubation air-bath system described by Siahvashi et al. [6] because the melting in 

that system occurred at temperatures above 273 K. One of the methane + p-xylene melting 

temperature measurements were made using the Cryosolids apparatus to test the consistency 

of results obtained using the two instruments. All of the ethane + p-xylene measurements were 

made using the Cryosolids apparatus, the operation of which is detailed below.   

To prepare the apparatus for measurement, the internal space between the Dewar wall and the 

stainless steel can was first evacuated to avoid any condensation or ice formation that may 

occur upon the dosing of liquid nitrogen. Similarly, the copper can, stainless steel can, and the 

periscope housings were evacuated followed by the introduction of helium to the copper can 

and periscopes (only).  The equilibrium cell was pre-cleaned using appropriate solvents 

followed by evacuation and then the injection of the desired amount of solute liquid (p-xylene) 

into the bottom of the equilibrium cell at around ambient temperature. The liquid p-xylene was 

degassed prior to its loading into the syringe pump. To ensure that the liquid p-xylene injected 

into the equilibrium cell remained free of any dissolved air, the degassing procedure was 

repeated in-situ with the equilibrium cell under vacuum and the stirrer on. (The low vapour 

pressure of p-xylene 575 Pa meant this evacuation caused only a negligible reduction in the 

amount of p-xylene in the cell.)  Subsequently, the solvent gas (methane or ethane) was injected 

into the top of the equilibrium cell using the other syringe pump. The volumes injected were 

chosen to achieve the composition desired for the synthetically-prepared mixture, after which 

vigorous mixing was applied to the sample for equilibration.  

Liquid nitrogen was then introduced into the Dewar using the dosing pump, causing the system 

temperature to decrease. The temperatures of the copper can and the equilibrium cell were 

ultimately stabilised at the desired temperature set-points automatically by their respective 

heaters and control algorithms. The bulk liquid temperature in the cell, measured by sensor 

TT02, was then reduced in steps by adjusting the copper can temperature set point to about 0.5 

to 1.0 K above the estimated melting point. Once the bulk liquid temperature sensor had 

stabilised, the copper post temperature was reduced automatically with the Peltier element at a 

scan rate of 0.01 K·min-1, which was shown to introduce negligible thermal lag by Siahvashi 

et al. [6] This induced a solid phase to eventually freeze out on the tip of the copper element as 
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it cooled slightly relative to the bulk. Following the freeze-out, the temperature at the tip of the 

copper element (measured by TT01) was increased at the same scan rate to the point where all 

solids disappeared. Throughout the heating ramp, the stirrer bar was actuated at 300 RPM for 

a period of 30 seconds once every 30 seconds to ensure that the liquid phase mixture remained 

homogeneous as the solids melted. A camcorder (JVC, Everio 40x) located on the top of one 

of the periscope viewing windows in the Dewar lid recorded the image of the equilibrium cell 

including the copper post. Additional light was provided by LED strips installed inside the 

copper can, which provided the background light necessary for the camera to be able to zoom 

and focus to achieve a high quality image. To avoid any condensation of air moisture on the 

external view ports in the Dewar lid, dry air was continuously circulated across them.   

In many experiments we observed that the subcooling required to nucleate the solid phase in a 

subsequent cycle decreased if the previous heating ramp did not extend far enough into the 

fluid phase region. Such a phenomenon has been reported in studies of gas hydrate formation 

(e.g. [45]) where it likely reflects a local supersaturation of guest molecules in the aqueous 

phase following dissociation of the crystal. In this experiment we hypothesise that it was caused 

by an increased local concentration of p-xylene in the liquid near the surface of the copper tip, 

resulting from the melting of the solid phase. To avoid this, for each repeat melting temperature 

measurement the entire system including the Dewar, copper can, cell and bulk liquid was first 

heated to about 7-10 K above the measured equilibrium temperature and then cooled down to 

their original temperatures.  

3.5 Results and Discussion 
3.5.1  Vapour-liquid Equilibrium (VLE) Measurements of C1+Cpxy 

 

This mixtures studied in this work were prepared in-situ using the synthetic technique, where 

the overall composition is determined through the injection of known amounts of solute and 

solvent to the equilibrium cell. This approach gives a well-defined equilibrium composition for 

the fluid mixture at the melting temperature if at that moment only a single-phase liquid or a 

single-phase gas is present. However, the C1+Cpxy measurements occurred at conditions well 

above methane’s critical temperature, and thus a vapour-liquid equilibrium condition existed 

prior to solidification. With no ability to sample and analyse the composition of either fluid 

phase, the partitioning of the methane and p-xylene components across the vapour and liquid 
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phases were volumetrically estimated and then compared with the calculations from an 

equation of state tuned to VLE data for this binary reported in the literature [46]. 

The in-situ mixture preparation began with the injection of pure p-xylene as a liquid to the 

evacuated cell using the syringe pump. The p-xylene in the syringe pump was controlled at a 

known temperature and pressure, which allowed the total number of moles injected to the cell 

to be calculated from the displaced volume and the liquid density calculated via the reference 

EOS for p-xylene developed by Zhou et al. [47] as implemented in the software REFPROP 9.1 

[44]. Methane was then introduced through the top of the cell from the other syringe pump; the 

number of moles injected was determined from measurements of the syringe pump 

temperature, pressure and volume before and after the transfer, using the reference EOS of 

Setzmann and Wagner [42].  

The results of the liquid phase methane mole fractions determined at 293.15 K using the 

volumetric method are listed in Table 4. The vapour pressure of p-xylene was estimated using 

the reference EOS of Zhou et al. [47]: at 293.15 K it was 0.88 kPa and thus the mole fraction 

of p-xylene in the vapour phase was always less than 0.0002, which is an order of magnitude 

below the experimental uncertainty of the liquid phase mole fractions determined using the 

volumetric method at pressures of 3.5 MPa and above.  

These results were compared and found to be consistent with the only VLE data we are aware 

of for this system measured by Stepanova and Velikovskii [46] at 293.15 K, as shown in Figure 

6. Also shown are comparisons with bubble-pressure predictions made using the Peng 

Robinson EOS implemented in the software ThermoFAST [4]. Figure 6(A) shows predictions 

made using a binary interaction parameter (BIP) for methane + p-xylene calculated using a 

group contribution method derived by Vitu et al. [48]. 

Also shown are bubble points calculated after tuning the BIP to force agreement with the 

available data. This tuning of the BIP used decreased the root mean square (r.m.s) deviation of 

the data (this work and ref. [46]) from the predicted bubble points, using the group contribution 

BIP, from 2.85 MPa to 0.15 MPa. This tuned Peng Robinson EOS was used to calculate the 

composition of the liquid phase in the methane + p-xylene SLVE measurements with an 

estimated uncertainty, u(
1Cx ) of 0.0025; the small extrapolation in temperature from 293 K 

where the VLE data were measured to (286 to 277) K where the SLVE temperatures were 

measured was assumed to have a negligible impact on this uncertainty.  
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Figure 6. (A) Measurements of methane + p-xylene vapour liquid equilibrium at 293.15 K 

made in this work and reported by Stepanova and Velikovskii [46] together with values 

calculated with the Peng Robinson (PR) equation of state using a binary interaction parameter 

(BIP) either estimated by a group contribution method [48] or tuned to the measured VLE data. 

(B) Deviations from the bubble-pressure calculated using the PR EOS with the VLE-tuned BIP, 

ptuned, of the measurements and of the values calculated using the group contribution binary 

interaction parameter. The experimental uncertainties are too small to be shown as error bars 

in these plots but are listed in Table 4. 
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Table 4. Experimental p-x results for methane + p-xylene binary system at vapour-liquid 

equilibrium with their associated standard uncertainties at 293.15 Ka 

1Cx  u(
1Cx ) p / MPa u(p) / MPa 

0.1195 0.0031 3.79 0.03 

0.1675 0.0043 5.50 0.02 

0.1959 0.0036 6.69 0.03 

0.2697 0.0049 10.16 0.04 

0.3718 0.0032 16.30 0.04 

0.4620 0.0028 22.58 0.03 
a The standard uncertainty in temperature was 0.15 K. 

 

3.5.2  Solid-liquid-vapour Equilibrium (SLVE) Measurements of C1+Cpxy. 

Prior to the commencement of the melting (liquidus) temperature measurements for the binary 

mixture, the melting temperature of pure p-xylene was measured at its vapour pressure. Since 

this vapour pressure was lower than the pressure transducer’s resolution, it was estimated to be 

0.58 kPa using the reference EOS [47]. Then methane was dosed into the cell to a final pressure 

of 1.51 MPa upon equilibration, corresponding to a liquid methane mole fraction of 0.055, and 

the melting temperature was measured for the mixture. Figure 7 shows photographs which 

contrast measurements made with a mixture (liquid phase methane mole fraction of 0.1165) 

and with a pure substance. In particular for pure p-xylene the solid formed on the copper tip 

was very clear in comparison with the solid formed when methane was present in the system. 

These images (captured by the 10x CCD camera) reveal a qualitative difference in the 

crystallization morphology observed for the mixture as compared to that observed for the pure 

p-xylene. We hypothesise that the reason for this difference in morphology is that the 

crystallisation of p-xylene from the solution causes the liquid phase to become locally over-

saturated with methane. The over-saturation causes the formation of small bubbles of methane, 

some of which are initially trapped within the solid crystal mesh and cannot readily mix with 

the bulk liquid. However, this difference in morphology did not influence the measured melting 

temperatures because the act of increasing the copper tip temperature to approach the 

equilibrium condition always caused any trapped methane gas bubbles to disappear prior to the 

final crystal melting (as illustrated in Figure 8). 
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Figure 7. CCD camera image of solid formation in pure p-xylene (left) and from a binary liquid 

mixture of 0.1165C1+0.8835Cpxy (right). 

The freezing and melting of solid p-xylene from a system where the liquid composition was 

0.42C1+0.58Cpxy is shown in Figure 8, with the images captured over an 8-minute period while 

the system was under continuous stirring. These images indicate that some of the methane gas 

dissolved in the liquid p-xylene became trapped or temporarily adhered to the solid-liquid 

interface upon initial solid formation. As formation continued, the bubbles on the surface of 

the solid phase appeared to increase in size as trapped gas diffused out of solid. Eventually 

these enlarged bubbles detached and rose upwards to the bulk vapour liquid interface.  

The results of the SLVE measurements for binary mixtures of methane and p-xylene as a 

function of liquid phase methane mole fraction and pressure are listed in Table 5 and shown in 

Figure 8. Increasing the pressure to 22.5 MPa increased the methane mole fraction in the liquid 

to 0.42 and depressed the melting temperature relative to pure p-xylene by 8.6 K.  The impact 

of calculating the melting temperature using the PR EOS model in ThermoFAST using three 

different binary interaction parameters is also shown in Figure 8: of most significance, the 

binary interaction parameters obtained by tuning to the measured VLE data and by a group 

contribution method under-predict the measured SLVE melting temperatures with r.m.s. 

deviations of 3.1 K and 2.5 K, respectively. A significantly improved representation of the data 

can be achieved by adjusting the binary interaction parameter to force agreement with the 

SLVE data. Such tuning decreases the r.m.s. deviation of the measured melting temperatures 

from those predicted with the PR EOS to 0.4 K.   
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Figure 8. An example of CCD images taken at 10x magnification of the freezing and melting of p-xylene from a liquid mixture of 0.42C1+0.58Cpxy. 

The bulk liquid temperature was kept constant at 278.5 K while the copper tip temperature was reduced to around 276 K to induce nucleation 

before reaching the equilibrium melting temperature of 277.7 K.
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Figure 9. (A) Melting temperatures of C1+Cpxy mixtures and their corresponding pressures at 

SLVE as a function of mole fraction of methane in the liquid phase, together with values 

calculated using the Peng Robinson EOS with three different binary interaction parameters 

(BIPs): group contribution, VLE-tuned, and SLVE-tuned. (B) Deviations from melting 

temperatures calculated using the SLVE-tuned BIP, Ttuned, of the measured melting temperature 

data and of values calculated using the VLE-tuned and group contribution BIPs. 
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Table 5. Measured SLVE data for the C1+Cpxy binary mixture, where 
1c

z  is the overall 

methane mole fraction in the equilibrium cell determined from the mixture preparation, x1 is 

the mole fraction of methane in the liquid phase calculated from PR EOS tuned to the VLE 

data shown in Figure 6.  

1Cz  u (
1Cz ) 

1Cx  u(
1Cx ) p/MPa  )/MPap(u

 

K/  meltT )/KmeltT(u 

0.0000 - 0.0000 - 5.8 Х 10-4
 
a
 - 286.36 0.08 

0.1309 

 

0.0018 

 

0.0550 0.0035 1.51 0.02 285.37 0.28 

0.2701 

 

0.0016 

 

0.1165 0.0029 3.70 0.03 284.11 0.30 

0.3622 

 

0.0015 

 

0.1638 0.0041 5.52 0.04 282.91 0.18 

0.4173 

 

0.0021 

 

0.1938 0.0037 6.61 0.02 282.03 0.16 

0.5117 

 

0.0019 

 

0.2659 0.0033 10.1 0.03 280.21 0.21 

0.6357 

 

0.0018 

 

0.3675 0.0030 16.3 0.02 278.54 0.23 

0.6904 0.0017 

 

0.4212 0.0032 22.5 0.03 277.77 0.19 

a The estimated vapour pressure of pure p-xylene using the reference EOS of Zhou et al. [47] at the 

measured melting temperature. 

 

1.1  SLE Measurements of C2+Cpxy. 

The CryoSolid apparatus was used to measure the SLE of the ethane + p-xylene system. As 

ethane’s critical temperature is above that of pure p-xylene’s melting temperature, it was 

possible to prepare a single phase liquid mixture with a synthetically determined composition, 

and avoid the uncertainty associated with the presence of a vapour phase. After loading a fixed 

volume of liquid p-xylene into the cell, the system was pressurised with ethane and stirred until 

a homogenous liquid phase formed. As the cell was cooled, additional ethane was injected as 

required to maintain a single liquid phase: increasing the ethane content of the mixture from a 

mole fraction of 0.79 to 0.94 allowed melting temperatures over the range (240 to 200) K to be 

measured. For SLE, melting temperatures are relatively insensitive to pressure and because the 

fluid mixture remained in the liquid phase it was relatively easy to vary the system pressure by 

a slight change in the injection pump volume. At the higher temperatures, reasonably large 

pressures (3.5 to 6 MPa) were applied to ensure a vapour phase did not form inadvertently.  
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Figure 10 shows an example of the freezing and melting process of ethane + p-xylene binary 

system over a 15-minute period visualised through the periscopes fitted to the CryoSolid 

apparatus. Although the image quality is not as high as that obtained with the air-bath (Figure 

8), localised bubble formation upon freezing is clearly evident. Upon reversal of the copper tip 

temperature for determination of the melting point, bubble formation ceased and the 

appearance of the crystal morphology changed slightly becoming clearer and slowly 

disappearing. Measured values of the SLE data acquired in this work for the ethane + p-xylene 

system are listed in Table 6 and shown in Figure 11. 

 

Table 6. Measured SLE data for the single phase liquid C2+Cpxy binary mixture, where 
2Cz is 

the mole fraction of ethane in the liquid phase determined from the mixture preparation.  

2Cz  u(
2Cz ) p/MPa  ) /MPap(u K/  meltT  / K  )meltT(u 

0.7914 0.0053 3.53 0.04 239.64 0.37 

0.8049 0.0051 5.91 0.03 238.04 0.31 

0.9080 0.0047 0.57 0.05 222.26 0.38 

0.9203 0.0043 0.43 0.06 213.83 0.36 

0.9427 0.0041 0.48 0.05 200.84 0.32 
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Figure 10. An example of the camcorder images taken through the periscopes of the Cryosolids apparatus showing the formation and melting of 

solid p-xylene from a liquid mixture of 0.7914C2+0.2086Cpxy at 3.5 MPa. The bulk liquid temperature was held constant at around 240.5 K while 

the copper tip temperature was reduced to around 238 K to induce nucleation before reaching the equilibrium melting temperature of 239.64 K.
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Figure 11. (A) Melting temperatures of C2+Cpxy mixtures at SLE as a function of ethane mole 

fraction, together with values calculated using the Peng Robinson EOS with two different 

binary interaction parameters: group contribution and SLE-tuned. (B) Deviations from melting 

temperatures calculated using the SLE-tuned BIP, Ttuned, of the measured melting temperature 

data and of values calculated using the group contribution BIP. 
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Similar to the C1+Cpxy system, a group contribution method was first utilized to estimate an 

optimized BIP value to predict the SLE of the C2+Cpxy system and compare with the 

experimental data measured in this work. As shown in Figure 10 (B), the BIP calculated using 

the group contribution method over-predicts the SLE melting temperatures by an r.m.s. value 

of 6.5 K (maximum over-prediction by +12.4 K) whereas the SLE-tuned BIP significantly 

reduced the deviations to an r.m.s. value of 3.1 K (maximum deviation of -4.5 K). 

3.6 Conclusions 
 

Measurements of SLVE for p-xylene in methane were obtained for the first time using sapphire 

equilibrium cells fitted with a Peltier-cooled copper post at pressures  to 22.5 MPa. To allow 

such measurements at cryogenic temperatures, one of the equilibrium cells was housed in a 

multi-stage thermostat contained within a Dewar and fitted with periscopes to allow 

visualiation of the solid formation and melting. This CryoSolid apparatus was used to measure 

SLE data for the p-xylene + ethane binary system for the first time at temperatures down to 

200 K and pressures to 5.9 MPa. For both binaries, the overall mixture compositions were 

determined via the synthetic method. For the methane + p-xylene binary VLE data measured 

in this work and reported in the literature [46] were used to estimate the composition of the 

liquid phase at the observed SLVE conditions.     

The melting temperature data obtained for these two binaries were compared with the 

predictions of the Peng Robinson EOS implemented in the software package ThermoFAST 

using various binary interaction parameters which might be used by industry for estimating p-

xylene solubility in LNG production. For both mixtures, a group contribution method [48] was 

used to estimate a binary interaction parameters, while for the methane + p-xylene system it 

was possible to also use a BIP tuned to the available VLE data to make melting temperature 

predictions. Tuned BIPs for predicting phase equilibria involving a solid phase were also 

obtained by forcing agreement between the measured data and the predictions of the cubic 

EOS. For methane + p-xylene, the VLE-tuned BIP led to a systematic under-prediction of the 

melting temperature data with an r.m.s. deviation of 3.1 K while using the SLVE-tuned BIP 

allowed the EOS predictions to represent the data with an r.m.s. deviation of only 0.4 K. For 

ethane + p-xylene, the group contribution BIP produced a systematic over-prediction of the 

melting temperature data with an r.m.s. error of 6.5 K, which improved to 3.1 K upon tuning 

the BIP to the SLE data. These results for p-xylene are consistent with the finding reported 
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previously [4,6] that accurate solid-fluid phase equilibria calculations require different BIPs to 

those optimised for VLE calculations. This further indicates the need for additional 

measurements of melting temperatures in mixtures to improve models for the solubility of 

heavy compounds in hydrocarbon solvents. 

A primary motivation of this work was to help improve the prediction of heavy hydrocarbon 

solubility in liquefied natural gas. At (4 MPa, 123 K), which approximates the effluent 

condition of a main cryogenic heat exchanger in an LNG plant, benzene becomes insoluble in 

liquid methane at a mole fraction concentration of 8 parts-per-million [4]. While p-xylene is 

normally present at far lower concentrations in natural gas than benzene, it is also far less 

soluble in LNG and hence predicting whether any trace amount present is likely to be 

problematic can be crucial. Using the VLE-tuned BIP leads to a prediction of 0.8 ppm for the 

solubility of p-xylene in liquid methane at (4 MPa, 123 K). However, this predicted 

concentration drops to just 0.04 ppm if the BIP is tuned to the melting temperature data 

measured in this work. Equivalently, for p-xylene in methane concentrations in the range (0.01 

to 0.2) ppm, SLE temperature predictions at 4 MPa made using the BIP tuned to the data 

reported here are (18 to 20) K higher than those obtained using the BIP tuned to VLE data for 

this binary. Such differences in the predictions of either allowable p-xylene concentration or 

allowable minimum temperatures for a given mixture have significant implications for the 

reliability of freeze-out risk assessments in LNG production, and emphasise the importance of 

extending the available data for heavy hydrocarbon solubility and improving the accuracy of 

predictive models.  
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4. CHAPTER 4 | Solubility of 

Benzene in Methane and Retrograde 

Solid-Liquid Phenomena 

4.1 Abstract 

The blockages caused by the freeze-out of 

heavy hydrocarbons, especially benzene, 

during the cryogenic liquefaction of natural 

gas (LNG) represents a critical risk for 

LNG plants. In this work, a visual high 

pressure sapphire cell, housed in a 

specialized cryogenic environmental 

chamber, was employed to measure the 

melting temperature (liquidus) of methane 

+ benzene binary systems at temperatures from 120 K, pressures up to 22 MPa, and benzene 

concentrations ranging from 120 to 1012 parts per million (ppm) by mole. A (mol). To 

accurately pinpoint the solid formation and control the heating and cooling rates a Peltier-

driven copper post inserted into the fluid through the cell’s bottom flange was used to control 

the formation and/or melting of any solids in the cell using a Peltier element. Melting 

temperatures were measured for two different mixtures at constant benzene concentrations of 

1012 and 199 ppm, respectively, and the results were compared with literature data and the 

predictions of the thermodynamic model implemented in the software package ThermoFAST. 

The model was able to represent the melting temperature data at 1012 and 199 ppm benzene 

concentrations with an r.m.s deviation of 0.68 and 3.4 K, respectively across SVE and SLE 

phase boundaries. At a benzene concentration of 120 ppm, ThermoFAST described the 

measured SLE data by less than 2 K deviation at around 120 ppm benzene concentration and 

6.3 MPa, while it over predicted the measured SVE data by 5 K at around 750 ppm benzene 

concentration and 8.5 MPa.  Retrograde melting (solid forms upon heating) and solidification 

(solid melts upon cooling) were observed in this binary for the first time at temperatures 

ranging from 180 to 260 K at 5 MPa, for two fixed benzene concentrations of 1012 and 700 
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ppm. The model implemented in ThermoFAST adequately described the measured solid-liquid 

retrograde data and their corresponding phase transition pathways, deviating by less than 2 K 

and 8 K for the 1012 ppm and 700 ppm benzene-in-methane mixtures, respectively. 

4.2 Introduction 
 

Benzene poses the highest freeze-out risk during LNG production due to its relatively high 

concentrations in natural gas (sometimes may be >1000 ppmv) and its high pure component 

melting temperature (278.7 K) [1-2]. The apparent discrepancies and scatter in the available 

literature of data for the methane + benzene binary mixture, particularly at low benzene 

concentrations, motivate new measurements of this system to allow development of more 

accurate thermodynamic models. Table 1 summarises the experimental data available in the 

literature for the melting temperature and solubility of methane + benzene binary mixtures at 

different conditions of temperature and pressure. The main objectives of this work were to (1) 

demonstrate the development of an apparatus which consists of a cryogenic environmental 

chamber and a visual high pressure sapphire cell, (2) extend the body of experimental melting 

temperature data for the methane + benzene binary system, and (3) experimentally test 

predictions of software packages such as ThermoFAST [3] to predict the melting temperatures 

together with the solid-liquid retrograde phenomena in methane + benzene systems at 

cryogenic conditions using thermodynamic models implemented within the software package 

ThermoFAST. 
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Table 1. Summary of the available literature data for melting temperature and solubility of benzene (solute) in methane (solvent).

Benzene Mole Fraction T / K p / MPa Phase Equilibria 

Type 

Measurement 

Technique 

Reference 

Min Max Min Max Min Max    

6 Х10-6 4.8  Х 10-4 103.8 185.4 - - SLE Analytical - Blind [1] 

0 0.0014 90.72 199.8 0.1 13.7 SLE Analytical -  Blind [2] 

1.1  Х 10-4 0.9815 165 277.7 0.1 17.2 SLVE Synthetic - Visual [3] 

3.09  Х 10-5 2.6  Х 10-6 148 177.9 - - - Not Available [4] 

0.0804 0.8983 261.8 290.2 10.1 78.1 SVE & SLE Synthetic - Visual [5, 6] 

6  Х 10-4 0.0038 233.2 268.1 2.1 8.22 SVE Analytical -  Blind [7] 
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4.3 Experimental 
 

In this work a similar system to the one described in our previous publications was utilized [8, 

9]. This consists of a specialized high pressure sapphire cell, which uses a Peltier-driven cold 

finger to allow accurate measurements of solid-liquid equilibrium (SLE) in different 

hydrocarbon mixtures via a synthetic method. To measure the solubility of benzene in methane 

binary mixtures at different temperature conditions, we upgraded the thermal control system 

used to set the bulk temperature within the visual cell to a cryogenic environmental chamber 

capable of operation at temperatures down to 85 K. 

4.3.1  CryoSolid Apparatus: Cryogenic Environmental Chamber  

 

Figure 1 depicts the schematic diagram of the CryoSolid apparatus which includes the labels 

and a short description of its different parts. The main elements include a high pressure sapphire 

cell, designed to operate at a maximum pressure of 31 MPa; a cryogenic environmental 

chamber, utilized to operate at a minimum temperature of 85 K; a high pressure syringe (ISCO) 

pump; temperature and pressure monitoring and control systems; a vacuum pump; and a high 

pressure liquid nitrogen delivery system. Figure 2 shows heart of the apparatus: the visual high-

pressure equilibrium cell placed inside the chamber. In this work three minor modifications 

were made to the equilibrium cell to allow measurements of systems with very low solute 

concentrations (at or below part-per-thousand levels) at low cryogenic temperatures down to 

100 K. The key modifications were: (1) removal of a Teflon spacer from the cell’s bottom 

flange to reduce the height of the copper post for optimized visualization, which increased the 

cell’s mixed sample volume to approximately 70 mL; (2) extension of the stirrer baffles to 

enable the very low liquid levels to be stirred (if required); and (3) addition of a second Peltier 

element, stacked in series with the first. This was required because in our measurements we 

found that at cryogenic temperatures (< ~ 170 K) the functionality of Peltier elements 

significantly reduces. The addition of a second Peltier helped achieve a temperature difference 

around 3 K at cell’s temperatures above 140 K. The maximum cooling or heating rate applied 

to the equilibrium entire cell was controlled by the chamber and was limited to 0.5 K∙ min-1 in 

order to minimise the risk of thermal shock or damage to the system, and particularly to the 

cell’s sapphire tube. The cryogenic environmental chamber (Model: M170J – 13100) is shown 

in Figure 3 and was equipped with a TS Series controller (KTS6310AB), supplied by inTEST 
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Thermal Solutions. The chamber operating temperature range was from 85 to 473 K with 

internal dimensions of 64 cm H x 52 cm W x 55 cm D. The LN2 was supplied to the chamber 

using a high pressure Dewar at a supply pressure of around 0.7 MPa to maximise the 

temperature stability and uniformity, as recommended by the manufacturer of the chamber. 

A high precision syringe pump (Teledyne ISCO 260D) capable of injection at flow rates 

ranging from 0.001 to 107 ml·min-1 under controlled pressures ranging from 0.07 to 52 MPa 

was used to charge the cell with the desired amount of fluid. The syringe pump could be isolated 

using high-pressure needle valves (from High Pressure Equipment Co.), connected to its inlet 

and outlet. To minimise the dead volume associated with the mixture transfer lines, two high 

pressure needle valves (labelled in Figure 1 as V3 and V4) were connected close to the cell top 

and bottom ports (with the cell placed inside the chamber). These valves were manually 

controlled from outside the chamber via two flexible shafts.    
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Figure 1.  A not-to-scale schematic diagram of the upgraded Cryosolid apparatus used for the methane + benzene measurements (labels are described in the text). 
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Figure 2. Image of the upgraded high pressure sapphire cell placed inside the cryogenic 

chamber, showing the extended stirrer baffles and two drive shafts used to operate the valves. 

Further detail about the cell’s dimensions and features can be found in our previous 

publications [8, 9]. 
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Figure 3. The upgraded CryoSolid apparatus experimental setup employed to carry out the 

melting temperature experiments which includes 4 main components: (1) injection system, (2) 

environmental chamber and equilibrium cell, (3) PC and data acquisition system, and (4) high-

pressure LN2 delivery system. 
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To accurately determine the melting (or liquidus) temperatures, solids were forced to form on 

and disappear from the tip of a copper element, which also included a post and a base. The tip 

was immersed within a high-pressure mixture, while the post led to the exterior of the visual 

cell via a swaged ferrule that provided a seal. The base of the copper post was attached to two 

40 Х 40 mm Peltier modules (CP10-127-05-L1 model from Laird Technologies) used to apply 

a specified cooling or heating rate to the copper tip driven by a DC power supply. To dissipate 

the heat extracted by the Peltier modules, a copper heat sink was used. 

All the temperature measurements in this work were carried out using four fast-response 100 

Ω platinum resistance thermometers (PRT NR-14 from Netsushin, Japan), labelled in Figure 1 

as TT01-TT04. However, the only temperature reported here is obtained from TT01 which 

monitored the temperature of the copper element’s tip (the sensor was inserted through a blind 

well in the post). The mixture’s bulk temperature (TT02) was kept constant at around 0.2 – 0.5 

K above the estimated melting temperature before the copper tip temperature (TT01) was 

reduced. All PRTs were calibrated over a temperature range of 100 to 273 K via a reference 

standard PRT sensor (ASL-WIKA) with a standard uncertainty of 0.02 K. To measure the 

mixture’s pressure under study, a cryogenic-rated pressure transducer (Kyowa PHB-A-20MP) 

with a full-scale of 20 MPa and an allowable overload rating of 150 % (as stated by the 

manufacturer) was employed. An in-situ calibration of the transducer was performed at 

different temperatures using a reference transducer (Paroscientific Digiquartz 9000-6K-101) 

with uncertainty of 0.02 % of the reading above 0.1 MPa.  The stirrer bar was driven via a 

custom-made magnetic coupling controlled by a stepper motor (Arun Microelectronics D42.2).  
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4.3.2  Materials 

Synthetic gas mixtures of methane and benzene at three different compositions were prepared 

by and purchased from CACGas & Instrumentation; the details of these synthetic gas mixtures 

are provided in Table 2. Grade 4.5 (>0.99995) methane gas (CAS: 74-82-8) supplied by 

Coregas Australia was used for the dilution experiments where the mixture with 1012 ppm 

benzene concentration was diluted with pure methane to study the melting temperatures at 

lower benzene concentrations down to around 120 ppm. More details are provided in Section 

4.3.4. 

Table 2.  Chemicals used in this work with their corresponding concentrations and 

uncertainties of preparation. 

Chemical 

Name 

 

Supplier 

Grade and 

(Purity) 

CAS 

Number 

Benzene 

Concentration 

(ppm/mol) 

Mixture 

Preparation 

Relative 

Uncertainty 

 

Methane   

 

 

Coregas 

Australia  

4.5 

(>0.99995) 

 

74-82-8 

 

- 

 

- 

 

 

Methane + 

Benzene 

 

 

CACGas & 

Instrumentati

on 

 

 

- 

 

- 

 

1012 

700 

199 

 

1 % 
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4.3.3  Uncertainties and Calibration Experiments 

 

A detailed assessment of the experimental uncertainties arising from each of the temperature 

and pressure measurements was provided in our previous work [8, 9]. To summarize, the 

combined standard uncertainty in the measured melting temperature, u (Tmelt) was estimated by 

combining in quadrature the standard deviation of three repeat measurements (mostly within ± 

0.15 K) with the standard uncertainty of the thermometer’s calibration (0.015 K). The pressure 

transducer’s (PT01) range was calibrated in-situ over the temperature range (100 to 273) K. 

The uncertainty in the measured pressure, u (p), was estimated by combining in quadrature the 

manufacturer’s stated uncertainty (0.2 % of the reading), the r.m.s. deviation of the transducer’s 

calibration (2.8 kPa), and the standard deviation of three repeat measurements (typically around 

20 kPa). The relative uncertainty of the benzene mole fraction in the mixture was taken as 1 % 

for both 199, 700, and 1012 ppm mixtures, as specified by the supplier. As detailed in Al Ghafri 

and Trusler (2019) [10], the uncertainty associated with the dilution of the methane + benzene 

mixture with pure methane (described in Section 4.3.4) was calculated by combining in 

quadrature the uncertainties arising from the syringe pump (ISCO) volume injections, visual 

cell volume, the fluid density under the pump temperature and pressure conditions, dead 

volumes of the injection lines, the purity of the chemicals used in this study, and the mole 

fraction of benzene in the gas mixture. The mixture’s density was obtained from the GERG-

2008 equation of state of Kunz and Wagner [11], with an estimated relative uncertainty of 0.5 

% for the conditions studied in this work. For pure methane, the density was obtained from the 

equation of state of Setzmann and Wagner [12] with an estimated relative uncertainty of 0.03 

% for pressures below 12 MPa and up to 0.07 % for pressures less than 50 MPa. The standard 

relative uncertainty associated with the syringe pump volume calibration was estimated to be 

0.3 %, while the overall relative standard uncertainty in the cell volume calibration was 0.5 % 

[9]. The gas mixture provided had a certified relative uncertainty of 1 % in the benzene mole 

fraction, which upon dilution increased to a standard relative uncertainty of less than 2 % over 

the entire dilution measurement range. The standard uncertainties in the mole fractions of 

benzene obtained during the dilution measurements are tabulated in Table 5.  
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4.3.4  Melting Temperature Measurement Procedure 

 

Prior to the commencement of the measurements, the equilibrium cell was pre-cleaned using 

appropriate solvents followed by evacuation. Subsequently, the desired amount of the methane 

+ benzene gas mixture was injected into the equilibrium cell via the syringe pump at around 

ambient temperature (as measured by an independent 100 Ω PRT) to achieve the target 

pressure. 

Liquid nitrogen was then introduced using the high pressure Dewar, causing the chamber 

internal temperature to decrease at a controlled rate (0.5 K∙min-1); this caused the cell contents 

to cool at the rate below 0.2 K∙min-1. The temperatures of the chamber and the equilibrium cell 

were ultimately stabilised by PI control algorithms at the desired temperature set-points.  The 

bulk mixture temperature in the cell, measured by sensor TT02, was then reduced in steps by 

adjusting the chamber set point to about 0.5 to 1 K above the estimated melting point. This was 

followed by automatically adjusting the copper tip temperature (TT01) using the Peltier 

elements at a scan rate of 0.01 K·min-1
 until solids formed. As shown in Figure 4, following 

the solute freeze-out, the copper tip temperature was increased to the point where all the solids 

disappeared (Tmelt). The modifications made on the equilibrium cell, especially the removal of 

the Teflon spacer (described in Section 4.3.1), significantly improved the minimum detectable 

solid from (3 to 20) mg to (0.2 to 2) mg range. 

A high-definition (HD) Panasonic camcorder (HCV 180) was utilized to capture and record 

the mixture’s melting and freezing points. Additional light to the chamber’s built-in 

illumination was found to be necessary for achieving the levels of background light necessary 

for the camera to be able to zoom and focus as required for the capture of high quality images.  
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Figure 4. Example of the melting and freezing of the solute (1012 ppm benzene in methane) 

from the copper tip as captured by the HD camera. The specks of solids visible in the right 

hand side image are dust and/or metallic filings delivered into the cell from the cylinder 

manifold upon filling. 

 

To study the melting temperatures in the methane + benzene mixture at lower benzene 

concentrations (down to 100 ppm), the synthetic benzene-in-methane mixture was diluted with 

pure methane. The 1012 ppm benzene-in-methane mixture was initially dosed to the cell using 

the syringe pump to a target pressure before isolating the cell by closing the valve V3. The 

temperature, pressure and displaced volume at injection conditions were recorded to allow 

calculation of the amounts of benzene and methane injected to the cell. With valve V3 closed, 

the transfer lines together with the syringe pump was evacuated before the introduction of pure 

methane. After loading the syringe pump with pure methane and closing V1, the pump was set 

to constant pressure mode with set-points higher than the cell’s pressure. Valve 3 was then 

opened to inject the desired amount of methane to achieve the target dilution of the mixture in 

the cell. Then after isolating the cell by closing valve V3, the system was cooled down (under 

continuous stirring) until solids appeared; this was followed by heating to the point where no 

solid was present. This procedure was repeated for the subsequent methane dilutions. 
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4.4 Results and Discussion 
 

4.4.1 Measurements of the Synthetic Binary Mixtures 

 

Melting temperatures for the 1012 ppm benzene-in-methane mixture were measured along 

isochoric pathways. After charging the cell with the mixture to a target starting pressure ranging 

from (1 to 25) MPa, the sample was stirred continuously to assure the mixture remained in 

homogenous state as the cell cooled. The measured melting temperatures from each isochor 

are tabulated in Table 3 and shown in Figure 5. Figure 5 (A) shows that increasing the pressure 

in this binary from 2.6 MPa to 21.8 MPa results in a decrease of the melting temperature from 

258 K to 184 K. This reflects a change in the nature of the fluid phase from a vapour (SVE) to 

a super-critical state in which the slope of the solidification boundary is more akin to a solid-

liquid equilibrium (SLE) at the highest pressures.  The measured data were also compared with 

the predictions of the software tool developed by Baker et al. called ThermoFAST [13], which 

uses the Peng-Robinson equation of state (PR-EOS) and correlations for the properties of the 

pure solute compound to predict SFE. The binary interaction parameters within the PR EOS 

used by ThermoFAST are tuned to the available literature data for the melting temperatures of 

binary mixtures relevant to LNG production. The predictions from ThermoFAST for the 1012 

ppm benzene in methane mixture are in very good agreement (r.m.s deviation of 0.68 K) with 

the measured data (Figure 5 B).  

 

Table 3.  Measured SVE and SLE data for the 1012 ppm benzene in methane mixture (±1 % 

relative uncertainty in composition). 

Tmelt / K u (Tmelt ) / K pmelt / MPa u (pmelt ) / MPa 

258.35 0.13 2.62 0.03 

252.27 0.11 6.71 0.02 

247.21 0.12 8.08 0.02 

236.57 0.12 9.18 0.03 

190.99 0.13 13.38 0.02 

184.41 0.11 21.82 0.03 
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Figure 5.  (A) A p-T diagram for melting temperatures measured for the 1012 ppm benzene in 

methane mixture, and (B) deviations of the measured data from those calculated by the 

ThermoFAST software. 
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The melting temperatures in the solid-vapour equilibrium (SVE) region exhibit a higher 

dependence on pressure compared to those exhibiting SLE-like behaviour. For example the 6.5 

MPa increase over the four lowest pressure points decreased the observed melting temperature 

by more than 21 K. This highlights the importance of reporting the pressures associated with 

melting temperature data, which are sometimes omitted in literature data [1, 4]. In the SLE-

like region, the melting temperature was relatively insensitive to pressure, increasing 

monotonically at a rate around 0.77 K∙MPa-1. 

Melting temperatures were measured in a similar manner for synthetic binary mixture of 199 

ppm benzene in methane. The measured results are detailed in Table 4 and shown together with 

the deviations of the experimental data from ThermoFAST’s predictions in Figure 6. The data 

shown in Figure 6 (A) indicate clear regions corresponding to conditions of SVE (above the 

mixture’s critical temperature) and SLE (below the mixture’s critical temperature). The 

measured data are in a good agreement with the predictions of the ThermoFAST model, 

especially at the SLE conditions below 160 K which are most relevant to LNG production. 

Figure 6 (B) indicates that the predictions deviate from the measured values by less than 2 K 

at SLE conditions (T < 160 K) and by less than 5 K at lower pressures and higher temperatures 

(SVE conditions). At these SVE conditions, ThermoFAST’s over-prediction resulted in an 

r.m.s deviation of 3.4 K, which could be attributed to the paucity of literature data at similar 

conditions that was available during the model’s development. As indicated in Table 1, for 

methane + benzene binary mixture, there are only two datasets in the literature at SVE 

conditions [5, 7]; both of which studied mixtures with benzene concentrations above 600 ppm. 

 

Table 4.  Measured SVE and SLE data for the 199 ppm benzene in methane mixture (±1 % 

relative uncertainty in composition). 

Tmelt / K u (Tmelt ) / K pmelt / MPa u (pmelt ) / MPa 

225.06 0.12 0.62 0.02 

231.26 0.12 1.54 0.02 

231.27 0.11 4.72 0.03 

226.23 0.13 5.73 0.04 

160.82 0.11 10.41 0.03 

159.89 0.14 14.72 0.04 

158.69 0.13 19.55 0.04 

 

 

 



CHAPTER 4: Benzene Solubility in Methane 

102 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  (A) A p-T diagram of melting temperatures measured for the 199 ppm benzene in 

methane mixture, and (B) deviations between the melting temperature data and those calculated 

using the ThermoFAST software. 

 

 

 

 

 

 

 



CHAPTER 4: Benzene Solubility in Methane 

103 

 

4.4.2  Dilution of the 1000 ppm Benzene Mixture with Pure Methane 

 

Table 5 and Figure 7 show the melting temperature results as a function of benzene 

concentration which were obtained from the binary mixture initially containing 1012 ppm 

benzene by diluting it with pure methane. Melting temperature data were obtained over the 

concentration range 100 – 750 ppm benzene and compared with corresponding melting 

temperature predictions from ThermoFAST using the measured pressure and composition. The 

measured data were also compared with literature SLE data for this binary measured at 

comparable compositions. Superficially, Figure 7 (A) implies that discrepancies in the 

literature data are large and increase at benzene concentrations lower than 200 ppm. However, 

this is simply a consequence of the inability to indicate the pressure dependence of the melting 

temperature data on the 2D T-x plot. The solid ThermoFAST curve shown in Figure 7 (A) 

corresponds to predictions made at the pressures measured in this work. The deviation plot 

shown in Figure 7 (B) accounts indirectly for the pressure dependence of the different data sets 

by plotting the deviations of all the data points from the predictions made with ThermoFAST 

using the reported the experimental pressures and concentrations. In this presentation, all of 

the data including the measurements made in this work are consistent data (measured in this 

work and found in the literature) from the predictions of ThermoFAST suggesting that the 

predications can be made within 5 K of the ThermoFAST predictions. The largest deviation 

from ThermoFAST occurs for the point measured in this work at around 750 ppm benzene at 

8.5 MPa, which is an SVE condition. This is in line with the observations made at similar SVE 

conditions for the 199 ppm benzene-in-methane mixture, and potentially suggests that 

ThermoFAST’s use of a single BIP to describe different phase equilibrium conditions at 

significantly different temperatures may not be sufficient. 
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In Table 5, the terminology used for the transition type was chosen to be consistent with that 

used by ThermoFAST [13]. For the data measured at 435 ppm benzene and 2.54 MPa the 

transition name suggested was “SVE to SLE (Solid Retrograde)”. This occurs when the system 

transitions from a SVE to a SLE region, necessitating the existence of an SLVE condition. For 

a binary mixture this occurs at a single temperature when pressure is fixed, with the vapour 

phase being entirely converted into liquid before any further decrease in temperature occurs. 

ThermoFAST uses this terminology to distinguish this case from a transition such as SVE to 

SLVE, where the SLVE region covers a range of temperatures (which can occur for multi-

component mixtures).  

 

Table 5. Melting temperature results from dilution of the 1012 ppm benzene mixture with 

pure methane. 

xBenzene 

(ppm/mol) 

u (xBenzene)/ 

(ppm/mol) 

Tmelt / 

K 

u (Tmelt ) / 

K 

pmelt  / 

MPa 

u (pmelt ) Transition 

Type a 

747.4 10.8 232.83 0.12 8.51 0.4 Vapour to 

SVE 

435.5 8.6 170.62 0.14 2.54 0.3 SVE to SLE 

(Solid 

Retrograde) 

120.6 2.4 155.76 0.14 6.31 0.4 Liquid to 

SLE 
 a ThermoFAST transition terminology. 
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Figure 7. (A) T-x diagram for C1+Benzene binary mixtures, including data measured in this 

work via dilution of the 1012 ppm benzene in methane mixture with pure methane. Note that 

the data points shown are at different pressures, and the curve labelled “ThermoFAST” is 

evaluated only at the pressures of the data points measured in this work. (B) Deviations from 

ThermoFAST predictions, Tcalc, of two selected literature data (most relevant) and those 

measured in this work. 
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4.4.3 Retrograde Solid-Liquid Measurements for Binary Mixtures of 

Methane + Benzene 

 

Solid-liquid retrograde phenomona, in which solids can melt upon cooling or freeze upon 

heating, have been observed in several studies including the production and purification of 

silicon [14], the purification via supercritical fluids [15], and even in gas-hydrate systems [16]. 

These phenomena, which are often refered to using different terminologies in the literature 

such as “retrograde solidifcation or crystallization”, “retrograde melting”, and “retrograde 

solubility”, are similar in concept to the vapour-liquid retrograde behaviour [17, 18]. A detailed 

understanding of solid-liquid retrograde phenomena may help in the development of new LNG 

plant operation strategies and/or the associated remedial actions: for example, blockages 

caused by the freeze-out of heavy hydrocarbons could potentially be mitigated by actually 

providing further cooling to entirly remove or reduce the amount of solids present.  

 

For the binary system of methane + benzene, ThermoFAST predicts a total of 13 transition 

pathways, six of which are associated with solid-liquid retrograde conditions. These transition 

pathways are explained in detail by Baker (2018) [19], as well as in ThermoFAST’s Help 

function, and in the software package’s User Manual [13]. In this work we aimed to validate 

the ThermoFAST’s predictions of solid-liquid retrograde behavior using the 1012 ppm and 700 

ppm benzene-in-methane mixtures. Table 6 together with Figure 8 illustrate the measured data 

and the images captured for the binary mixture of methane + benzene at a fixed overall benzene 

concentration of 1012 ppm and a fixed pressure of 5 MPa. Figure 8 clearly shows that as the 

temperature deacresed , the amount of solids on the copper tip decreased. Table 6 details the 

measured temperatures at which the images were taken along with the different transition 

pathways observed. The temperature predictions corresponding to a particular transition 

pathway are also listed and show a good consistency with the observations. However, the 

apparent “SLV co-existence” condition observed at around 190 K is a result of the fact that the 

system was in a dynamic state at constant cooling (0.5 K∙ min-1) and not truly at thermal 

equilibrium. Nevertheless, this particular experiment achieved its objective of demonstrating 

clearly that retrograde solidification occurs in the C1+Benzene system and testing 

ThermoFAST’s capability to predict such previously unexpected phenomona. 
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Table 6. Transition pathways for the retrograde solidification measured at fixed benzene 

concentration of 1012 ppm and 5 MPa. (The scan rate of 0.3 K∙ min-1 means that the system 

was in a quasi-static state rather than at true equilibrium.) 

Image 

Number 

Measured 

T/K 

Transition 

Type 

Observed 

Calculated 

ThermoFAST 

T/K 

Transition Type 

Predicted 

(ThermoFAST) 

1 298.15 V   

2 255.21 S-V 257.06 Vapour to SVE 

3 240.07 S-V   

4 191.63 S-V 193.46 SVE to SLE (Solid 

Retrograde) 

5 190.53 S-L-V   

6 187.13 S-L-V   

7 180.54 S-L 180.34 SLE (Solid Retrograde) to 

SLE (Normal) 

8 144.31 S-L   

9 122.57 S-L   
 

Figure 8. Retrograde solidification observed for a methane + benzene binary mixture at 

constant overall benzene concentration of 1012 ppm and at 5 MPa. As the temperature reduced, 

the amount of solids decreased (image #4 to #7), then began to increase (image #8 and 9), as it 

transitioned from S-L Retrograde to S-L Normal behaviour. Temperatures corresponding to 

each image are listed in Table 6. 
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Solid-liquid retrograde behaviour at a lower overall concentration of benzene (i.e. 700 ppm 

benzene in methane) and same fixed pressure (5 MPa) was also measured. The results are 

shown in Table 7 and Figure 9. In addition to retrograde solidification, retrograde melting 

behaviour was also observed, in which solid forms upon heating. During the retrograde melting 

measurement a phase transition from liquid (L) to solid-liquid (S-L) was observed at 193.42 K. 

Interestingly, ThermoFAST predicted the temperature at which this phase transition occurs to 

be 193.34 K, whereas its prediction for the retrograde solidification from S-L to L deviated by 

around 8 K from the observed temperature (188.94 K). This could be due to the fact that the 

retrograde solidification was studied dynamically at a constant cooling rate and hence the 

sample was not actually in an equilibrium condition. One justification to these solid-liquid 

retrograde phenomena can be made via the Gibbs phase rule: for a binary system at SLE 

conditions (two components and two phases), the degree of freedom is two, which can be any 

of the variables temperature, pressure, and mole fraction. If two of these variables are fixed, 

then in case the third variable changes one of the system’s phases must disappear which in this 

case is the solid phase. 

 

Table 7.  Measured retrograde melting and solidification at constant 700 ppm benzene 

concentration in methane and 5 MPa.  

Retrograde 

Type 

Image 

Number 

Measured 

T/K 

Transition 

Type 

Observed 

Calculated 

ThermoFAST 

T/K 

Transition Type  

Predicted 

(ThermoFAST) 

 

 

Retrograde 

Melting 

(Figure 9A) 

1 190.93 L  

 

          193.34  

 

SLE (Solid 

Retrograde) to 

SLE (Normal) 

2 193.42 S-L 

3 194.77 S-L 

4 195.01 S-L 

5 196.13 S-L 

6 196.04 S-L 

 

 

Retrograde 

Solidification 

(Figure 9B) 

1 195.77 S-L  

 

180.34 

 

SLE (Normal) to 

SLE (Solid 

Retrograde) 

2 190.38 S-L 

3 189.43 S-L 

4 189.09 S-L 

5 188.94 S-L 

6 188.74 L 
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Figure 9.  Images of retrograde solid-liquid behaviour in the binary mixture containing 700 

ppm benzene in methane. (A) Retrograde melting: solids appear as the copper tip temperature 

increases, and (B) retrograde solidification: solids melt as the copper tip temperature decreases. 

Temperatures corresponding to each image are listed in Table 7. 
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4.5 Conclusions 

 
The primary motivation of this work was to help improve the prediction of benzene solubility 

in liquefied natural gas (LNG) and minimize the apparent discrepancies and data scatter 

existing in the open literature. Therefore, the specialized visual CryoSolid apparatus was 

utilized to enable the acquisition of new melting temperature data for the methane + benzene 

binary mixtures. New SVE, SLVE and SLE data were measured at temperatures down to 120 

K, pressures up to 22 MPa, and different benzene concentrations ranging from 120 to 1012 

ppm (by mole) in methane. The use of a Peltier-cooled copper tip fitted with an accurate PRT 

sensor immersed in the stirred mixture allowed sensitive measurements of melting 

temperatures in systems with low solute concentrations. ThermoFAST was able to describe the 

SVE and SLE data measured for the 199 and 1012 ppm benzene mixtures within r.m.s 

deviations of 3.4 and 0.68 K, respectively. The higher deviation observed at 199 ppm benzene 

concentration occurred because ThermoFAST over-predicts the melting temperatures in the 

SVE region by 5 K at lower pressures, while the deviations decreased to less than 2 K at SLE 

conditions (T < 160 K). Subsequently, three data points were measured by dilution of the 1012 

ppm benzene mixture with pure methane down to around 750 ppm at 8.5 MPa, 435 ppm at 2.5 

MPa, and 120 ppm at 6.3 MPa. ThermoFAST was able to describe these data with deviations 

ranging from 2 to 5 K. The comparison of data indicated that only the data reported by Kuebler 

& McKinley (1974) [2] had the highest consistency with those measured in this work. The 

CryoSolid apparatus was also employed to measure the solid-liquid retrograde phenomena for 

the first time in the methane + benzene system to experimentally validate ThermoFAST’s 

prediction of such behaviours for methane + benzene mixtures at specific temperatures, 

pressures, and benzene concentrations. For the 1012 ppm benzene in methane mixture, only 

the retrograde solidification (solids melt upon cooling) was observed measured at fixed 

pressure (5 MPa) for several and different transition pathways. The measurements pathway 

was commenced from V to S-V at 255 K, S-V to S-L-Retrograde at 191 K, and eventually from 

SLE (Solid Retrograde) to SLE (Normal) at 180 K. ThermoFAST was able to predict these 

phase transitions within 2 K deviations. For the 700 ppm benzene mixture, a retrograde 

solidification together with a retrograde melting (solids form upon heating) were observed at 

fixed pressure of 5 MPa. For the retrograde melting, the L to S-L transition was measured at 

193 K, while for the retrograde solidification the S-L to L transition was measured at 188 K. 
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ThermoFAST was able to predict these transitions with deviations of 0.6 K and 8.6 K 

deviations, respectively.  
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5. CHAPTER 5 | Preliminary Results 

for Solid - Liquid Equilibria 

Measurements in a Ternary Mixture 

of Methane + Ethane + Benzene 

5.1 Abstract 

The ability of thermodynamic models to 

accurately predict the solid-fluid-

equilibrium conditions occurring during 

LNG production is strongly dependent 

on reliable experimental data for the 

mixtures pertinent to LNG. Binary 

mixtures provide valuable details about 

the interactions between species and as 

such serve as the building blocks of 

accurate thermodynamic models. 

However ternary and higher order mixtures, which are more analogous to LNG, present the 

critical tests of such models in terms of their utility and predictive accuracy. In this work, the 

CryoSolid apparatus was upgraded from the two previous versions to allow the analytical 

measurement of solvent composition in multi-component systems in equilibrium with a solid 

phase. The analytical system, which included a ROLSI sampling valve and capillary together 

with a gas chromatograph, was successfully commissioned and used to measure melting 

temperatures and solvent compositions of a ternary mixture containing methane, ethane, and 

benzene (C1+C2+CB ) at temperatures down to 125 K and pressures to 6 MPa. The effect on 

the solubility of benzene of adding ethane to the solvent was investigated by varying the ethane 

mole fraction from 0 to 0.96. The resulting temperature at which benzene melted into the liquid 

solvent decreased from 246 K at 4.7 MPa to 125 K at 5.7 MPa. The data measured in this work 

were compared against the available literature data for C1+C2+CB ternary mixture together with 

the predictions of the Peng Robinson EOS implemented in the software package ThermoFAST. 
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The comparison showed the new data were consistent with those in the literature, and revealed 

that ThermoFAST could describe the data with a deviation less than 1 K for ethane liquid phase 

mole fractions  from 0 < 
2Cx < 0.5, which increased to less than 4 K for 0.85 <  

2Cx  < 0.97. A 

detailed uncertainty analysis of the data measured in this work indicated that following 

sampling of the liquid phase, the relative uncertainties in composition were between 1 - 6 %.   

5.2 Introduction 
 

Liquefied natural gas consists of a multi-component mixture of light hydrocarbons, mainly 

methane, ethane, and propane, with the presence of trace amounts of heavier hydrocarbons 

such as BTEX compounds (benzene, toluene, ethylbenzene, and xylene) and some alkanes. To 

improve the accuracy of thermodynamic models designed to predict the solubility of those 

heavy hydrocarbons in the multi-component mixtures, one first requires accurate and reliable 

data for binary mixtures. This is because binary mixtures provide insights into the interactions 

between species which are critical in the development of thermodynamic models, particularly 

in developing model’s combinatorial rules [2-4]. However, once these binary interactions are 

characterized, the predictive accuracy of models describing solid-fluid-equilibrium conditions 

for LNG-like mixtures must be examined via experiments involving higher order mixtures such 

as ternary, quaternary, and multi-component systems. It is well known that the presence of 

other compounds in the solvent such as ethane or propane (in addition to methane) can 

dramatically enhance the solubility of the heavier hydrocarbons [5-7].  

In the 1970s attempts were made to investigate and measure the solubility of heavier 

hydrocarbons such as hexane, cyclohexane, heptane, octane, and benzene in the presence of 

methane-dominant mixtures containing ethane, propane, butane, and nitrogen. Table 1 

summarizes the available vapor-liquid equilibrium (VLE) and solid-liquid equilibrium (SLE) 

literature data for ternary and quaternary hydrocarbon mixtures reported in the Dortmund Data 

Bank (known as DDBST GmbH which also includes the data from the Gas Processors 

Associations (GPA) research reports ) [8]. Table 1 indicates that there is only one SLE dataset 

available for mixtures of either methane + ethane + benzene or methane + ethane + propane + 

benzene. This paucity of SLE data for multi-component systems necessitates new experimental 

studies to explore those systems more thoroughly and deeply than previously considered. 
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 Table 1. Literature survey of the available SLE and VLE data for hydrocarbon ternary and 

quaternary mixtures reported in the DDBST GmbH data bank [8]. 

  

The main objective of this work was to incorporate an analytical system into the CryoSolid 

apparatus to study the solubility enhancement caused by the addition of other compounds to 

the solvent mixture. This improved apparatus was then used to measure the composition of a 

ternary solvent mixture of methane + ethane + benzene in equilibrium with a solid phase. To 

implement the analytical capability some minor modifications to the equilibrium cell as well 

as the cryogenic chamber were first carried out. This was followed by the incorporation of a 

sampling valve and its capillary into the cell, the calibration of a gas chromatograph (GC) for 

sample analyses, and commissioning and testing of the entire apparatus.     

 

 

 

 

Mixture 
Phase Equilibria Type 

SLE VLE 

# 
Component 

#1 

Component 

#2 

Component 

#3 

Component 

#4 

Data 

Sets 

Data 

Points 

Data 

Sets 

Data 

Points 

1 Methane CO2 Nitrogen - 5 99 21 357 

2 Methane Ethane CO2 - 6 83 8 207 

3 Methane Ethane Benzene - 1 32 0 0 

4 Methane Ethane n-Hexane - 1 7 0 0 

5 Methane Ethane n-Heptane - 2 41 3 32 

6 Methane Ethane Cyclohexane - 1 39 0 0 

7 Methane Ethane n-Octane - 3 80 0 0 

8 Methane Propane CO2 - 1 12 3 88 

9 Methane Propane n-Hexane - 1 5 0 0 

10 Methane Propane n-Octane - 1 24 5 30 

11 Methane Propane n-Heptane - 1 21 7 66 

12 Methane n-Butane CO2 - 1 13 14 176 

13 Methane n-Butane n-Octane - 1 33 1 5 

14 Methane n-Butane n-Heptane - 1 19 0 0 

15 Methane n-Heptane Nitrogen - 1 15 13 114 

16 Methane n-Octane Nitrogen - 1 27 1 27 

17 Methane Ethane Propane CO2 10 143 36 752 

18 Methane Ethane Propane Cyclohexane 1 11 0 0 

19 Methane Ethane Propane n-Octane 5 115 28 439 

20 Methane Ethane n-Hexane n-Octane 4 86 0 0 

21 Methane Ethane Propane Benzene 1 32 23 409 

22 Methane Ethane Propane p-Xylene 1 10 0 0 
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5.3 Experimental 
 

Figure 1 shows a schematic diagram of the CryoSolid apparatus equipped with the analytical 

system. The injection system, equilibrium cell, cryogenic environmental chamber, data 

acquisition and monitoring system, and the liquid nitrogen delivery system were identical to 

those of the CryoSolid apparatus described in Chapter 4, thus only the analytical system is 

described here. 

Figure 2 shows images of the apparatus with a focus on the analytical system, which includes 

a specialized “Rapid On-Line Sampler Injector” (ROLSI) electromagnetic solenoid valve 

supplied by ARMINES. A capillary tube made from stainless steel 316 was utilized with high 

pressure fittings, 0.13 mm internal diameter, 1.57 mm external diameter, and 250 mm length 

designed for operation at different pressures and flow rates. The capillary extended through the 

cell’s bottom flange, terminating at an intersection with a vertical hole in the flange located 

near the copper tip. The ROLSI sampling valve was mounted horizontally on the right side of 

the cryogenic chamber using a steel plate and bracket. It was heated and kept constant at 423 

K using a cartridge heater inserted into the valve’s body. The temperatures of the sampling 

valve and the transfer lines (described below) were set and adjusted using the ROLSI controller 

box. 

The capillary’s temperature was always observed to be close to that of the environmental 

chamber and very consistent with the PRT inserted into the cell’s bottom flange (TT03). The 

transfer line from the ROLSI valve to the GC column was heated and kept constant at 423 K 

using resistance heating wires to ensure the sample acquired remained in a vapour phase. The 

transfer line was internally coated (performed by SilcoTeK Company) to avoid adsorption of 

the sample on the internal walls of transfer tube; this is critical when measuring mixtures 

containing very low concentrations (parts per million levels) of heavy solutes.     

 



CHAPTER 5: SFE for Ternary Mixture of C1+C2+CB 

118 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Figure 1. Schematic diagram of the CryoSolid apparatus together with the incorporated analytical system.       
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Figure 2. Experimental setup used to carry-out the ternary measurements, highlighting the new analytical system including the ROLSI sampling 

valve, capillary, sample controller box, and the gas chromatograph.  
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A helium carrier gas line (shown in blue in Figure 1) was connected to the ROLSI sampling 

valve to provide a continuous flow through the valve and into the GC column. The helium was 

passed through a heated in-line gas purifier (supplied by VICI Valco Instruments Co.) to 

improve the baseline of the GC signal and also the peak shapes acquired. When the ROLSI 

valve was actuated, the carrier gas ensured that the liquid phase samples were swept along the 

heated transfer lines into the GC columns.  The ROLSI sampling valve was actuated using a 

controller box, which allowed specification of the valve opening time with a resolution of 0.001 

s. Thus, the amount of sample withdrawn could be adjusted by varying the valve opening time 

for a given pressure within the cell. The valve opening times used to acquire the samples 

measured in this work varied slightly depending on the cell pressure and temperature but 

generally an opening time of 0.03 s was used to ensure neither the GC column nor its detector 

were saturated (this was estimated during the GC and detector calibrations). To ensure a 

representative sample was sent to the GC for composition analysis, the sampling lines were 

purged at least 5-10 times (this was found adequate to acquire repeatable responses) at the 

valve opening time of 1 s prior to each sample analysis. 

The GC used in this study was a Shimadzu Model 2010-Plus fitted with a Varian capillary 

column (CP-PoraBOND Q) and a barrier ionization discharge (BID) detector. Details of the 

GC and the method parameters used to analyze the samples are listed in Table 2. These 

conditions were kept constant throughout the detector calibration experiments and the sample 

measurements.  

Table 2. Summary of the method and apparatus parameters used with the Shimadzu gas 

chromatograph. 

Column length, diameter, film thickness 25 m , 0.53 mm, 10 μm 

Column inlet pressure (constant) 25.7 kPa 

Primary pressure 400-500 kPa 

Column flow and total flow 2.4 mL·min-1 and 245 mL·min-1 

Linear velocity 18.3 cm·s-1 

Injection temperature 423 K 

Initial and final oven temperatures 333 K (for C1 and C2 peaks) and 473 K (for 

benzene peak) 

Oven temperature ramp rate 50 K· min-1 

Injection split ratio 100:1 

BID temperature 523 K 
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5.3.1 GC Calibration and Uncertainty Estimates 
 

The CryoSolid apparatus together with its analytical system produced measurements of three 

main quantities: temperature, pressure and liquid phase composition. Because the pressure and 

temperature transducers used in this work were identical to those used in the CryoSolid 

apparatus described previously, the same uncertainty estimates (0.15 K for temperature and 

about 35 kPa for pressure readings) apply for these quantities. The focus here is therefore on 

the uncertainties arising from the liquid phase composition measurements and the GC 

calibration. 

The mole fraction compositions of the liquid samples acquired were calculated from the area 

responses of the BID detector, which was first calibrated for methane, ethane, and benzene 

components using an absolute method. The calibration involved the injection of fixed volumes 

of a known sample using a rotary sampling valve (VICI Cheminert 17S -0123H) connected to 

either an internal groove (≈ 0.5 μL ) or an external loop (5 μL). The sampling valve used for 

the calibration purposes was placed in an oven at a very well-controlled temperature of 318 K, 

which was kept constant for the entire calibration. The groove and loop volumes were filled 

with either pure methane or pure ethane at pressures ranging from (0.2 to 10) MPa, as measured 

by a reference quartz-crystal pressure transducer (Paroscientific Digiquartz 9000-6K-101) with 

estimated standard uncertainty of 0.2 % of the reading above 0.1 MPa. These temperature and 

pressure measurements were used to calculate the molar density of the methane or ethane, using 

the reference equations of state of Setzmann and Wagner [9] and Bucker et. al. [10], 

respectively. When combined with the volume of the loop or groove, the number of moles 

injected into the GC could be calculated. This was converted into a number of moles of each 

component reaching the detector based on the method split ratio of 100:1, which indicates the 

ratio of the flow entering the GC column to that injected; during calibration this particular ratio 

was found to be the most suitable to achieve stable peaks and repeatable results. The absolute 

calibration for these two compounds was carried out by varying the pressures of the pure 

methane and ethane, loaded into either the external loop or groove, and measuring the area 

response of the BID. 
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The number of moles (ni) of component i was found to be a linear function of the area response 

(Ai) with a response factor of (fi) as shown in equation 1: 

i i in A f            (1) 

For the calibration experiments with pure methane and ethane, the ni were known and the Ai 

were measured, which allowed the response factors for these compounds to be determined. 

Figure 3 shows examples of the GC chromatograms acquired during calibration, corresponding 

to pure methane and ethane injected from the loop and groove on the rotary valve. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Examples of the GC chromatogram equipped with BID detector showing the 

corresponding peaks from loop and groove for (A) methane and (B) ethane.    

(A) 

(B) 
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A slightly different approach was required to calibrate the BID’s response to benzene because 

direct injection of pure benzene is impractical both technically (benzene is a liquid at ambient 

temperature) and from an OHSE perspective. Instead, four synthetically prepared gas mixtures 

of methane + benzene (supplied by CACGas & Instrumentation) with 1000, 700, 500, and 200 

ppm benzene concentrations were used to fill the sample groove or loop at pressures ranging 

from 0.2 – 10 MPa (the relative uncertainties of the mixture preparation was 1% as stated by 

the supplier, similar to those listed in Table 2 of Chapter 4). The ratios of the methane to 

benzene areas (A1 / AB) measured by the BID could then be related to the response factor for 

benzene, fB, using the following relation:  

 
1

1
1

B
B

B B

x A
f f

x A



         (2) 

where f1 is the response factor for methane and xB is the mole fraction of benzene in the 

synthetic binary mixtures used for the calibration. The measured calibration data for all three 

components together with the fitted calibration curves for methane, ethane, and benzene are 

illustrated in Figure 4, with R2 values of 0.9999, 0.9998, and 0.9996, respectively, confirming 

the assumption of a linear detector response.   
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Figure 4. The GC calibration curve for (A) methane, (B) ethane, and (C) benzene, showing the 

number of moles of each component as a function of the measured BID area responses for 

pressure ranging from 0.2 to 10 MPa. 

(A) 

(C) 

(B) 
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Once the calibration was complete, the compositions of sample mixtures could be determined 

from the component areas, Ai, measured in the chromatogram by inverting eq (1) for each 

component to determine the number of moles of each compound reaching the detector, ni. The 

mole fraction of component i in the liquid phase (xi) was then obtained from: 

1

i
i N

j

j

n
x

n





                     (3) 

The uncertainty analysis associated with the liquid phase composition measurements was 

carried out using a simplified version of the method suggested by Al Ghafri et. al. (2014) [9], 

where the uncertainty in mole fraction of component i in the liquid phase u(xi) can be calculated 

via: 

 
2 2

22

2 2 2 22 22 (1 ) ( ) ( ) ( ) [ ( ) ( )]( ) ( ) ( ) i i r i
i i

i r i i j r i r i

j i

x x u f u A x x u
x x

u x u T u p
T

u
p

f A


    
   

     
    



            (4) 

where ( /ix T  ) and ( /ix p  ) are the sensitivities of mole fraction of component i, (xi), to 

temperature and pressure, respectively. Also, ur(X) is the standard relative uncertainty of 

variable X.  

The relative uncertainty corresponding to the area of component i, ur (Ai), was based on the 

standard deviations of at least 5 repeated samples. The standard relative uncertainties of the 

response factors are given by: 

2 2 2( ) ( ) ( )r j r j r j cal
u f u n u A   

       (5) 

where subscript ‘cal’ denotes the calibration measurement for component j. Similar to the 

uncertainty calculations shown in the previous chapters, the relative standard uncertainty 

corresponding to the moles of component j, ur (nj), is further related to the uncertainties of the 

pressure, temperature, sample volume, and the equation of state (EOS) from which the density 

was calculated.  
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5.3.2 Melting Temperature and Sampling Measurement Procedure 
 

The melting temperature measurements for a ternary mixture of methane + ethane + benzene 

were carried out using the CryoSolid apparatus equipped with sampling and phase composition 

analysis at different temperatures, pressures and solvent compositions.  Prior to the 

commencement of the measurements, the equilibrium visual cell was cleaned with appropriate 

solvents according to the established procedures developed previously. This was followed by 

an overnight evacuation of the cell at constant chamber temperature of 323 K. The system was 

then cooled down to around 5 K above the estimated (predicted by ThermoFAST) benzene 

freeze-out temperature in the mixture with methane. The cell was charged with the pre-

synthesized mixture of methane + benzene with benzene concentration of 500 ppm, to about 6 

MPa using the ISCO syringe pump (the gas mixture cylinder was heated to about 323 K to 

minimize the adsorption effect). The amount of mixture injected was calculable from the 

pump’s injection temperature (measured via the attached PRT), pressure and the displaced 

volume. The cell pressure was always kept well below 10 MPa, within the analytical system’s 

calibration range. After the injection, the cell inlet valve was closed to isolate the system under 

vigorous agitation to allow a thermal equilibration of the mixture. This provided the 

opportunity to sample and check the composition of the homogeneous mixture (methane + 

benzene). Subsequently, the temperature of the bulk cell and the copper tip were reduced to 

measure the first melting temperature condition. This first measurement corresponded to the 

melting temperature of a single phase homogeneous binary mixture, with no ethane present. 

The composition of this binary mixture was analyzed and found to be consistent (502 ppm 

benzene in methane) with that of synthetic mixture stated by the supplier (i.e 500 ppm benzene 

in methane).  

Once the first point was measured, the lines used to inject samples into the cell were evacuated 

to prepare the system for the addition of pure ethane (in this study only the cell’s top fill valve 

and one syringe pump were used to inject material). The desired amount of ethane was then 

injected to the cell using the ISCO syringe pump while the injection temperature, pressure, and 

displaced volume were recorded to allow the calculation of the overall mixture composition in 

the cell. Before every composition measurement, samples from the cell were purged through 

the GC column (for about 5-10 times) until a constant composition was achieved.  
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5.4 Results and Discussion 

The liquid phase composition was measured after the melting temperature was obtained (i.e 

after all the solids disappeared). Figure 5 shows an example of the chromatogram which shows 

the methane, ethane and benzene components in the liquid sample. Due to the very different 

boiling points of these components a temperature ramp was programmed for the GC column. 

The program started at an isothermal condition of 333 K for 7 min before ramping to 473 K at 

50 K· min-1 heating rate. The temperature was then kept constant at 473 K for 10 min before 

cooling down to 333 K to prepare the system for the next sample. The temperature ramp was 

found necessary to (1) avoid the over lapping of the methane and ethane peaks, and (2) make 

sure the benzene (present at very low concentrations in the mixture) did not adsorb excessively 

on the internal walls of the GC column. Figure 5 also shows that the temperature ramp caused 

a shift to the baseline of the chromatogram, but it did not affect the benzene peak because the 

baseline before and after the peak was stable (the consistency of the peak stability was checked 

during the calibration). The small oscillatory noise apparent in the baseline could be due to (1) 

the presence of a possible defect in the carrier gas purifier, and/or (2) the relatively large split 

ratio (100:1) used. A list of recommendations that could help improve the BID baseline has 

been provided in Chapter 6, Section 6.2. 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. An example chromatogram showing the peaks corresponding to the three 

components in a liquid mixture sample, i.e. methane, ethane, and benzene   
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In this work the melting temperature measurements were carried out at SVE, SLVE, and SLE 

conditions for the ternary mixture of methane + ethane + benzene. The classification of a 

measurement point as SVE, SLVE or SLE is based upon the phases observed to be present in 

the cell at the melting temperature condition. Figure 6 illustrates the images captured during 

those measurements, highlighting the freezing and melting of solid benzene (as a solute) in the 

mixture with and without the presence of ethane in the solvent. Figure 6 (A) shows the melting 

of benzene solids on the copper tip, which was cooled using the two Peltier modules (detailed 

in Chapter 4), at 246.5 K, 4.7 MPa, and an SVE condition. As ethane was dosed to the cell, a 

liquid phase rich in ethane appeared which dramatically dropped the benzene melting 

temperature in the mixture. As the functionality of Peltier modules deteriorated at very low 

temperatures, only the bulk temperature was adjusted to conduct the melting temperature 

measurements, thus the benzene solids appeared in the liquid mixture (and not on the tip) as 

the temperature reduced (Figure 6 (B) and (C)). The use of bulk temperature to carry out such 

measurements was found to be as accurate as when the copper tip and Peltier modules were 

used (i.e. within ± 0.15 K), but required a longer time to allow the contents of the cell reach 

equilibrium. 
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Figure 6. Examples of images captured during the measurement of C1+C2+CB ternary mixtures 

showing the melting of solid benzene at: (A) an SVE condition where no ethane was present 

(500 ppm benzene in methane, at 246 K and 4.7 MPa), (B) SLVE conditions where the benzene 

solids appeared/disappeared in the ethane-rich liquid phase (142 K and 0.68 MPa) , and (C) an 

SLE condition (125 K and 5.7 MPa) where the equilibrium cell was completely filled with a 

liquid phase that was nearly equal in its fractions of methane and ethane. The Peltier element 

was used to cool the copper tip in (A) but could not be used effectively at the low temperatures 

in (B) and (C).   
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The results of the SVE, SLVE, and SLE measurements for the ternary mixture of methane + 

ethane + benzene are shown in Figure 7 and tabulated in Table 3. They span temperatures down 

to 125 K, pressures up to 6 MPa, and ethane mole fractions in the liquid phase ranging from 0 

to 0.97. Figure 7 (A) shows the effect of ethane addition on the melting temperature of benzene 

(as a solute) in the presence of methane: the first point measured when no ethane was present 

was an SVE condition at 500 ppm benzene in methane. Subsequent additions of ethane created 

an SLVE condition where two further melting temperatures were measured. The addition of 

ethane dramatically reduced the melting temperature from about 247 K (at the SVE condition) 

to 137 K (SLVE). At this condition most of the methane in the cell was within the vapour 

phase, which was not sampled (only samples of liquid were taken from the cell’s bottom). The 

system temperature was then cooled while its pressure was raised via the syringe pump, with 

all of the remaining gas phase (rich in methane) converting into a liquid as more ethane was 

added to the cell, making the mixture a single phase system before the last melting temperature 

was measured. The last melting temperature measurement was thus an SLE condition which 

occurred at 125 K, 5.7 MPa, with a sharp increase in the methane mole fraction in the liquid 

phase apparent from about 0.03 (at the coldest SLVE condition) to over 0.43. The increased 

methane mole fraction obviously reduced the mole fraction of ethane from 0.85 and 0.96 (at 

SLVE points) down to 0.56 (SLE point).  

The measured melting temperature data were compared with the literature data of Tiffin et. al. 

(1979) [10] and the predictions of ThermoFAST. Figure 7 (B) shows the deviations between 

the experimental data measured in this work and in the literature and those calculated using 

ThermoFAST at the corresponding experimental conditions. The plot indicates that the melting 

temperatures can be predicted within a root mean square (r.m.s) deviation of 2.5 K and 0.6 K 

for the data measured in this work and in the literature, respectively. The data reported in the 

literature were limited to an ethane mole fraction below 0.6. For the same range, the data 

measured in this work are also in a very good agreement with the ThermoFAST predictions, 

with deviations of less than 1 K. The increased deviations observed at 0.85 and 0.96 (over 3.5 

K) suggest that the ThermoFAST model does not describe the ethane + benzene binary 

sufficiently well in this range of conditions. There are only two datasets available in the 

literature [13-14] for the binary of ethane + benzene; however no data were measured at 

conditions similar to those in this work (i.e the lowest temperature reported in the literature 

was 175 K with no mention of the system pressure). The other reason for the higher deviations 
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observed in this work was that the impact of methane on ethane-benzene interaction could be 

more complex than implicitly assumed by models based only on binary interactions. 
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Table 3. Experimental melting temperature results for the ternary mixture of methane + ethane + benzene at different pressures, overall 

compositions, liquid phase compositions, and phase equilibria. 

 
                    a The standard uncertainty in temperature and pressure measurements were less than: u (Tmelt) = 0.15 K and u (pmelt) = 0.35 kPa.   

 

1Cz  u(
1Cz ) 

2Cz  u(
2Cz ) 

BCz  u(
BCz ) 

1Cx  u(
1

C
x ) 

2Cx  u(
2Cx ) 

BCx  u(
BCx ) 

Tmelt 

/K a 

pmelt 

/MPa 

a 

Phase  

Observed  

at Tmelt 

0.9995 0.0091 0 - 5 Х10-4 1.5 Х 10-5 - - - - - - 246.52 4.74 SVE 

0.815 0.0074 0.1845 0.0211 4.1 Х10-4 1.8 Х 10-5 0.1409 0.0058 0.8583 0.0186 6.3 Х 10-4 2.1 Х 10-5 142.35 0.68 SLVE 

0.5995 0.0032 0.4002 0.0337 2.9 Х10-4 1.3 Х 10-5 0.0336 0.0021 0.9659 0.0574 4.4 Х 10-4 1.3 Х 10-5 136.51 0.32 SLVE 

0.4341 0.0084 0.5658 0.0412 9.7 Х 10-5 2.8 Х 10-6 0.4341 0.0084 0.5658 0.0412 9.7 Х 10-5 2.8 Х 10-6 125.47 5.69 SLE 
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Figure 7.  (A) Melting temperatures of C1+C2+CB mixtures at SVE (at 500 ppm benzene in 

methane), SLVE, and SLE conditions measured in this work as a function of ethane mole 

fraction, together with the values calculated using software package ThermoFAST and reported 

in the literature [10]. The values calculated using ThermoFAST are at the same pressure and 

(overall) compositoin as the data obtained in this work, while the data of Tiffin et al. [10] are 

at different pressures and compositions. (B) Deviations of the melting temperatures measured 

in this work and in the literature [10] from the values calculated by ThermoFAST using the 

corresponding experimental conditions. 

4.7 MPa 

0.6 MPa 

0.3 MPa 5.7 MPa 
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5.5 Conclusions 
 

The CryoSolid apparatus was successfully modified and equipped with an analytical system to 

allow the study of multi-component hydrocarbon systems which are more pertinent to LNG 

production. The upgraded apparatus was calibrated and then used to measure  SVE, SLVE, and 

SLE conditions in ternary mixtures of methane + ethane + benzene at temperatures down to 

125 K , pressures to around 6 MPa, at different solvent compositions. The analytical system 

used to measure the solvent phase composition included a ROLSI sampling valve and its 

capillary, together with a gas chromatograph (GC) which was fitted with a BID detector. The 

uncertainty analysis for the analytical system indicates that the mole fraction of each 

component in the liquid phase of the ternary mixture could be determined with a standard 

relative uncertainty ranging from (1 to 6) %. 

The effect of ethane addition to the mixture of methane + benzene was investigated with the 

addition of around 85 mol % of ethane (in the liquid phase) significantly dropping the melting 

temperature of benzene (as a solute) from 246 K to 142 K. The measured melting temperature 

data obtained in this work were compared with the available literature data for this ternary 

system and the predictions of the software package ThermoFAST. The r.m.s deviations of the 

experimental points from those predicted by ThermoFAST ranged from 0.6 K for the literature 

data to 2.5 K for those data measured in this work. The higher deviation observed for ethane-

rich regions suggests that ThermoFAST may not adequately describe the binary mixture of 

ethane + benzene, which could be due to the lack of experimental data at conditions similar to 

this work available during the model’s development. This implies that improved predictions 

for the ternary mixture of methane + ethane + benzene require accurate experimental data for 

the binary mixture of ethane + benzene to optimize the corresponding binary interaction 

parameter. 

Several areas for improvement which would likely reduce the associated uncertainties of the 

analytical measurements were identified. For example, a more extensive GC calibration could 

be conducted for benzene using multiple calibration gas standard mixtures with different 

benzene concentrations. The effect of split ratio on the stability of the BID baseline should be 

also investigated to optimize the signal-to-noise ratio. Furthermore, an investigation should be 

made into the optimization of the ROLSI sampling valve opening time and the number of 

purges required. This is to assure representative samples are taken for analysis without risking 
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the perturbation of equilibrium conditions, which may occur upon an excessive removal of the 

cell’s contents. A series of optimization work is recommended in Chapter 6 which are intended 

to help reduce the aforementioned uncertainties to below 1 %.   
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6. CHAPTER 6 | Conclusions and 

Future Work 

6.1 Conclusions 
 

Avoiding heavy hydrocarbon solid formation and deposition are ongoing, ubiquitous 

challenges throughout the global liquefied natural gas (LNG) industry. Over-engineering the 

LNG plant equipment and unscheduled plant shutdowns due to the blockages caused by the 

freeze-out of heavy hydrocarbons such as C5+ are among those challenges. Three main 

objectives achieved in this work were: (1) development of an apparatus designed for visual 

measurements of solid−fluid equilibrium (SFE) in hydrocarbon mixtures at temperatures, 

pressures, and compositions relevant to LNG production, (2) filling some of the existing 

literature gaps and extending the body of SFE data for LNG-like mixtures by generating 

reliable experimental data which are accompanied by detailed uncertainty analysis, and (3) 

experimental evaluation of SFE predictions made by the thermodynamic model implemented 

in the software package ThermoFAST. 

To achieve the above goals, the CryoSolid apparatus which consists of a visual high pressure 

sapphire cell (57.2 mm OD, 38.3 mm ID, and 747.7 mm H) equipped with a Peltier-cooled 

copper tip immersed in the liquid mixture, was developed. The apparatus’s design together 

with the measurement methodology were successfully validated against literature data by 

measuring the SFE of a reference binary mixture of octadecane + cyclohexane at temperatures 

ranging from 280 K to 301 K, pressures from 0.004 to 5.3 MPa, and across the full composition 

range. These measurements showed that, without optimization, the CryoSolid apparatus was 

initially capable of SFE measurements with uncertainties less than 0.2 K, 30 kPa, and 0.003 in 

temperature, pressure, and solute mole fraction, respectively. Higher accuracies were achieved 

by further optimizations as discussed in Chapters 3-5. 

Following the validation test, melting temperature measurements were carried out for 

synthetically prepared methane + p-xylene and ethane + p-xylene mixtures at temperatures 

from 200 K and pressures up to 22.5 MPa under various conditions of phase equilibria. These 

data were compared with the predictions of the Peng Robinson EOS implemented in the 

software package ThermoFAST using various VLE and SFE-tuned binary interaction 
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parameters (BIP), providing insights into p-xylene solubility in LNG production. To make 

melting temperature predictions the BIP’s were tuned to either the measured VLE or the 

SLVE/SLE data. For methane + p-xylene, the VLE-tuned BIP systematically under-predicted 

the measured data with an r.m.s deviation of 3.1 K, while this deviation significantly reduced 

to 0.4 K when the SLVE-tuned BIP was used. For ethane + p-xylene the VLE-tuned BIP, 

estimated using a group contribution method, systematically over-predicted the data with an 

r.m.s error of 6.5 K, while it improved by over 50 % ( r.m.s ~ 3 K) upon tuning to the measured 

SLE data. To predict the maximum allowable p-xylene concentration in liquid methane at 

conditions similar to the operation of the main cryogenic heat exchanger in an LNG plant (4 

MPa, 123 K), the VLE-tuned BIP led to an over-predication of the p-xylene concentration by 

factor of 20 compared to when the BIP was tuned to the measured SFE data. Equivalently, to 

predict the maximum allowable temperature for p-xylene in methane mixture, the VLE-tuned 

BIP resulted in 18 - 20 K under-prediction compared to when BIP was tuned to the measured 

melting temperature data. These differences suggest that to accurately describe the melting 

temperature data at conditions of interest (e.g. SVE, SLVE, or SLE), only the BIP tuned to data 

measured at similar conditions can make the most accurate predictions.  

To further test the capability of ThermoFAST (with its default model) in describing the melting 

temperature data for systems with more relevance to LNG production, new SFE measurements 

were carried out for binary mixture of methane + benzene at temperatures down to 120 K, 

pressures up to 22 MPa, and different benzene concentrations ranging from 120 to 1012 ppm 

(by mole) in methane. ThermoFAST was able to describe the SFE data measured for the 199 

and 1012 ppm benzene mixtures within r.m.s deviations of 3.4 and 0.68 K, respectively, while 

the r.m.s deviation for benzene concentrations ranging from 120 - 750 ppm was about 1.8 K. 

These experimental data identified that ThermoFAST more accurately predicts SLE data 

(which are most relevant to LNG production) than those exhibited SVE behavior. The higher 

deviations found in the prediction of SVE data could be because (1) the melting temperatures 

in SVE regions showed a higher dependence on pressure which was overlooked in some 

literature data used for the development of ThermoFAST, (2) the temperature dependence of 

the BIP used in the cubic equation of estate and its impact on the performance of models are 

not very well studied for this binary system, and (3) use of a single BIP to describe both SVE 

and SLE regions was not adequate.  
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One fascinating aspect of those methane + benzene measurements was the opportunity to 

observe the retrograde solid-liquid phenomenon for the first time in this system where solids 

form upon heating (retrograde melting) or melt upon cooling (retrograde solidification). Two 

sets of measurements at fixed benzene concentrations of 1000 ppm and 700 ppm were carried 

out along different transition pathways. Interestingly, ThermoFAST was able to predict the 

phase transition temperatures in retrograde regions to within 3 K of the measurements for the 

1000 ppm system. For the 700 ppm system, the retrograde melting temperature was predicted 

within 0.2 K, although the apparent deviation increased to near 8 K for the retrograde 

solidification measurement when the system was at a dynamic state under constant cooling. 

These observations help better understand the complex phase behaviour in LNG mixtures 

which are essentials in the developments of thermodynamic models.  

To critically test the performance of models such as ThermoFAST in terms of their utility and 

predictive accuracy in multi-component mixtures analogous to LNG, experimental 

measurements should be extended from binary to higher-order mixtures. To enable that, the 

CryoSolid apparatus was upgraded to allow the SFE and the phase composition measurements 

of a ternary mixture of methane + ethane + benzene at temperatures down to 125 K and 

pressures to 6 MPa. The phase composition measurements were carried out using a gas 

chromatograph (GC) with a BID detector. Addition of ethane as a solvent dramatically reduced 

the melting temperature from about 250 K at 4.7 MPa (SVE) to 125 K at 5.7 MPa (SLE). The 

measured melting temperature data obtained in this work were compared with the available 

literature data and the predictions of ThermoFAST. The r.m.s deviation of the measured data 

from those calculated using ThermoFAST ranged from (0.6 to 2.5) K. The deviation increase 

observed in the ethane-rich region could be due to (1) poor ethane + benzene literature data to 

which ThermoFAST’s BIP is tuned to, suggesting the need for more relevant and accurate 

binary experimental data for this system, and (2) the complex impact of methane on the 

interaction of ethane with benzene which is not very well-understood. 

Overall, this work has shown the development of an apparatus capable of analytical SFE 

measurements at temperatures down to 85 K and pressures to 31 MPa. It demonstrated that un-

tuned default thermodynamic models (e.g Peng-Robinson EOS) implemented in software tools 

such as Multiflash can be inaccurate for even simple binary mixtures. In addition, it showed 

that tuning the binary interaction parameters to the SFE data, as opposed to VLE data, can 

significantly improve melting temperature predictions. This work provides new data necessary 
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to tune BIPs central to predictive models and allows their dependence on temperature and 

composition to be investigated in terms of their impact on the prediction of hydrocarbon SFE. 

The LNG industry can benefit from the data measured in this work through the evaluation of 

the accuracy of the simulation tools used to predict the maximum allowable concentration or 

temperature of p-xylene and benzene in mixtures with liquid methane and/or ethane at LNG 

conditions. The solid-liquid retrograde phenomena observed provides insight into the phase 

behavior of LNG mixtures which is more complex than expected; once understood, retrograde 

behavior may potentially provide novel hydrocarbon freeze-out and blockage mitigation 

strategies to be developed for LNG plants. Furthermore, the ternary system studied in this work 

revealed that the ability of thermodynamic models to accurately predict the SFE conditions in 

multi-component mixtures is strongly dependent on reliable and accurate binary experimental 

data for the species present in the mixture. Collectively, these results reflect the importance of 

extending the experimental data available for heavy hydrocarbon solubility in terms of their 

impact on operating strategies and risk assessments during LNG production.  

One interesting application of this research was found in space science on the solubility of 

species such as benzene in liquid methane and ethane at conditions similar to those on Saturn’s 

moon Titan (temperatures down to 95 K and pressure to 0.15 MPa). This research with its 

proven experimental capabilities can significantly contribute to the understanding of the 

thermodynamic properties of Titan’s methane and ethane lakes, and the associated dissolution 

geology [1-4]. 

6.2 Recommendations for Future Work 

The recommendations are provided in two sections: (1) apparatus and experimental procedure 

improvements, and (2) recommendations for future measurements. 

6.2.1 Apparatus and Experimental Procedure Improvements 

The followings are recommended to improve the efficiency and performance of the CryoSolid 

apparatus and the measurement procedures: 

1- The performance of Peltier modules at low cryogenic temperatures (< 170 K) should be 

improved by: (A) use of different module types or brands, and/or (B) multi-stacking the 

modules. It was found that stacking the Peltier modules improved their performance at lower 

temperatures. Use of cold nitrogen vapor in a chamber around the copper post and its base 
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could be an alternative solution; however it may not achieve similar scan rates (0.1 K·min-1) as 

produced by the Peltier elements. 

2- Further efforts can be made for auto-detection of solids on the copper tip via an image 

processing software such as NI Vision. Although this would help enhance the data generation 

rate, it would not necessarily improve the data quality or accuracy as in systems with small 

amount of solute, the detection of solids formed or melted require precise judgement which 

currently is achieved by ‘trained eyes’. 

3- The GC calibration needs to be extended for methane, ethane, and benzene mixtures to 

improve the accuracy of the composition measurements (described in Chapter 5) by covering 

wider area ranges to double check the linearity of the area response against the number of 

moles.  The GC chromatogram’s baseline should be without any noise or fluctuations. This can 

be achieved by checking the performance of the carrier gas purifier and the GC column fittings. 

It was found that the tightening torque for the GC column fittings and also the level at which 

the column’s capillary tube is inserted to the relevant connections before tightening the nuts 

can affect the GC performance and the chromatogram baseline. Also, the effect of different 

split ratios (possibly lower than 100:1) on the baseline stability should be examined.  

 4- The ROLSI sampling valve needs to be connected to and controlled by the PC. The sampling 

time and frequency, valve opening time, and flushing the system should be automated to 

optimize the sampling efficiency and data analysis.  

5- The CryoSolid apparatus which uses the cryogenic environmental chamber requires the 

supply of a high pressure liquid nitrogen (LN2) or cold nitrogen vapor for optimum temperature 

uniformity. The current LN2 delivery system should be upgraded to a self- pressure-building 

system to assure constant pressure is supplied to the chamber. Also, since the LN2 refilling 

requires manual transport of the Dewar, it is recommended that one with improved manual 

handling capabilities, such as large wheels and handles, be acquired.    

6.2.2 Recommendations for Future Measurements 

Future research should focus on filling the existing literature gaps for the SFE of heavy 

hydrocarbons in liquid methane and ethane in binary and higher-order mixtures. As more 

experimental data become available the thermodynamic models can be tuned to improve their 

accuracy. To enable that, the following experiments are proposed for future study with the 

CryoSolid apparatus: 
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1- To further improve the accuracy of models such as ThemoFAST in ternary mixtures of 

methane + ethane + benzene mixture, a binary mixture of ethane + benzene should be 

measured. This will provide the opportunity to identify whether the higher deviation 

corresponding to ethane-rich data points in the measured ternary system stem from the binary 

discrepancies or there is an intrinsic issue with the model itself that underperforms in multi-

component systems.   

2- The formation and deposition of ice or hydrates in LNG are not very well understood. In the 

blockage incident occurred in the RasGas LNG plant, about 100 liters of water were collected 

after the plant shutdown occurred [5]. This was because the freeze-out caused by the C5+ 

compounds acted as an adsorption site for the water molecules that were present in the stream. 

Currently the LNG industry uses between 0.1 and 1 ppmv as an operational moisture limit; 

however accurate measurements on the solubility of water are required to better understand ice 

or hydrate formation at LNG conditions.  

3- Neopentane which has a high pure component melting temperature (256 K) was found to be 

of a concerning freeze-out risk in LNG production and there are only 3 data points available in 

the literature with no reported pressures. A few measurements were carried out in our 

laboratories (not included in this thesis) on the solubility of neopentane in methane. It was 

revealed that the scarcity of the experimental data for this mixture has led to significantly 

erroneous model predictions. The solubility of neopentane in liquid methane and ethane should 

be measured at different pressure, temperature and composition ranges to improve the model 

predictions. 

4- Solubility of ethylbenzene in liquid methane and ethane should be investigated. 

Ethylbenzene is one of the BTEX compounds with no experimental data available in the 

literature. 

5- The effect of inert gasses such as nitrogen, argon, and helium on the solubility of benzene 

in the presence of methane should be experimentally studied. ThermoFAST predicts that the 

addition of nitrogen deteriorates the solubility of benzene in LNG mixtures, while the addition 

of helium slightly enhances its solubility in the same LNG mixture. 

6- According to a thorough survey carried out by Campestrini and Stringari (2018) [6], there 

are literature gaps and lack of understanding for the freezing potential of heavy paraffins in C8 

- C20 range at LNG conditions. Even though the concentrations of such heavy hydrocarbons 
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are very low in LNG, reductions in pressure can result in conditions where they will likely 

freeze out. The experimental data on the solubility of such heavy hydrocarbons in even simple 

binary mixtures with methane are scarce or non-existent. 

7- For the other aspect of this research in space science, the solubility measurements for the 

following compounds in liquid methane, ethane, and propane in the presence of nitrogen are 

of particular interest to potentially help understand the dissolution geology of Saturn’s moon 

Titan: Benzene (C6H6), acetylene (C2H2), ethylene (C2H4), hydrogen cyanide (HCN), 

acetonitrile (CH3CN), acrylonitrile (CH2CHCN), and cyanoacetylene (HCCCN). It is 

noteworthy that some of these compounds pose appreciable safety risks; for example acetylene 

can react with copper and produce a combustion reaction. Therefore, a detailed risk assessment 

would be required prior to conducting any experimental work with such compounds. 
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