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Modelling the direct syntbesis of dimethyl carbonale in supercritical C02 

Abstract 
The recent developments in "green technology " have been in new synthesis routes 
for dimethyl carbonate (DMC). These developments are driven by the versatile 
applications of DMC. At present the dimethyl carbonate production is 20% of the 
expected need for the product. The low production is because of the disadvantages of 
the traditional synthesis routes. A new promising reaction route is the direct synthesis 
of dimethyl carbonate from methanol and supercritical carbon dioxide. For the system 
little is known about the phase behaviour. 

In this report an attempt is made to model the phase behaviour during the direct 
synthesis of DMC. The way this is done is by finding the binary interaction 
parameters from binary systems. When the binary interaction parameters are found an 
attempt to find the temperature influence is made. The temperature dependenee on the 
binary interaction parameters is tested on higher component non-reacting systems. 
The next step is a model for the reaction. With the knowledge of the phase behaviour, 
different possibilities to separate DMC mixtures can be considered. 

The model that is used for the deterrnination of the phase behaviour is based on the 
Soave Redlich Kwong equation of state model with the van der Waals mixing rule. 
This is concluded from modeHing the binary interaction parameters. For a good 
deterrnination of the best option, several models and mixing rules are considered. 

From the results of tbe binary systems the temperature influence on the binary 
interaction parameters is considered. It is seen that there is a linear dependency. The 
temperature influence is taken into account. The comparison of the phase behaviour 
model with literature data for the ternary system shows that that parameters for 
ternary vapour-liquid systems are accurate. 

The liquid-liquid equilibrium in ternary systems is not modelled accurately, 
sarnething that is also seen in the quaternary systems. For this reason the phase 
behaviour model contains no predictions on the liquid-liquid equilibriums. 

The model in this report is tested for the quaternary non-reacting mixtures against 
experimental data. The model still contains large deviations when the fraction of the 
methanol over C02 is high. If the fraction is decreased these deviation disappear. 

Finally, the thermodynamic model is implemented in three models descrihing a part 
of the reacting system. The first is a "batch reaction model", which shows the phase 
behaviour and pressure as the reaction progresses. The second model calculates 
several phase envelops for different conversions, in this way an idea about the 
working condition can be obtained. The third model calculates ternary phase 
behaviour diagrams, which can help in deterrnining the conditions to separate 
dimethyl carbonate from the other components. 
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1 Introduetion 

1. 1 The essence of dimethyl carbonale 
In the last decades a demand for greener technology has come to existence and keeps 
growing every day. Green technology exists of many improvements on several 
concepts and principles; such as waste minimization, solvent selection, catalysis and 
alternative synthetic routes from sustainable resources.!Rer 11 

The challenge in research is to provide understanding for developing new reaction 
pathways, products and production processes according to the before mentioned 
principles. For example, a lot of organic carboxylates are interesting targets since their 
conventional production involves the use of toxic reactants. 

In recent years the synthesis and application of dimethyl carbonate (DMC) has 
received much attention. This is mostly due to the low toxicity and the versatile 
applications of DMC. As example DMC is used as a solvent (paints), methylating 
reagent., carbonylation reagent and reactant for the production of polycarbonates and 

· polyurethanes. One of the most economie valuable applications is the use of DMC as 
an octane booster in fuels. A study to this last application has been done by Pacheco 
et al [Ref. 21, in which not only the economical aspects are investigated, but also the 
impact on health, safety and characteristics of the DMC[Ref. 21, report have been made 
on the biodegradability of DMC[Ref. 31. 

The traditional way to produce DMC is by phosgenation or oxidative carbonylation of 
methanol, as an example the phosgenation route is illustrated with Scheme 1.1Rer 41 

+ 2HCI 

Scheme 1: The classic synthesis route of DMC using phosgene. 

Both traditional reactions have a few drawbacks, for instanee the synthesis routes 
generally use poisonous and/or corrosive gases like chlorine (phosgenation), phosgene 
(phosgenation) and carbon monoxide (carbonylation). For this reason environmentally 
friendly and safer synthesis routes have been investigated. 

One of the alternative routes is the direct synthesis of DMC from methanol and 
(supercritical) carbon dioxide (C02), as shown in Scheme 2. The new synthesis route 
has a lot of proruising possibilities, for example carbon dioxide is one of the reactants 
and this reactant is a non-toxic and non-flammable species. Besides that the carbon 
dioxide is relatively cheap and after reaction the carbon dioxide can easily be 
separated from the products. 
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Scheme 2: The direct synthesis of DMC from methanol and carbon dioxide. 

Despite the numerous advantages mentioned on the new reaction scheme, there still is 
a mayor problem. The reaction has a very low equilibrium conversion of the methanol 
into DMC. The typical equilibrium conversion of methanol that is reported by 
literature [Ref. 51 is around 1%. 

The thermadynamie equilibrium can be overcome. This is done by selectively 
removing one of the products. Several proposals have been made to selectively 
remave (one of) the products, for instanee in the experiments by Choi !RersJ. 

Probieros exist on predicting the behaviour of the system, due to the fact that until 
now it has been very difficult to simulate the phase behaviour of a multi component 
supercritical system. Attempts to describe the phase behaviour of the direct synthesis 
of DMC have been made by Camy et ai.fRer 61 and Pinero et al. [Ref. 

71. It is important to 
understand the phase behaviour of the system. Understanding the phase behaviour can 
enhance the equilibrium conversion of the reaction, discussed by Hou et al. [Ref. 

81 

1.2 Supercritical fluids & phase diagrams 
As indicated the direct synthesis of DMC wiJl be carried out in supercritical carbon 
dioxide. This is done for two reasons. The first is that due to the higher pressure of the 
supercritical system, the carbon dioxide concentration is higher. The higher 
concentration means that more C02 is present in the system forcing the equilibrium to 
the product side. 

The second part is that with the supercritical C02 a one-phase system arises, 
eliminating problems in typical two-phase systems. For example there are no more 
diffusion probieros that occur in a two-phase system, because only one phase is 
present in the system, this means there is no more transport limitation. A supercritical 
fluid is defined as a state of a compound, mixture or element above its critica! 
pressure and critic al temperature [Ref. 

91
, but below the pre ss ure required to condense it 

into a solid. As an illustration Figure 1 is added. 

Pç -P 

Figure 1: Schematic phase diagram of a pure Figure 2: Example of the phase diagram for the 
substance [Rer. 91 reactants and products of a reactive mixture. R 

stands for reactants and P for products. [Ree. 91 
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The phase diagram of a pure component is in itself quite simple and straightforward. 
A different situation arises when the phase diagram is changed to mixtures and even 
more difficult is the changetoa reactive mixture. The extra difficulty for the reacting 
mixture is the time dependenee of the composition, meaning that the phase behaviour 
is dependent on the conversion of the reaction fRef 

101• To illustrate the effect of reaction 
on the phase behaviour Figure 2 is added. 

Figure 2 contains several lines, but to explain and illustrate the effect of the reaction 
on the phase behaviour the solid lines are the most important. The solid line indicated 
with R is the case where only the reactant are present, for the solid line with P only 
the products are present. What can be seen in the tigure is that there is a difference in 
the phase envelops when the reaction has to start and when it is finished. This 
difference needs to be known for determining the conditions to keep the system in a 
homogenous mixture. This last part is shown with the circles, these illustrate the 
different conditions that are needed to keep a one phase system. 

If it is assumed that the reaction reached a conversion of 100%, the system transforms 
from one phase envelop to the other. This transition is what occurs during the 
reaction, causing the shape and position of the phase envelope to change. And as a 
consequence of the change the phase behaviour of the system changes. The dasbed 
and dotted lines in Figure 2 illustrated the phase envelop at different conversions. 

Doing experiments and modeHing the phase behaviour does not only give an insight 
into the conditions of the mixture while it is reacting. It also can help with the 
separation processes of the components. For a valuable product the DMC needs to be 
obtained pure. Even if a conversion of 100% is obtained a mixture of water and DMC 
is left. So a separation process must be done, in which the phase behaviour plays an 
important role. The biggest difficulty will be the azeotropic mixture of water with 
DMC. Several separation processes are examined by de la Torreet al. [Ref. 

111
, but their 

results are limited because there is not much known of the thermodynarnic behaviour. 

1.3 Goal 
The aim of this project is to comprehend the phase behaviour of the different 
components involved in the direct synthesis of dimethyl carbonate, so that a model 
can be developed to predict whether a single or more phase system is present. With 
other words the phase behaviour of methanol with carbon dioxide, dimethyl carbonate 
and water must be known. 

A second aim is to use the phase behaviour model in such a way that the pressure can 
be used as an indication for the reactor composition. 

The final aim is to use the phase behaviour model in a batch reactor. This batch 
reactor would have a membrane that contains a catalyst. This type is better known as a 
Catalytic Membrane Reactor. With the model the phase behaviour and mixture 
composition in the reactor can be simulated and predicted. 
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1.4 Approach 
In order to reach the goals that are set in this study, the work that needed to be doneis 
subdivided in to the following steps: 

1. Reproduetion of the literature model starting from a non-reacting binary 
system. When enough is known about the binary systems an extension is made 
to the non-reacting temary system and finally the non-reacting quatemary 
system. 

2. Implementation of experimental data for non-reacting mixing is achieved in 
this study. The experimental set up and procedures is verified for a binary 
system. The experimental data with an satisfactory accuracy will be used in 
the model. 

3. ModeHing the reacting system for the direct synthesis of dimethyl carbonate in 
a integrated reaction and separation process 
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2 Ex peri mental 

2. 1 Materials 
Carbon dioxide (grade 5.0, purity 99%) was obtained from Hoekloos. Dimethyl 
carbonate (purity 99%) was purchased from Merck and used as received. Methanol 
(water ~ 50 ppm) was purchased from Acros. Water was standard demi water. The 
methanol was stored with molecular sieves 4A and argon. For the gas 
chromatography purposes N,N-dimethylformarnide (reagent ACS, purity 99%) and 
1,3,5-trimethylbenzene (purity 99%) was purchased from Acros. 

2.2 Experimental set-up 
The experiments were preformed in a high-pressure view cell with a variabie volume. 
The scheme for the total set-up in Figure 3 is added. The set-up consistsof a (stainless 
steel) view cell (SITEC, V= 0.011L-0.025L, T max= 200 oe, Pmax= 300 bar), equipped 
with a magnetic stirring plate and bar (Kika labotechnik). The reactor pressure and 
temperature were continuously measured and stored by Labjack Vl2. 

The temperature for the view cell is controlled by using a Lauda Proline 5 oil bath and 
for controlling the temperature for the C02 feed is done with a Huber CC 230 
cryostat. For pumping the C02 and liquids into the view cell 2 HPLC pumps are used 
from Jasco PU-2086 plus. 

Figure 3: A schematic overview of tbe experimental setup and a pbotograpb of tbe real set up 

The different components that will be added to the view cell will be weight with a 
analytic balance of Sartorius BP 2210 (Max = 210g, dev= 0.01 mg (80 g) and 0.1 mg 
(210 g)). 

Another analysis tooi that was used for this report was a gas chromatograph, which 
was set up with the following specifications, an Interscience Fisons 8160 capillary 
column (length = 30 m) for the separation and a FID-80 detector. The detector is not 
able to measure COz and water. The carrier gas that was used is helium, while the 
injector and detector were operated at a temperature of 215 °C. 
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The construction of the view cell set-up as illustrated in Figure 3 has extra benefits, 
especially for determining phase equilibriums. For instanee the feeding of the 
different components to the system is divided. There is a separate feed for the COz 
and one for the liquids. This prevents mixing in the feed lines and makes the 
determination of the mol fractions more accurate. 

Another advantage on the set-up is the metering valve for controlling the Nz 
controlled volume of the view cell. The valve can slowly release Nz and change the 
pressure in a highly controllable way, meaning the temperature stays more stable. 

For cleaning the view cell there is the possibility to flush with argon and to apply 
vacuum. As will be explained later, this possibility ensures a clean view cell is used 
when determining the phase equilibriums. 

A sample port was added with a volume of 0.5 mL, to check the mol fraction of the 
components in the view cell. This is important for non-reacting mixtures, as it is 
desirabie that there is no change is composition. 

2.3 Accuracy of measurement 
For the measurements in phase determination 11 IS important to determine the 
accuracy, which depends on the equipment and measuring devices. The following 
accuracy is found for the used experimental set-up. 

Table 1: Accuracy of equipment 

Type Equipment Range 

Volume Sitec Reactor vessel 15.1-30.7 mL 
Pressure Haenni 400 bar 
Temperature Plamic PT -100 300°C 
Mass Sartorius Balance 210 g 

2.4 Experimental procedures 
2.4.1 Bubble point determination 

Absolute Relative error 
error on maximum 
0.27 mL V ±0.8% 
0.8 bar P±0.2% 
0.1°C T±0.03% 
0.01 mg M ±4.8E-6% 

The procedure that was used for the determination of the bubble point consisted of the 
following steps. First the temperature was heated up until the desired temperature was 
reached. The next step was to add the C02 to the view cell if needed. For the Cüz feed 
it was made sure that only one phase was present. For a one phase system of C02 
there are two regions in which this is assures. For a gas this is lower or equal to 56 
bar. Fora supercritical C02 this is at a temperature equal or more then 40 oe and a 
pressure equal or higher then 80 bar. The C02 was left to come to the desired 
temperature and pressure. This is due to the determination of the amount of COz, 
which depends on temperature and pressure. 

After the addition of C02 the liquid components were added by HPLC pumps with a 
constant flow. The accurate amount was determined with weighing back the feed 
bottle. When the liquid components were in the system the view cell was pressurized 
to obtain one phase and left alone until the temperature in the view cell was stable. 
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When the system was stabie the pressure was released from the cylinder, which 
controts the volume, with a maximum decompression rate of 5 bar/min. During the 
expansion of the volume, substantial mixing is applied to make sure ideal mixing is 
maintained. 

As soon as the frrst bubbles appear the decompression of the cylinder is stopped and 
the temperature and pressure is checked for being stable. If the temperature and 
pressure are stabie the process is repeated 10 times. 

2.4.2 Transition types 
The transition of liquid to gas is determined as the appearance of gas bubbles. These 
bubbles can be observed clearly. In the sirnation that the temperature and pressure are 
higher then the critica! temperature and critica} pressure of one of the components, the 
bubbles are not present. In this case the transition begins with heat waves inside the 
liquid. When reduction in pressure is continued the heat waves of the transition region 
appear like dark clouds. When these clouds appear the depressurization is stopped 

2.4.3 Sample procedure 
After the determination of the bubble point a sample is taken. This sample will be 
used to verify the molar fractions that are present in the system. Taking a sample 
consists of the following steps. First pressure is applied to the mixture, until a one
phase system is reached. The one-phase system is left to stabilize in pressure and 
temperature. 

When the mixture is settled the sample loop is open for one minute. This is done for 
stabilization of the temperature in the loop. When this minute is done the loop closed. 
After taking the sample the sample is left alone for another minute to get to ambient 
temperature. This frrst sample is then let out to the air, to flush the dead volume of the 
sample loop. 

Now the sample loop is filled again. This known sample is slowly bubbled through a 
salution of 1,3,5-trimethylbenzene in n-n dimethyl formadide. This salution is 
analyzed by a gas chromatograph to determine the exact mol fractions. 

2.4.4 Cleaning procedure 
As the view cell was used multiple time, a thorough cleaning procedure was 
developed to reduce the amount of contaminants in the view cell. The procedure used 
in this study consisted of the following steps. First the mixture of the phase 
equilibrium was blown out with argon. After this was done the temperature was set to 
50 °C. After the temperature is reached the argon is left to blow out the view cell for 5 
minutes. 

Then the argon flow is turned off and a vacuum is placed over the view cell. When 
vacuum is reached the complete view cell is filled with acetone. The acetone is very 
well mixed for 5 minutes, after which the acetone is blown out of the view cell with 
argon. This handeling with the acetone is repeated another 5 times. 
When the cleaning cycle with acetone is done, the temperature of the view cell is 
turned to 100 oe and an argon flow is put through the view cell. For at least an hour. 
Afterwards the reactor is cooled. 

10 
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3 Model 

3. 1 Pure component 
The goal in this study is to make a model that accurately prediets the phase behaviour 
during the direct synthesis of dimethyl carbonate from methanol. In order to make a 
good prediction a pressure model has to be selected. Several models are present, such 
as ideal gas, the second virial modeland several equation of state models (EoS). From 
literature, Poling et al. [Ref. 

121
, it is found that the equation of state models are accurate 

for a large range of temperature and pressure. An extra benefit of the equation of state 
models is that near the critical region the accuracy of the calculations is better as 
compared to the ideal gas pressure model. 

From the same literature souree [Ref. 
121 it can be found that there are four equations of 

state models that are generally used Soave Redlich Kwong (analytic), Peng Robinson 
(analytic), Lee Kesler Polcker (non analytic) and the Benedict, Webb and Rubin 
equation of state (non analytic) equation of state model. The analytica) part in this 
specification means that only the temperature and the pressure have to be known and 
the volume can be solved numerically, otherwise this must be determined analytically. 

In most cases of the literature data on the phase behaviour, only the pressure, 
temperature and mol fractions of one or two of the phases are known. It is for these 
reasons that the choice has been made to limit our research to the following EoS: 

• The Soave Redlich Kwong Equation of state (SRK), see appendix 1 
• The Peng Robinson Equation of state (PR), see appendix 1 

The choice is made to select both analytical EoS models. The selection of the SRK 
EoS model is due to the literature, where Camy et al. [Ref. 

61 state that this model best 
describes the phase behaviour of the direct synthesis of dimethyl carbonate. 

As an alternative a look will be given to the PR EoS model, which is treated by Pinero 
et al. [Ref. 

71. Other reasons are that both models have a similar background of which 
the equation is derived. But in practice are different enough in the used equation to 
describe the molar volume influencec to be better forsome systems if the results are 
compared. The values used for the pure components and models in this report can be 
found in appendix 1. 

3.2 Mixing ru/es 
The system involved is a mixture of different species and as such mixing rules come 
into effect to describe the behaviour of the system. These mixing rules are primarily 
for the volumetrie behaviour of the vapour, this is presented as the parameter a. For 
the liquid behaviour this parameter is b. 

In literature by Camy et al. [Ref. 
61 it is stated that the phase behaviour of the synthesis 

of dimethyl carbonate is best described by making use of the Huron Vidal Michelsen 
2 mixing rule. From Pinero et al. [Ref. 

71 it can be seen that the van der Waals mixing 
rule is the best model. For this report the following models will be considered: 
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• The van der Waals mixing rule (v.d. Waals), see Appendix 2 
• The Panagiotopoulos-Reid mixing rule (Pan. Reid), see Appendix 3 
• The Huron Vidal mixing rules with the quadratic correction by Michelsen 2 

(MHV2), see Appendix 4. In this mixing rule the UNIQUAC equation is used 
to model the excess Gibbs energy 

• The Wong Sandler mixing rules for a and b (WS), see Appendix 5. In this 
mixing rule the UNIQUAC equation is used to model the excess Gibbs energy 

The van der Waals and Panagiotopoulos-Reid mixing rule are used because they are 
simple quadratic mixing rules and less parameters are needed. The simple quadratic 
mixing rules have a limitation; they cannot deal with complex mixtures. The MHV2 
and WS mixing rule can cope with complex mixtures, but the MHV2 mixing rule uses 
binary interaction parameters that are not dependent on the pressure. The Wong 
Sandler mixing rule is chosen because it is similar to the MHV2 mixing rule and deals 
with the pressure influence on the binary interaction parameter [Ref. I

21
. 

When using the WS and MHV2 mixing rule a model is needed to describe the excess 
Gibbs energy. In Camy et al. [Ref. 

61 the UNIQUAC model is used and the parameter 
(q) for the residualpart consist of the sameparameters as the combinatorial part. 

From literature by Anderson et al [Ref. 
131 insight can be gained in the UNIQUAC 

equation. Anderson examined the UNIQUAC equation as used by Camy et al. [Ref. 
61 

for several mixture containing polar components and found some discrepancies. A 
modification is suggested and found to give more accurate results when polar 
components are involved. The modification involves the parameter (q) in the residual 
part of the equation to be adjusted with values from polar components. As this effect 
in the residual part can be significant, this will be looked at as well. The different 
mixing rules and the UNIQUAC model for this report are presentedinappendix 6. 

3.3 Gamma/Phi Formulation fRet. 141 

In literature [Ref. 6• Ref. I I , Ref. IS 10 Ref. 271 most of the phase equilibriums only consist of 
the mol fractions of the components and their vapour pressure. In practice this means 
that besides the unknown parameters that are needed for the mixing rules, the rnalar 
volume of the gas and liquid phase are unknown. This means that every data point of 
the measured binary system contains 2 unknowns. In total for the complete dataset 
there are 2N unknowns (if the binary interaction parameters for the mixing rule are 
known). 

In ord~r to model .the binary system the vo.lume of. the. differentrfe?a~es_ needs to be 
detennmed numencally. The metbod that IS used m hterature · I 1 IS called the 
Gamma/Phi Pormulation for vapour liquid equilibriums [Ref. 

141 and will be used in this 
report by using a self-written script in MA TLAB. A advantage of deterrnining rnalar 
volume numerically is that the bubble point line and the dew point line only depend 
on composition, this is useful for the batch reaction model. The batch model can 
discriminate between the actual pressure and limits for phase boundaries. The 
gammalphi methad is display in a block diagram in Scheme 3 and consists of the 
following steps: 

12 
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1. For the chosen equation of state calculate a preliminary value for fJ and q for 
the system examined, using the following equations. 

j3 = bP (3.1) 
RT 

(3.2) 

The Gamma/Phi Pormulation will determine the pressure of the system and 
the mol fraction of the second phase in the system. As these parameters are 
variabie an initia! guess must be added to the datatostart the iteration 
processes. For the results in this report the initial guess are set with the known 
pressure and mol fractions from literature as a starting point. 

2. For each species i present in the liquid phase at the given temperature and 
estimated P, find the liquid phase values for Zand help parameter I with the 
following equations: 

Z=f3+(Z+ef3)(Z+crj3{1+:;z) (3.3) 

I= _1_ln( z + crj3) (3.4) 
0'-t' Z +Ej3 

3. For each species I present in the gas phase at the given temperature and 
estimated P, find the vapour phase values for Z and I with the following 
equations: 

Z-/3 z = 1 + j3 -q/3 (3.5) 
( Z + ep)( Z + uf3) 

I = - 1- ln(z +u/3) 
0'-t' z +ê/3 

(3.6) 

4. From the data obtained by these steps, the fugacity coefficient of the liquid 

and gas phase ( ~/ and ~;v ) are determined. Calculations are done by making 

use of the following equations: 

( a b) ~ =q 1+-:- i (3.7) 

ln~ =i (z - 1)-ln (z- f3)-qJ (3.8) 

5. The fust check that needs to bemadeis whether the mol fractions of the 
second phase are converged. This is done by calculating the new values of the 
mol fraction with the following equations: 

Al 

"~ x =" K x. (3.9) L...J </J;V I L...J I I 

K x 
y = 11 (3.10) 

I LK;X; 

If the new values are equal to the values used to calculate these values the next 
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step is made. 
If the new values are different then the values obtained to calculate the new 

values, the new values are used to calculate new values for ~/. 

6. When a converged value for the mol fractions of the second phase is found a 
second and different check is made. This check is done for the pressure and 
the calculation that is made is: 

IK;X; (3.11) 

This check is based on the gas mol fractions, as K;X; = Y; the summation of 

K;x; neects to be 1. 

There are two possibilities: 

If I K;X; is not equal to 1, then the pressure bas to be changed. For the case 

that I K;x; > 1, the pressure bas to be raised and for I K;x; < 1 the pressure 

has to be lowered. With the new value of the pressure the process is repeated 
from step 1. 

If I K;X; = 1 then the metbod is stopped and the pressure and mol fraction of 

the second phase are known. 

A block diagram of this procedure can beseen in Scheme 3. 

1<nCrM1 T, ld ànd 
IISiimated P, )11 
.., ra.r.dion 
~ 

J 
s ' 

' 

Yes 

Is D<bll-1? (6) 

No 

.:.• 
Yes HasiKbd 

Calculaboyl {5) ~-------1 ctangld7 (5) 

~~b' 
{lb. Kr, l<bl-.d t------------' 

Il<ixi (5) 

Scbeme 3: Block diagram of gammalphi 
metbod [Ref. 141 

Scbeme 4: Block diagram of pbilphi metbod 
[Ref. 28] 
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The gamma/phi method is applicable to a lot of binary systems, but still there are 
three major drawbacks. 

1. There are two possible solutions to satisfy the condition L K;x; = 1, the ftrst 

in which the gas and liquid phases both have a different composition. The 

second and more obvious one Yi=Xi , causing ~~ and ~/ to be equal and ~ to be 

one. 

2. The equations of state models that are used in the gammalphi formulation 
numerically detennine the values of the molar volumes. The EoS is a 
mathematica! equation for which it is possible to ftnd a solution in a negative 
molar volume. A negative volume is not physically possible and as such the 
gammalphi formulation cannot be used when this occurs. 

3. There are two steps in the models in which values need to converge until a 
constant value is obtained. For the model in MATLAB a toleranee is set to 
obtain results without losing too much speed for obtaining results. 

To explain these phenomena Figure 4 and 5 are added. 

T, K 

Figure 4: K-values of C02 with synthetic oil 
for different pressores IRer. 121 

Figure 5: Example of a phase envelope and the 3-
root region of the system IRer. 121 

The ftrst drawback can be explained with Figure 4. In Figure 4 a multi component 
system in equilibrium is illustrated. This is done by displaying the influence of the 
pressure on the equilibriumconstantsas deftned in the gamma/phi method for step 5. 
It can be seen that a higher pressure causes the equilibrium constants to go to 1. This 
is logica! as in reality when the pressure is increased there will only be a single liquid 
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phase. From the figure it can be seen that at the higher pressures the equilibrium 
constant goes to 1 more drastically. This phenomenon is dangerous if the selected 
starting values for the mol fractions are close tagether and a high initial pressure is 
selected. As in that case the salution of Y; = X; is easier to be satisfied than Y; :t- X; [Ref. 

12] 

The second problem is due to the cubic equations of state. When these equations are 
used in the gamma!phi metbod the volume roots must be calculated. There are 3 
possible roots of which the real roots are physically valid. In eertaio cases the roots 
are in a range where two roots are complex conjugates. A complex root is physically 
impossible and makes calculations impossible. The reason for this is that the complex 
roots in reality means the volume is negative and a negative volume is not possible. In 
Figure 5 an example is given of the 3 real roots region to illustrate where a system can 
converge. [Ref. 121 

The third problem is a practical problem. A toleranee is introduced to determine 
whether the calculations are converging and this toleranee will stop the convergence 
when eertaio accuracy is obtained. This procedure however can lead to inaccuracy in 
the gas mol fractions and pressure if the toleranee is set too high. For the 
determination of the binary interaction parameters this high toleranee can lead to 
problems with the optimization routine. Examples of the latter problem can be that the 
objective function does not change enough for finding better parameters. This 
optimization routine is discussed in the paragraph: Determination of the binary 
interaction parameters. 

3.4 Phi/Phi method (flash) fRet. 281 

In this report an overview will be given of the different phase regions in the system. 
This will display the phases that could exist in a certain range of temperatures and 
Rfessures. A metbod that is capable and accurate for this is the phi/phi metbod (flash) 

ef. 
281

. This metbod perfarms flash calculations and shows where phase separation 
takes place. 

The philphi metbod is different from the ganuna!phi method. The mayor difference 
can be found in the definition in K. For the gamma!phi metbod the definition is 

~ I ~ 

K; = ~; , in the philphi metbod this changes to K = jj_ = ~; x;P . This change is not 
N I F" N p 
'f', J; 'f', Y, 

significant for the vapour-liquid equilibrium calculation, which is why the ganuna!phi 
metbod is used for those kinds of calculations. A difference can be seen in the liquid
liquid equilibriums these are better modelled with the use of the philphi method. 

Another difference is the flash calculation part. The ganuna!phi metbod presumes that 
there is a system in which there are two phases present of which one has a known 
composition. This is a useful tooi when it is clear that there are two phases, as is the 
case for the binary systems of which experimental or literature values are known. The 
problem arises for the mul ti component systems of which · in most cases little is 
known, due to the difficulty of measuring these kinds of systems. When the flash 
calculations are used a global initial composition is defined and calculations will show 
if this composition will split into two phases or not. The different steps are displayed 
in a block diagram as seen in Scheme 4, the steps are as followed: 
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1. The temperature, pressure and overall mol fraction of the system (zi) are 
defined and initial guesses for the equilibrium constants and liquid volume 
fraction (L) are chosen. The equilibrium constants are ebasen to ensure that a 
big difference for the rnalar fractions is present between the possible two 
phases. The liquid volume fraction is set to 0.5 to assure a good deviation 
between the two phases. 

2. With these parameters known, the mol fraction of the liquid phase are 
calculated using the following equation: 

z. 
x.= 1 (3.12) 

I L+K;(l-L) 

3. When the mol fraction of the liquid phase is known the mol fraction of the gas 
phase is calculated with: 

(3.13) 

4. As it is not known if the liquid volume fraction is correct a check is done: 

.I (1-K)z; -o (3.14) 
L+K; (1-L)-

If the summation is equal to 0 the next step is taken. 
If the summation is not equal to 0 the value of the liquid volume fraction is 
adjusted and calculations are repeated from step 2 until the condition is met. 

5. Now the liquid volume fraction with the mol fraction of the different phases 
are known, calculations are done to deterrnine the fugacity of each component 
in each phase. This process is done by calculating the fugacity coefficients in a 
similar way as is done in the garnma!phi metbod step 1 to 4. The additional 
step to obtain a better accuracy will be: 

I Al J; =f/J;x;P (3.15) 

(3.16) 

6. With the fugacity known a check is performed. If a system is in equilibrium 
the fugacity for each individual component of the different phases needs to be 
the same: 

J;1 =r (3.17) 

If the fugacity are the same the mol fractions are known. 
If the fugacity are not the same the equilibrium constants are change with the 
following equation: 

K = K J;
1 

i ,new i,old J;v (3.18) 

and the calculation start at step 2 again until the conditions are met. 

A block diagram of these calculations are shown in Scheme 4. 
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3.5 Vapour-liquid or liquid-liquid equilibrium 
In the explanation on the gamma/phi formulation and phi/phi method it was already 
slightly indicated for which type of equilibrium the methods are useful. For the 
vapour-liquid equilibrium calculation both methods can be used and are equal in 
accuracy and probability to work. In this report both methods are used for modeHing 
the results. In the case of the binary systems and temary systems this is the 
gamma/phi method and higher component system the philphi method. 
The liquid-liquid equilibriums are calculated only with the phi/phi method due to the 
higher accuracy and stability of the method. 

3.6 Determination of the binary interaction parameters 
In this report there are several mixing rules that need different binary interaction 
parameters. The parameters are not known yet and as such will be determined. The 
procedure used to find the binary interaction parameters, involves that a set of binary 
interaction parameters is chosen and considered how accurate the calculated pressure 
is as compared to the experimental data out of the literature. The interaction 
parameters are changed with Matlab until the best mixing rule with its equation of 
state is found. 

Eventually for every mixing rule with in combination with a EoS model will give a 
certain accuracy to similarity to the literature data. From that data the best equation of 
state model with mixing rule will be chosen. The next step is to determine how the 
temperature influences the binary interaction parameter and see if this can be 
predicted. 

If the temperature influence is predictabie the system is extended from a binary 
mixture to a multiple component mixture. The reason bebind this is to see if the 
binary interaction parameters are still able to model the phase behaviour. 

The procedure for determining the interaction parameters is done by making use of an 
objective function (OF), which will be defined as followed: 

np n I 
OF== X .. -X . L L ( Iu ,1,n calc ,1,n ) 

1 1 np 

(3.19) 

In the objective function the X is defined as the parameter chosen to be optimized or 
checked. The n is the amount of points available of this parameter to be optimized and 
np stands for the number of parameters, as it is possible to optimize on several 
parameters at once. 

The objective function will be minimized by MATLAB 7.3.0 2006b. In other words 
the difference between the known experimental or literature data and the calculated 
data points is minimized. To illustrate how the interaction parameters are found 
Scheme 5 is added. 
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. -
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Scheme 5: The block diagram for rmding the binary interaction parameters, using the 
gamma/phi metbod 

As the phase behaviour is not a simpte linear model a non-linear optimization routine 
of MATLAB is used, the lsqnonlin function. A benefit is that bes i des the interaction 
parameters, the confidence interval of these parameters can be calculated using the 
niparei function in MA TLAB. 

After the optimization routine is finished and the binary interaction parameters are 
known the accuracy of the results is determined by calculating the absolute average 
deviation (AAD) value with the following equation: 

AAD= ~ = l~OLabs[P.xp -~alcJ 
P.xp 

(3.20) 

In this report the choice is made to minimize only on the pressure. Several other 
parameters such as the mol fraction of the gas phase or the equilibrium constants can 
be considered as well. The minimization on pressure is preferred as the objective 
function has the most defined minimum in that case and measured pressures are most 
of the time more accurate than compositions [Ref. 121. 

3. 7 Reaction model 
After the determination of the best equation of state model and the necessary binary 
interaction parameters. The goal is to use this knowledge so it can be used to predict 
the behaviour for different type reactor operations. In this report the choice was made 
to look to normal reaction operation (batch, PFR CSTR) and operation with removal 
of water. 

To the best of our knowledge the kinetics of the direct synthesis of DMC from 
methanol in scC02 is only done by Iwakabe et al[Ref. 291 

• This artiele suggests the 
reaction rate can be modelled, but on close examination it was seen that this is not the 
reaction rate of the reverse reaction. The deactivation of the catalyst is modelled 
instead. 
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For the reason that the reaction kinetic model is not present, the reaction model will 
look to the fractional conversion of methanol and the influence of it on the phase 
behaviour. When a reaction kinetic model is known, the two models can be connected 
to model the phase behaviour during the actual reaction. 

3.8 Systematic accuracy analysis 
In this report experiments are done to validate the models that are used to simulate the 
phase behaviour. These experiments can contain deviations, for instanee when a 
certain mass is weight on a balance there is a fault of measurement in the balance 
itself. This is present for all equipment used. These deviations will be present through 
out the several models and will propagate in cases like the binary interaction 
parameters. To solve this problem a systematic accuracy analysis will be done. 
Several parameters need to be calculated; from the literature [Ref. 

301 the following 
equations are found to calculate the deviation: 

(3.21) 

In this basic equation the V means the varianee that is present in the parameter. X, y 
and z are the parameters involved in the systematic accuracy analysis. The derivatives 
are on the relationship of the known parameter on the unknown parameter. For the 
accuracy the absolute values are used. The equation can be rewritten for simple cases, 
for adding up and subtraction: 

(3.22) 

For multiplication and deviation. 

(3.23) 

Notall the parameterscan be used for equation 3.21 without a problem. For instanee 
the amount of COz entered in the experimental set-up, is determined from the 
measured temperature and pressure. From the calculation program MBWR EOS this 
is converted to a density. As the equations in this program are not known the 
systematic accuracy is calculated with the multiplication and deviation equation. 
Similar simplifications are done for the pressure that follow from the phase behaviour 
model. Throughout the report several accuracy analyses are done. These analyses are 
dependent on different parameters and can be summarized with Table 2: 

Table 2: Factors that influence the accuracy of the parameter 

Parameter 
xcoz 
Xi (without COz) 
Xi (with COz) 
Pmodel 

Depending factors 
P,T,V,mi 
mi, mj 
P,T,V, mi, mj 
T, kij,Xi 
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4 Results and discussion 

4. 1 Literature overview of experimental data 
For the research done in this report a start is made with a literature review. From this 
review the different binary mixtures that will be exarnined are listed. The table listed 
below gives the references of the literature that will be used for the determination of 
the binary interaction parameters. 

Table 3: Literature references of the different equilibrium data. The * displays an azeotropic 
mixture. 

Components References Isothermal [K] Isobaric [bar] Type 
C02-MeOH Hong et al [Rel. 151 273.15, 290.00, VLE 

310.00, 330.00 
Ohgaki et al [Ref. 161 298.15, 313.15 VLE 

C02-H20 Muller et al [Ref. 241 373.15, 393.15, VLE 
413.15, 433.15, 
453.15,473.15 

C02-DMC Im et al [Ref. 171 310.27, 320.36, VLE 
330.3, 340.27 

Camy et al [Ref. 61 348.15, 373.55 VLE 
MeOH-H20 Kooner et al [Ref. 201 298.14 VLE 

McGlashan et al 308.15, 323.15, VLE 
[Ref. 21] 338.15 
Bredig et al [Ref. 231 312.91 VLE 
Broul et al[Ref. 221 333.15 VLE 

DMC-MeOH* Comelli et al [Ref. 181 313.15 VLE 
Yunhai et al[Ref. 191 337.35, 377.15, VLE 

391.15, 411.15, 
428.15 

DMC-H20* De la Torre et 1.01325 LLE 
al[Ref. 11] 

Camy et al [Ref. 61 1.01325 VLE 
DMC-H20 - De la Torre et 283.15, 293.15, 1.01325 LLE 
MeOH al[Ref. 11] 303.15, 313.15, 

323.15, 333.15 
C02-MeOH- Jameet al[Ref. 251 PT 
HzO 
COz-MeOH- Pinero et al [Ref. 71 PT 
DMC 
COz -MeOH- Camy et al [Ref. 61 PT 
DMC-HzO model 

The method used to determine the binary interaction parameters make use of vapour
liquid equilibrium. From Table 3 it can be seen that the DMC- H20 only is measured 
as a liquid - liquid equilibrium. For obtaining binary interaction parameters of the 
DMC - HzO system vapour - liquid equilibrium experiments needs to be done. 

For obtaining the goal of making a model to compute the pressure of the multi 
component systems, the model needs to be validated. The accuracy of the model will 
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be tested using ternary and quaternary mixtures. In Table 3 it is seen that only two 
ternary models are measured in the literature. The model will be tested on all ternary 
systems. The remaining unknown ternary systems are measured and an extension to 
data points of non reacting quaternary mixtures is made. 

4.2 Validation of optimization routine with literature 
In the literature by Camy et al [Ref. 61 the binary interaction parameters are given for the 
Soave Redlich Kwong equation of state model with the MHV2 mixing rule. These 
binary interaction ~arameters are for a binary mixture and an undefined temperature 
range. Camy et al ef. 61 uses a commercial program called ProRegTM to find these 
parameters. Nothing is known on how this metbod deals with the phase behaviour. 

The program used by Camy et al[Ref. 61 is not available for this report, as a 
consequence a model bas been made to simulate the phase behaviour. This model is 
explained in section 3. The model that is used for this report needs to be validated to 
see if it is accurate enough to use. The validation that will be done in this section will 
be by using the gamma/phi formulation and adding an extra calculation step to 
Scheme 5 (section 3.6). This extra calculation step will have an input of the variabie 
binary interaction parameters Aij and Aji· The outcome will be judged using an 
objective function that is minimized on the pressure. 
The advantages of the model that will be used bere are the following: 

• A binary mixture can be modelled at each temperature. Resulting in binary 
interaction parameters that give the best mixing rule and equation of state 
model at the specified temperature. 

• lt is easily adjustable for different mixing rules and equations of state. 
• Confidence intervals on the binary interaction parameters can be calculated, so 

an extra measurement on the accuracy is present. 

There are also a few disadvantages: 

• There is the possibility of local minimums, but they can be excluded with the 
use of multiple starting points. 

• For the gamma/phi method it is reported in the section 3.3 that there are 3 
drawbacks. The optimization routine uses the gamma/phi metbod and will 
contain the same drawbacks. 

• A particular problem is with the 2 iteration loops in the gamma/phi 
formulation. These loops have a toleranee of 1 * 1 o-2 for the gas mol fraction 
and 1 * 1 o-2 Pascal for the pressure. The objective function bas a toleranee 
which is set to 1 * 1 o-5• This might cause the objective function to get fixed in 
one position. 

The comparison of the results of Camy et al[Ref. 61 versus the results of this report is 
done on the absolute average deviation (AAD) of the total pressure. The results are 
shown in Table 4. 
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Table 4: The binary mixtures examined with AAD values for different temperatures. 

Methanol - water 

Temperature 

Kelvin 

298.14 
308.15 
312.91 
323.15 
333.15 
338.15 

Temperature 

Kelvin 

310.27 
320.36 
330.3 

340.27 
348.15 
373.55 

!lP -(%) 
p 

Cany [Ref. 6 Optimization 

15.26 5.99 
14.47 8.32 
43.37 3.44 
9.95 4.63 
9.76 1.68 
6.97 2.52 

DMC-COz 

Camy 
[Ref. 6f 

16.86 
16.97 
16.43 
13.95 
3.88 

!lP -(%) 
p 

Optimization 

4.20 
5.66 
4.88 
5.31 
1.01 

COz-water 
I M 

Temperature - (%) 
p 

Kelvin Cam( [Ref. 6 Optimization 

373.15 3.92 0.43 
393.15 3.82 0.63 
413.15 5.14 1.03 
433.15 8.96 1.22 
453.15 16.03 2.73 
473.15 14.03 2.22 

COz - methanol 

Temperature I 
!lP -(%) 
p 

Kelvin Cam( {Ref. 6 ! Optimization 

273.15 8.06 2.07 

290 5.39 3.06 

298.15 3.98 1.73 

310 
313.15 2.16 1.97 

330 1.93 1.18 

Methanol - DMC 

Temperature 

Kelvin 

313.15 
337.35 
377.15 
391.15 
411.15 
428.15 

Camv 
[Ref. 6f 

10.04 
4.11 
8.90 
10.50 
11.11 
9.90 

!lP -(%) p 

Optirnization 

3.55 
1.34 
0.62 
0.59 
0.65 
1.17 

From Table 4 two things can be seen. The frrst thing is that the optimization routine of 
this report generally gives a lower AAD value. This does nothave to be a significant 
difference, because Camy!Rer. 61 has used the optirnization data to make a general value 
fora complete range to deal with the temperature influence on the binary interaction 
parameters. This is sirnilar to what can be seen in the workof de la Torreet al [Ref. 

111, 
where the optirnized values fluctuate around the general value. To illustrate this 
Figure 6 is added. 

The second point is that in some cases the optirnization value is higher than the AAD 
value for pressure of Camy et al!Rer. 61 (These are highlighted in green). This is strange 
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as it is expected to be at least as good. This is probably a result of the difference 
between the toleranee of the calculation loops for predicting pressure and the molar 
gas fractions and the toleranee in the objective function for the calculation of the 
binary interaction parameters. The tolerances are taken to reduce calculation time. 
The toleranee in the loops is set to 1 * 1 o-2 Pascal for the pressure and 1 * 1 o-2 for the 
gas mol fraction. The reason for the values of the tolerances is to reduce the 
calculation time. The factor of 1 * 10-2 is acceptable, but interferes with the toleranee 
of the optimization routine, which is lower. 

• Experimental A.,i 
1200 • Experimental A, 
1000 L. Overall A. • 'I 

800 "' Overall~; 

600 
... ... ... ... 

400 • 
0 200 
~ • • 
"' 0 
~ 
<i.~ ·200 • 
.;~ • 

-400 

·600 • 
-800 • 

f • • .. .. • ·1000 

280 290 300 310 320 330 340 

Temperature [KJ 

Figure 6: Optimization routine vs. overall binary interaction parameters from de la Torre for the 
methanol - water system for different temperatures. 

From the results of Table 4 it can be seen that the optimization routine gives better 
results than the literature. 

4.2.1 Methanoi-DMC 
The methanol - DMC binary mixture is expected to deviate the most from literature 
with regards to the binary interaction parameters. Camy et al1R<r 

61 has determined the 
binary interaction parameters only at one temperature 313.15K 
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Figure 7: MHV2 binary interaction parameters of literature [Rer. 
61 and optimization results for 

the methanol (i) and DMC (j) mixture 

Camy et aJlRer 61 assumes the binary interaction parameter of the methanol - DMC 
mixture independent of the temperature. The optimized parameters at each 
temperature deviates from the constant value of Camy et al [Ref. 61 _ Deviations are 
sirnilar as in Figure 6 for the results reported by de la Torreet al [Ref. 

111• A detailed 
discussion about the temperature relationship with the binary interaction parameters 
can be found in the sectionon temperature dependency. 
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4.2.2 DMC-C02 
For the DMC - C02 binary system Camy et aJ!Rer. 61 considered the temperatures of 
322.65, 348.15 and 373.55 K. 
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Figure 8: MHV2 binary interaction parameters of literature !Rer. 61 and optimization results for 
the DMC (i) and C02 (j) mixture 

From Figure 8 it can be seen that for the temperatures that Camy et aJ!Rer. 61 uses 
(322.65, 348.15 and 373.55 K), the optirnization routine of this report finds a sirnilar 
result at the temperature of 348.15 K. 
In the bigger temperature range the similarity that is found at 348.15 K is an 
exception. It can be seen that both the optirnization routine and the literature show a 
linear trend in the binary interaction parameters. These linear trends do not have the 
same gradients, this is sarnething that will be looked at in section 4.5. 

4.2.3 C02-Water 
In the literature of Camy et aJIRer. 61, the following temperatures are used to model the 
phase behaviour: 298.15, 308.15, 323.15, 348.15,373.15 K. A frrst attempt is made to 
use these temperatures, as wel!, but the model could not cope with the data that was 
supplied. The reason for this was found in literature by Shyu et al. [Ref. 

261 where it is 
suggested that near the critica} point of co2 an extra phase rnight be possible (a third 
phase). The model that is used in this report cannot deal with 3 phase equilibrium and 
as such a higher temperature region is selected to ensure the model to work. This has 
led to a completely different region than Camy et aJIRef. 6l uses. 
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Figure 9: MHV2 binary interaction parameters of literature IRer. 61 and optimization results for 
the C02 (i) and water (j) mixture 

From the different regions that are used to model the phase behaviour, only the 
temperature of 373.15 K contains an overlap. The results that are shown in Figure 9 
show a reasonable similarity for this temperature in the Aji value, but a big deviation 
for the Aij value. The Aij values show a trend for the temperature dependency, similar 
to that for the DMC - C02 mixture. As such it is interesting to see the temperature 
influence on the binary interaction parameters after the optimization. This will be 
considered in section 4.5. 
Three binary systems have been considered so far and certain trends have appeared. 
These trends are: 

1. The temperature influence on the binary interaction parameters seems to give 
a clear dependency for the C02 - water and the DMC - C02 binary mixture. 
This will be looked at in section 4.5. 

2. In the binary system of methanol and DMC the temperature influence is 
unclear, but compared to de la Torre et al [Ref. 

111 not an unusual result. 

These are the only trends that were observed. As such the remaining binary systems 
are discussed in appendix 7. The biggest exception to this is the DMC - water 
mixture, where the deviations are from the experimental data. 

4.2.4 General conclusion 
The optimization routine used in this report gives a better absolute average deviation 
for the pressure than when the literature data of the binary interaction parameters are 
used. Only at one or two temperatures the literature resulted in a better value of the 
AAD. This is attributed to the tolerances in the calculation loops in the model used in 
this report. 
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The assumption made by Camy et al!Rer 61, which states that the binary interaction 
parameters are temperature independent, is not always valid. For the binary 
interaction parameter Aji the assumption is reasonable in most cases. The Aij binary 
interaction parameter does not hold for the assumption of Camy et aJlRer 61 • This 
follows from the comparison made between the optimization routine used in this 
report and the data of Camy et aJlRer. 61. 

The biggest deviation was found in the DMC - water system, but is explained mainly 
with the error in the experimental setup. 

4.3 Validation of experimental setup 
From the literature overview it can be seen that the literature data is notcomplete for 
the ternary and quaternary data. For the quaternary system only modelled phase 
diagrams are given. One of the goals of this report is to model this behaviour 
accurately and this needs to be done by camparing the model to experimental data. As 
these data are not available, measurements will be done for this comparison. 

The set-up that will be used in this report is a view-cell. There is a drawback to the 
set-up used in this report, tbe gas composition can not be measured. As a consequence 
only bubble pressures with the liquid fraction can be preformed. 

To determine bow accurate the set-up is, one of the known systems out of literature is 
measured to make a comparison. In this case the choice bas been made to use the C02 
- methanol binary system. The results are displayed in Figure 10, with the average 
deviation of the experimental data in Table 5. 
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• Experimental data trom this report 
- Experimental data trom model 

Figure 10: Comparison of literature data, experimental data and comparing modelled data for 
the COrmethanol binary mixture at 40 oe. Tbe model is the MHV2 withSoave Redlich Kwong. 

In Figure 10 results of the experimental data and literature data are shown. Not only 
the data points are sbown, also the MHV2 mixing rule with the Soave Redlich Kwong 
equation of state model results are shown. The display of the model is done for a 
comparison of results from the experimental set-up and the literature in the 
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optimization routine, which is done later on. The SRK EoS model with the MHV2 
mixingruleis chosen as this is used by Camy et al [Ref. 

61. 

The deviations that can be seen in Table 5 are in mol fraction and pressure. The 
accuracy in the pressure is due to the accuracy of the pressure sensor. The mixture 
composition contains a few more parameters, for the amount of COz in the system the 
pressure, temperature and volume play a role. In our set-up C02 is not inserted with a 
mass flow meter, but a density is calculated from a measured temperature and 
pressure. The total number of moles then depends on the volume. For methanol other 
factors play a role. The added amount of liquid methanol is weight back with a mass 
balance. 

For adding methanol to the system, a pressure build up above reactor pressure has to 
take place to eosure the methanol to be added to the system and no back flushing 
occurs. As a consequence a small amount of methanol will be added to the feed line 
before the methanol is added to the system. This causes an unknown error in the mass 
that is added to the view cell. Besides this there is also the possibility of the COz to go 
into the feed line, causing a loss of C02 in the view cell with an unknown error. 

Table 5: average deviation on tbe ex perimental data 

Parameter 
xc02 
XMeOH 

Pressure 

Average deviation 
0.013 
0.011 
1.53 

Units 

bar 

From Figure 10 and Table 5 it can be concluded that the experimental set-up gives 
similar results as the literature data. Also it can be seen that at higher mol fractions of 
COz the deviation in pressure was the biggest influence, whereas in case of the lower 
COz mol fractions the mol fraction it self seems to play the biggest role. 

With the experimental data and literature data known a next step is taken. The data is 
used in the gamma!phi formulation optimization routine. The reason for doing these 
calculations is to see if there are significant differences in the outcome of the literature 
modeHing and the experimental modelling. To do these calculations it is assumed that 
there is "no error" in the mixture composition. An absolute average deviation (AAD) 
on the pressure is then calculated for the data points and the modelled points. The 
results are displayed in Table 6. 

Table 6: Accuracy of modeHing our experimental data and literature data witb tbe SRK and PR 
Equation of state witb different mixing rules. The C02 - methanol mixture at 40 oe 

M -(%) 
p 

Equation of state V.d.Waals Pan. Reid MHV2 MHV2adj ws WSadj 

SRK experimental 6.54 2.34 2.25 2.18 2.30 2.18 
SRK literature 3.14 2.12 1.97 1.75 1.71 2.24 

PR experimental 13.62 10.40 5.07 6.26 19.95 21.03 
PR literature 9.95 9.79 17.68 3.73 42.56 16.36 
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From Table 6 it can be seen that the differences between the experimental data and 
the literature data are small, in the case of optimization. This small deviation in AAD 
shows that the optimization routine can solve data accurately. A disadvantage 
however can beseen in Table 7. The binary interaction parameters differ significantly. 
This might make the experimental set-up not accurate enough for the determination of 
the binary interaction parameters and low pressure systems. 

Table 7: Binary interaction parameters for MHV2 mixing rule from literature and optirnization 
routine 

Optimization routine Camy et al1Kex. OJ 

Temperature [K] Ai i Ai i Aii Aji 
313.15 121.2 306.2 252.7 66.3 

4.4 Comparison of different equations of state with mixing 
ru/es 

To the best of our knowledge there are only two papers about rnadelling the phase 
behaviour of the direct synthesis of dimethyl carbonate. These papers are from Camy 
et al. [Ref. 61 and Pi nero et al. [Ref. 71 

To find the best mixing rule and equation of state model the optimization routine as 
described in this report is used. The result will be that the best value of the binay 
interaction parameter will be found to each mixing rule at each separate temperature. 
This will result in an accurate way to find the best mixing rule and equation of state 
per temperature that is considered in this report. For each binary system the equation 
of state model and mixing rule will be found to determine the best model for the 
temperature range overall. The binary interaction parameters that will be found from 
the optimization need to be accurate. This accuracy is necessary to determine possible 
temperature influence on the binary interaction parameters. This is necessary for the 
extrapolation outside the temperature and pressure region. 

This means the calculations on each measured binary system and each temperature are 
done individually. As a consequence criteria must be madetoselect the best model. In 
this report the choice has been made to use criteria on the following parameters: 

• The pressure. This is chosen for the later application of the mixing rules and 
equation of state in the models. The accuracy of this parameter is calculated 
with the use of the absolute average deviation. The result is a deviation in 
percentages, which is equal to zero if the model and literature data overlap 
each other. 

• The binary interaction parameters. The choice to make the binary interaction 
parameters a criterion comes from the big differences that were seen in the 
comparison of the model with the literature. To exclude that the binary 
interaction parameter that is calculated is inaccurate a confidence interval 
needs to be found. This confidence interval as use in this report will find the 
region in which the value is statistically valid for 95%. This confidence 
interval is given in values and is converted to percentages. The conversion to 
percentages is done to make comparison easier as not all binary interaction 
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parameters have the same physical meaning. The lower the percentage is the 
better the value from the optimization routine is. 

With the criteria known the next step is to assign values on which judgement will take 
place. The frrst selection was made by looking to each mixing rule, each temperature 
and each equation of state model individually and eliminate each combination that 
contains one AAD value that is higher then 80%. 

The judgement of the binary interaction parameters by the use of percentages is useful 
as later on in this report the temperature dependency is considered. For this 
dependency the lower the percentages the better the trends that can occur can be 
predicted. This means that the possible temperature dependenee on the binary 
interaction parameters is better and the outcome of the reaction model with respect to 
the results will be more accurate. 

After the first selection of the 80 % is made a second selection is made. This is done 
by lowering the value of 80 % to 60 % and reduce the possibilities. 

After the criteria have been applied the mixing rule for each equation of state model is 
known. From this a last comparison is made between the equation of state models to 
find the best solution. 

Two final remarks before looking to the results of this section. In the tables given in 
this section the abbreviation adj is used for the mixing rules of MHV2 and Wong
Sandler. This abbreviation stands for adjusting the UNIQUAC equation to deal with 
polar components. 

The second remark follows from the literature study (section 4.1). In this section it 
could be seen that the DMC - water binary system can be present in a vapour - liquid 
and a liquid - liquid equilibrium. The liquid - liquid mixture of this mixture might be 
useful for separation of DMC and water and will also be optimized. 
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4.4.1 Vapour- liquid equilibrium optimization 
The ftrst type of optimization that will be considered is the vapour - liquid 
equilibrium. The optimization that is done in these kinds of systems is done with the 
gamma/phi formulation. 

4.4.1.1 COrmethanol 
The ftrst binary mixture that will be considered is the C02 - methanol mixture. The 
results of the optimization routine are displayed in Table 8 & Table 9. 

Table 8: Tbe accuracy of different mixing rules using the Soave Redlich K wong equation of state 
model. 

Temperature [KJ 
273.15 290.00 298.15 310.00 313.15 330.00 

Mixing rule (Ref. 15] [Ref.15] [Ref.1 6] [Ref. 15] [Ref. 16] (Ref. 15] 

M 
v.d.Waals -(%) 

p 

M'' (%) 
k,, 

M 
2.12 1.21 Pant. Reid -(%) 2.89 3.19 2.27 1.70 

p 

M'' (%) 
k,, 171.81 99.23 138.88 19.17 23.40 5.18 

M''(%) 
k,, 21 .56 23.44 17.18 7.74 10.00 2.99 

M 
1.73 1.31 1.97 1.18 MHV2 - (%) 2.07 3.06 p 

M,; (%) 
A,; 

17.95 22.84 17.37 9.00 15.78 6.79 

M '' (%) 
A,, 

82.12 196.22 234.80 32.20 41 .42 15.30 

MHV2adj 
M(%) 
p 1.12 1.74 1.35 0.88 1.75 0.86 

M,; (%) 
A,, 

10.44 14.85 10.35 5.00 9.74 2.93 

M~' ( % ) 
Ai, 

239.59 236.04 60.29 177.60 448.81 2704.88 

M 

ws -(%) 1.20 1.22 0.81 0.46 1.71 0.59 p 

M,' (%) 
A,, 

5519.45 389.28 153.48 33.56 120.63 21.18 

M jl 
154.78 242.06 1144.63 48.71 222.31 30.35 - (% ) 

Ajt 

M IJ (%) 
k, 

25.84 28.15 17.70 4.10 20.32 3.52 

WSadj 
M(%) 
p 1.24 1.48 0.92 0.73 2.24 0.67 

M,; (%) 
A, 

188.73 171.75 98.19 24.48 96.10 17.46 

M" (%) 
Aj• 

526.56 876.52 309.64 832.51 1311.41 246.71 

Mij (%) 
k ij 

26.06 27.49 17.02 4.80 22.67 4.81 
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Table 9: The accuracy of different mixing rules using the Peng Robinson of state modeL 

T emperature [KJ 
273.15 290.00 298.15 310.00 313.15 330.00 

Mixing rule [Ref.15] [Ref. 15] [Ref.16] [Ref. 15] [Ref. 16] [Ref. 15] 

v.d.Waals 
M'(%) 
p 

4.80 

M,)( %) 
klj 

M' 
Pant. Reid -(%) 

p 

M,J( %) 
k,j 

77.89 17.00 20.4 15.52 158.39 12.21 

Mi' (%) 
kj/ 

21 .85 16.50 35.95 491 .23 108.04 168.33 

MHV2 
M'(%) 
p 

2.12 51.29 3.07 4.41 17.68 7.11 

M,l(%) 
A1 

25.15 107.13 71 .86 126.31 635.83 276.65 

Mi' (%) 
AJi 

57.30 109.21 69.50 27.60 727.91 147.88 

M' 
18.49 MHV2adj -(%) 1.69 13.62 1.47 4.44 3.73 p 

M,i (%) 
-\ 

14.65 99.31 20.06 63.27 60.45 156.69 

M I'(%) 
Ai, 

119.55 557.09 48.64 41.93 66.18 254.55 

M' 
0.67 21.34 ws -(%) 1.22 0.98 9.53 42.56 p 

M,i (%) 
Aii 

8.41 12.11 2.37E+04 776.20 5.06E+07 2.81 E+03 

M I' (%) 
Al, 

157.35 25.09 68.31 485.57 5.05E+07 1.59E+03 

M ,i (%) 
k,) 

8.34 6.72 22.59 7.82 584.88 206.57 

M' 
0.63 16.36 23.68 WSadj -(%) 0.36 1.00 11.08 p 

M,i (%) 
A, 

10.94 10.17 117.16 540.17 4.05E+04 1.42E+03 

M p (%) 
AJi 

35.41 173.05 161.78 472.13 6.06E+04 9.43E+02 

M' (%) 
k,j 

5.73 7.07 22.74 6.13 135.73 237.43 

From Table 8 and 9 it can be seen that Soave Redlich Kwong equation of state with 
the van der Waals mixing rule give the best results for the considered temperature 
range. This mixing rule has higher values of AAD by pressure, but a higher 
importance is put to the AAD values of the binary interaction parameters. Because of 
the accurate confidence interval for kij the van der W aais Mixing rule is chosen as the 
best mixing rule for this system. 
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0.2 0.4 0.6 0.8 1.0 

<11 273.15K Hang et al. (1988) 
-- 273.15K model 

+ 290K Hang et al. (1988) 
290K model 

• 298.15K Ohgaki et al. (1976) 
-- 298.15K model 

'Y 31 OK Hang et al. (1988) 
-- 310K model 

• 313.15K Ohgaki et al. (1976) 
-- 313.15K model 

.a. 330K Hang et al. (1988) 
···· ·-···· 330K model 

Figure 11: Literature data for tbe C02- methanol binary system with the optimization results 
from tbe van der Waals mixing rule witbSoave Redlicb Kwong Equation of State 

In Figure 11 the results of the optimization routine are shown with the literature data. 
It can be seen that for the complete temperature range an accurate fit is obtained. The 
drawbacks that are mention in section 3.3 are not present. 

An extra aspect that cao be seen is that if the mixture needs to be separated this can be 
done well at low temperature and pressures. This will cause a very distinct difference 
in the appropriate gas and liquid phase causing an almost pure co2 gas phase and 
almost pure methanolliquid phase 

4.4.1.2 DMC-C02 
The results of the optirnization on the vapour- liquid equilibrium for the DMC- C02 
binary mixture can be found in Table 33 & Table 34 in appendix 9.1.8.1. From Table 
33 & Table 34 it cao be seen that Soave Redlich Kwong with the van der Waals 
mixing rule give the best results for the temperature range that is under consideration. 
This condusion is drawn in the same way as for the C02 - methanol mixture. 
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• 310.27K lm. et al. (2004) 
-- 31 0.27K model 

• 320.36K lm. et al. (2004) 
··- -· 320.36K model 

• 330.3K lm. et al. (2004) 
-- 330.3K model 

À 340.27K lm. et al. (2004) 
····· -- 340.27K model 

"' 348.15K Camy et al. (2003) 
-- 348.15K model 

11 373.55K Camy et al. (2003) 
·· - 373.55K model 
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Figure 12: Literature data for the C02- DMC binary system with the optimization resuJts from 
the van der Waals mixing rule withSoave Redlich Kwong Equation of State 

Figure 12 shows the van der Waals Mixing rule with the Soave Redlich Kwong 
equation of state model. It can be seen that only at the highest temperature of 373.55K 
there are difficulties calculating the mol fractions in the gas phase. 

The equal molar fractions of the different phases is caused by the starting values of 
the pressure and the gas mol fractions. These values are in the convergence part for a 
K value of 1, as explained in section 3.3. The convergence causes both phases to be 
seen with similar mol fractions. 

In the ideal case the DMC - C02 binary mixture would be obtained if a conversion of 
100% is obtained and the selective removal of water during the reaction can be done. 
At this point research on the practical possibility still needs to be done and proven to 
be possible, yet for the theoretica} consideration it is quit interesting. 

From Figure 12 it can be seen that there is a high driving force for the mixture to 
separate into two near pure phases. A C02 gas phase and a DMC liquid phase. 

4.4.1.3 Methanol-DMC 
In literature several investigations are done on the separation of the components 
which are involved in the direct synthesis of dimethyl carbonate. An overview of 
several of these can be found in the literature of de la Torre et al [Ref. 

111• One of the 
possibilities is to use a membrane to remove water. With the membrane the C02 will 
disappear as well. This will mean that the reactive mixture contain largely methanol 
and DMC. 

The results of the optimization are displayed in Table 35 & 36. From these tables it 
can be seen that Soave Redlich Kwong with the van der Waals mixing rule give the 
best results for the temperature range considered. 
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,.. 313.15K Comelli er al. (1997) 
-- 313.15K model 

• 337.35K Yunhai et al. (2005) 
-- 337.35K model 

• 377.15K Yunhai et al. (2005) 
···· 377.15K model 

• 391.15K Yunhai et al. (2005) 
··········· 391.15K model 

• 411.15K Yunhai et al. (2005) 
-- 411 .15K model 

+ 428.15K Yunhai et al. (2005) 
.. . ·--· 428.15K model 

Figure 13: The literature for the DMC & methanol binary system with the optimization results 
the van der Waals mixing rule withSoave Redlich Kwong Equation of State 

The P-x,y diagram for the DMC-methanol system shows a accurate for the 
temperature range considered, see Figure 13. The only deviation is in the pressure at 
337.35 K. The model cao accurately predict the azeotrope that is present in the 
system. 

From Figure 13 it cao be seen that for separation processes it is difficult to separate 
the components. This is due to the azeotrope that is present in the system and make it 
difficult to abtaio the componentsin a pure farm from distillation only. 

From the binary mixtures that are reported, two trends appeared. 

1. In the DMC - methanol binary mixture a big deviation appeared, which could 
oot be explained. 

2. For the DMC - C02 binary mixture the gas mol fractions could oot be 
calculated. The reason for this lies in the drawbacks of the gamma/phi methad 
as explained insection 3.3. 

For the remaining binary systems no other trends were observed. For this reason the 
binary mixtures are explained in appendix 8. 

4.4.2 General conclusion of VLE optimization 
General condusion from the comparison of the different mixing rules is that the 
Soave Redlich Kwong Equation of State model with the van der Waals mixing rule 
gives the best overall results to the binary data, while maintaining a small confidence 
interval. From this point forward this equation of state model and mixing rule will be 
used. 
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4.4.3 Liquid- liquid equilibrium optimization 
The remaining optimization to obtain the binary interaction parameters is for a Iiquid 
- liquid equilibrium. These type of optimizations need to be done as binary interaction 
parameters which are obtained from vapour - liquid equilibriums are not applicable to 
liquid - liquid equilibriums due to the change in the fugacity coefficients. For this 
reason the systems will not be modelled with the gamma/ phi formulation, but with 
the phi/phi method. The treatment and criteria for selecting the best binary interaction 
parameters is done with the same as used in the vapour - liquid equilibrium systems. 

4.4.3.1 I>1YIC:-ll2() 
Until now the vapour liquid equilibrium have been considered. In the DMC - HzO 
there is the possibility that a liquid-liquid equilibrium exists. In literature [Ref. 

111 this 
liquid-liquid equilibrium is exarnined. The data of this literature souree is used for the 
optimization. As a consequence the AAD value is adjusted to be calculated from the 
molar fractions of the appropriate phase instead of the pressure. 

Table 10: the accuracy of the different models fortheLLE of DMC and water (AAD [%]) 

Mixing rule Soave Redlich Kwong Peng Robinson 

v.d.Waals !:u~(%) 
x~ 

.01 1.01 

1 (%) ~ 517.U 1517.17 

M,, (%) 
k.; 

.84 1.66 

Pant. Reid !:u~ (% ) 
x~ 

1517.17 1517.17 

tuf(%) 
xf 22.09 22.09 

M,, (%) 
k,, 0.84 2.62 

M" (%) 
k,, 

19.13 83.52 

MHV2 !:u~ (%) 
x~ 

1517.17 1517.17 

1 (%) 22.09 22.09 

~(%) 
A,, 

0.87 0.84 

M'' (%) 
A,, 

19.42 0.84 

MHV2adj !:u~ (%) 2269.36 2269.36 x a 
I 

tuf (%) 
xf 31.44 31.44 

M,; (%) 
A,, 

2.74 2.60 

M" (%) 
Ai, 

5.54 4.66 

ws !:u! (%) 21 .73 21.73 
x, 

1 (%) 0.31 0.31 
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ó.l\(%) 
A,j 

16.43 19.39 

Mi' (%) 
A,, 110.58 122.15 

ll.k,' (%) 
k, 

113.62 144.95 

WSadj fu! (%) 93.40 93.40 
x, 

1 (%) 1.41 1.41 

ó.l\(%) 
A,j 

14.62 14.18 

M''(%) 
AF 

86.65 79.60 

ll.k,, (%) 
k, 

97.72 93.01 

The best results are obtained with the van der Waals mixing rule when making use of 
the Soave Redlich Kwong Equation of state. 
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Figure 14: The LLE of DMC & water literature vs. model. The van der Waals mixing rule with 
the Soave Redlich K wong Equation of State model is used. 

The results from the optimization with the van der Waals mixing rule are displayed in 
Figure 14. The results of the model for the Alfa liquid phase cannot be seen as these 
results coincide with the y-axis of the diagram. There is small difference for both 
phases and there is a better result than from the vapour liquid optimization. Also the 
same model is found from the optimization routine. 
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4.5 Temperafure dependenee of binary interaction 
parameters 

From the previous section it was concluded that the Soave Redlich Kwong equation 
of state model with the van der Waals mixing rule results in the best combination to 
model the phase bebaviour for the considered temperatures. Not all of the systems 
contained temperatures that are relevant for reaction. 

For example tbe reaction is done at a temperature of 450 K. The only systems that are 
modelled near this temperature are the C02 - water and the DMC - methanol 
mixtures. The model that needs to go to a higher range of temperatures needs to deal 
with a possible influence of tbe temperature on the binary interaction parameters if 
this is present. 

The goal of tbis section is to see if there is an influence of the temperature on the 
binary interaction parameters of the van der Waals mixing rule and SRK EoS model. 
If this temperature influence is present attempts are made to use a simple model to 
predict tbe binary interaction parameters for tbe van der Waals mixing rule with the 
SRK EoS model at different temperatures other then the temperatures wbich are used 
in this report so far. 

The temperature models are fitted to the data witb Origin. This program bas the 
benefit of calculating the deviations on the parameters of temperature model. These 
deviations are used in the systematic analysis for comparing the model to the 
experimental data in the higher component systems. 

4.5.1 C02 -Methanol 
The first step taken before a plot is made is to look to the results of the optimization 
routine to see if there are temperatures in wbich deviations occur that cannot be 
explained or tbe binary interaction parameter bas a large confidence interval. In tbe 
case of COz - methanol neither of these two play a role. As such all six of tbe found 
binary interaction parameters are plotted against their temperature. 
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Figure 15: Binary interaction parameters vs. temperature for C02 (i) and methanol (j) 
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From Figure 15 it can be seen that the binary interaction parameters show a linear 
dependency for the temperature. The exception to this is at 298.15 K. In Table 8 
(section 4.4.1.1) it can beseen that the accuracy for the binary interaction parameter is 
30 %. With the actdition of 30 % to the value the data point comes into the range of 
the linear model. 

Table 11: Tbe parameters of the linear model (Y=A+BX) and the R2 value of the model. 

Parameter A B 
-0.07177 0.0342 4.03044E-4 1.12889E-4 0.87244 

4.5.2 C02-Water 
The C02 - water mixture does not contain errors in the binary interaction parameters 
or pressure to exclude any possible data point. Furtherrnore no deviations can be seen 
in the model as the literature data is compared to the model data. 
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Figure 16: Binary interaction parameters vs. temperature for C02 (i) and water (j) 

From Figure 16 it can be seen that the C02 - water binary interaction parameters will 
all follow a linear model. Linear relation ship is valid and the results are shown in 
Table 12. 

Table 12: Tbe parameters of the linear model (Y=A+BX) and tbe R2 value of the model. 

Parameter A B 
-0.41295 0.01694 9.33867E-4 3.98984E-5 0.99637 

The trend that are observed so far are: 

1. A linear relationship is valid to describe the temperature influence on the 
binary interaction parameters. 
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2. Deviations in the binary interaction parameters when compared to other data 
points that suggest a linear relationship. These deviations are explained with 
the confidence interval on the binary interaction parameter. 

For the remaining binary mixtures no different trends are observed. For this reason the 
remaining binary mixtures can be found in appendix 8. Trend 1 is observed for the 
binary mixture of DMC- Water and methanol- water. Trend 2 is observed for the 
COz- DMC and the DMC -methanol binary mixture. 

4.5.3 General conclusion 
In this section it cou1d be seen that after elimination of isothermal cases in which 
large deviations are present or the optimization could not accurately overlap with the 
literature data, the binary interaction parameters are simply modelled. The model for 
the temperature influence on the binary interaction parameters is a linear model. The 
results are summarized in Table 13. 

In Table 13 it can be seen that the DMC - water binary mixture is present for the 
vapour- liquid and liquid -liquid equilibrium. Of the results that are obtained for this 
binary mixture the liquid - liquid equilibrium results will be used for the higher 
component systems, due to the higher accuracy of this type of equilibrium. 

Table 13: general overview of constants involved in tbe linear models (Y=A+BX) 

S~stem A O"A B crs R 
COz Methanol -0.07177 0.0342 4.03044E-4 1.12889E-4 0.87244 
C02 Water -0.41295 0.01694 9.33867E-4 3.98984E-5 0.99637 
DMCCOz 0.0123 0.00805 -8.77206E-5 2.3987E-5 0.90376 
DMC Methanol -0.00227 0.0191 1.12173E-4 4.94606E-5 0.79474 
DMC Water (LLE) -0.08604 0.068 0 1.67931E-4 1 
DMC Water (VLE) -0.67806 9.2638E-17 0.00149 3.06276E-19 0.97566 
Methanol Water 0.0333 0.01969 -4.25794E-4 6.23351E-5 0.97923 

4.6 Ternary vapour-liquid systems 
The temperature influence on the binary interaction parameters are used to model the 
temary systems and compared with experimental data. The temary phase behaviour 
model needs initia! conditions for calculations. The initial conditions that will be used 
for the pressure are based on the experimental data. For the gas molar fractions the 
most volatile component is selected to have a high molar fraction in the gas phase. 

In this section experimental and literature data are compared with the results of the 
model used in this report. This comparison will be on the vapour - liquid equilibrium 
and the phase behaviour model will use the gammalphi formulation. 
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4.6.1 CH30H - C02- H20 
In the literature the methanol- C02 - water mixture is exarnined by Jame et al. !Ref. 
251

. They mainly look to different excesses of C02 in the system. Due to this choice 
only C02 concentration comparison of the phase diagram can be exarnined. 
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Figure 17: Pressure vs. temperature d.iagrams for severaJ mixtures of methanol, C02 and water. 
Compositions of mixtures 1 to 8 are in Table 14. 

Table 14: Mol fractions of the different mixtures methanol, C02 and water in Figure 17 

Mixture 
1 
2 
3 
4 
5 
6 
7 
8 

X methanol 
0.0027 
0.0029 
0.0035 
0.004 
0.0044 
0.005 
0.006 
0.008 

X water 

0.00048 
0.00047 
0.00053 
0.00023 
0.00019 
0.0002 
0.00096 
0.00032 

xc02 
0.99682 
0.99663 
0.99597 
0.99577 
0.99541 
0.9948 
0.99304 
0.99168 

Table 15: The systematic errors of the phase behaviour model for the methanol, C02 and water 
mixture 

Parameter Absolute average deviation Unit 
Pmodel 2.53 bar 

From the graphs that are displayed in Figure 17 it can be seen that for Jower 
temperatures then 280 K, the model does not predict the data of the literature. At 
higher temperatures it can be seen that the model and the literature data do not have a 
big deviation. 

The deviations that are observed can be explained with the composttJ.ons of the 
different phases. The literature data show the bubble point line, the chosen 
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compositions contain a large amount of co2 in the liquid phase. co2 is the most 
volatile component and will easily go to the gas phase. Due to the high amount of 
co2 in the gas and liquid phase the compositions of the two phases are close together. 
Due to this high amount of C02 the phase behaviour model has trouble distinguishing 
between the bubble point line and the dew point line. At the lower temperatures these 
lines are close tagether and the model tends to calculate the dew point line. Around 
280 K the model tends to go to the bubble point line. 

4.6.2 DMC-H20-C02 
To the best of our knowledge nothing is known about the DMC - water - C02 
mixture. For comparison of the phase behaviour model with real mixtures, 
experiments are done to determine the bubble point line for several mixtures. The 
results of these experiments can be seen in Figure 18. 
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Figure 18: Pressure vs. temperature diagrams for several mixtures of DMC, water and C02• 

Compositions of mixtures I to 5 are in Table 16. 

Table 16: Mol fractions of tbe mixtures DMC, water and C02 show in Figure 18. 

Mixture xco2 XDMC X water uC02 uDMC uH20 
1 0.104 0.767 0.129 0.003 0.002 3.7E-04 
2 0.155 0.617 0.228 0.004 0.002 0.001 
3 0.164 0.759 0.077 0.004 0.003 3.0E-04 
4 0.181 0.777 0.042 0.004 0.003 1.8E-04 
5 0.319 0.566 0.115 0.006 0.003 0.001 

Table 17: The systematic errors of the phase behaviour model for DMC, water and C02 

Parameter 

Temperature experimental 
Pressure experimental 
Pmodel 

Absolute average 
deviation 

0.1 
0.8 

32.98 

Unit 

K 
bar 
bar 
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From Figure 18 it can be seen that at the low temperature a big deviation is present. 
Around a temperature of 460 K the experimental and model data are closer together. 
These kind are similar to what was seen in the C02 - methanol - water mixture. 

For the C02 - DMC - water mixture it is not expected that the gas and liquid molar 
fractions are close together, meaning that distinguishing between the dew point and 
bubble point line is simple. The deviation that occurs is due to the phase behaviour 

model, this is dependent on the I K;X; to go towards a value of 1. The initia) 

conditions are a big influence on this dependency. For the model this means that the 
calculated pressure will be lower then the experimental data until around a 
temperature of 460 K. After this temperature the model and experimental data will be 
closer together. 

4.6.3 DMC-H20-CH30H 
To the best of our knowledge nothing is known about the DMC - water - methanol 
mixture. For comparison of the phase behaviour model with real mixtures, 
experiments are done to determine the bubble point line for several mixtures. The 
results of these experiments can be seen in Figure 19 . 
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Figure 19: Pressure vs. temperature diagrams for several mixtures of DMC, water and methanol. 
Compositions of mixtures 1 to 5 are in Table 18. 

Table 18: Mol fractions of the different mixtures DMC, water and methanol in Figure 19. 

Mixture XDMC X methanol X water aDMC aMeOH aH20 
1 0.052 0.893 0.054 2.2E-05 6.3E-05 2.2E-05 
2 0.107 0.781 0.112 2.3E-05 5.5E-05 2.3E-05 
3 0.166 0.712 0.122 2.7E-05 5.7E-05 2.6E-05 
4 0.201 0.597 0.201 2.9E-05 5.0E-05 2.9E-05 
5 0.298 0.511 0.191 3.7E-05 5.1E-05 3.2E-05 
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Table 19: Tbe systematic errors of the phase behaviour model for DMC, water and methanol. 

Parameter 

Temperature 
Pressure experiments 
Pmodel 

Absolute average 
deviation 

0.1 
0.8 
3.07 

Unit 

K 
bar 
bar 

The results of the DMC, water and methanol mixture are well modelled by the 
simulation program. There is one situation in which there is a peak that arises in the 
simulation. This peak shows that there are multiple possibilities for the possible 
pressures. 

4.6.4 DMC-C02·CH30H 
In the literature the methanol - C02- water mixture is exarnined by Pinera et al. [Ref. 
71• The goal of the experiments done by Pinera et al[Ref. 71 is to validate modelled data 
for the phase behaviour. The consequence of this is a versatile composition range. 
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Figure 20: Pressure vs. temperature diagrams for severaJ mixtures of DMC, C01 and methanol. 
Compositions of mixtures 1 to 4 are in Table 20. 

Table 20: Mol fractions of the different mixtures DMC, C01 and methanol in Figure 20. 

Mixture xc02 X methanol XoMC 
1 0.9312 0.0284 0.0404 
2 0.8185 0.0749 0.1066 
3 0.7225 0.2481 0.0294 
4 0.6475 0.1455 0.207 

Table 21: Tbe systematic errors of the phase behaviour model for DMC, C01 and methanol. 

Parameter Absolute average deviation Unit 
Pmodel 5.80 bar 
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The results from the model that are displayed for the DMC, C02 and methanol 
mixture give an overall good fit to the literature data. The drop at higher temperatures 
is because the model does not calculate the complete P, T envelope, but only the 
bubble point line. The bubble point line is limited to a certain temperature, when the 
temperature is higher the calculations on the pressure go to a value around 0 bar. The 
calculated pressure are plotted as a line because of the drop in pressure the vertical 
line arises. 

4.6.5 General conclusion 
The results seen in this section show that the garnmalphi formulation model can be 
used to predict the phase envelop. The phase behaviour model shows a trend to 
deviate from the literature or experimental data up to a certain temperature. After this 
temperature is reached the model and literature or experimental data are closer 

together. The main explanation is due to the pressure dependency on L K;x; , if the 

initia} condition is not correctly chosen, this leads to the big deviations in pressure. 

4. 7 Ternary liquid-liquid systems 
The temperature influence on the binary interaction parameters that were found in the 
section 4.5, will be tested on the liquid - liquid equilibriums. Due to the potential use 
of the liquid - liquid equilibrium in separation processes, the temperature dependency 
on the binary interaction parameters is exarnined for these types of equilibrium 
systems as well. 

The model that will be used in this case will be the philphi metbod due to the higher 
accuracy this model has for liquid - liquid systems. 
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Figure 21: Ternary phase diagramsof the liquid-liquid equilibriumfora DMC, methanol and 
water mixture at different temperatures and at a constant pressure of 1.01325 bar. 

From Figure 21 it can beseen that there is a large deviation between the literature data 
and the data of the model. This deviation is explained by Poling et al [Ref. 

121
• For 

modelling a liquid-liquid equilibrium the model is highly dependent on the accuracy 
of the activity coefficients of the phases. In the vapour - liquid equilibrium the 
dependency of the activity coefficient is significantly smaller due to the fugacity 
coefficient of the gas phase. As a consequence the binary interaction parameters 
obtained by the vapour-liquid optimization are not accurate enough for the liquid
liquid calculations, which results in a big deviation when the model is compared to 
the literature data. 

4.8 Quaternary systems 
lt could be seen that the results in temperature dependency of temary phase diagrams 
could be modelled accurately. The direct synthesis of dimethyl carbonate contains 4 
components and as such quatemary mixtures need to be examined. A start is made by 
comparing the phase behaviour model that will be used with the results of Camy et al. 
[Ref. 6) 

The comparison is made for two reasons; the first reason is related to the equation of 
state and mixing rule combination. Camy et al. [Ref. 

61 use the Soave Redlich Kwong 
equation of state model with the MHV2 mixing rule and the UNIQUAC model 
without adjustment for polar components. In this study the Soave Redlich Kwong 
equation of state with the van der Waals mixing rule. 
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~e 
6
second reason is re.lated to the liquid -l~uid equilibrium calculations. C~y ~t al. 

[R · 1 uses a conunerc1al program ProReg to calculate these type of eqmhbnum. 
The model used in this report has shown that the liquid - liquid equilibrium system 
can not be calculated for a temary system. The comparison must be made for the 
quatemary systems. 

The phase behaviour model for quatemary mixtures is based on the phi/phi method. 
By using the phi/[hi metbod the temperature and pressure need to be defi.ned. The 
phase diagrams for the quatemary mixture are plots of the pressure and the 
temperature. This means these parameters are changed to obtain data on the location 
of the phase envelope. The determination of phase separation is done on the liquid 
volume fraction (L) that is calculated in the phi/phi method. 

The results found by Camy et al. [Ref. 61 are given in Figure 22. In the figure the 
following abbreviations are used. L stands for the liquid phase, V for the vapour 
phase, F forthefluid phase, Ll-L2 for the two phase liquid-liquid region and L-V for 
a vapour-liquid region. 
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Figure 22: Coexisting zones of monophasic and dipbasic behaviour for 5 different mixtures from 
Camy et al. [Ret. 61• The composition of the mixtures are in Table 22 

Table 22: Mixture compositions for Figure 22 & Figure 23 as considered by Camy et al. IRer. 61 

Mixture 
I 
2 
3 
4 
5 

X methanol 

0 .33 
0.236 
0.07 
0.037 
0 

XC02 

0.167 
0.412 
0.824 
0.907 
0.904 

XDMC 

0.25 
0.176 
0.053 
0.028 
0.048 

X water 

0.25 
0.176 
0.053 
0.028 
0.048 
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Figure 23: Coexisting zones of monopbasic and dipbasic behaviour for 5 different mixtures from 
the model used in this report. Calculatioo in pressure are 5 bar and in temperature 1 K. 

When Figure 22 and Figure 23 are compared a few things can be noticed: 

• The liquid-liquid region that is predicted by the phase behaviour model that is 
used in this report differs significantly from the region predicted by Camy et 
al. [Ref. 

61• The reason for this observation is ascribed to the same explanation 
that is given to temary liquid-liquid systems. The binary interaction 
parameters that are deterrnined from the vapour-liquid systems are not 
accurate enough to describe the liquid-liquid equilibrium. As no data about the 
quatemary liquid-liquid system is known and the experimental set-up is not 
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able to measure liquid-liquid equilibrium, the liquid - liquid equilibrium will 
not be modelled. 

• The vapour liquid equilibrium calculations with the model show a difference 
near the critica! point of the system. The model of Camy et al. [Ref. 

61 shows a 
different vapour - liquid region. This is due to the different mixing rule and 
the coming experiments will show to what extend the deviation occurs. 
~e phase behaviour model that is used in this report, does not define the fluid 

phase. The phase behaviour model cannot calculate the critica! pressure and 
critica! temperature of the mixture. This means that the direct transition from a 
liquid to the fluid phase and the transition from a gas to the fluid phase cannot 
be defined as clear as for a pure component as seen in Figure 1 (section 1.2). 
This is sarnething that needs to be reminded when interpreting the phase 
diagrams that follow from the phase behaviour model. 

After the results of the phase behaviour model are compared with literature the next 
step is to experimentally determine the phase diagram for several compositions. The 
results are shown in Figure 24. 

Table 23: The overall molar fractions of the non reacting mixtures, with the equivalent starting 
fractions and conversions. 

Mixture 1 2 3 4 5 6 7 8 
xc02 0.108 0.205 0.449 0.659 0.662 0.691 0.737 0.75 
(mol/mol) 
X methanol 0.753 0.76 0.537 0.266 0.296 0.048 0.168 0.047 
(mol/mol) 
XDMC 0.062 0.018 0.007 0.019 0.003 0.19 0.085 0.184 
(mol/mol) 
X water 0.076 0.017 0.007 0.055 0.039 0.071 0.01 0.019 
(mol/mol) 
Conversion 

14 4 3 13 2 89 50 89 [%] 

CHpH 
6.97 3.71 1.20 0.40 0.45 0.07 0.23 0.06 

C02 mol 

co2,o 
0.2 0.3 0.8 2.2 2.2 2.1 2.4 2.3 

CHpH0 mol 

DMC 
0.8 1.1 1 0.4 0.1 2.7 9 9.9 

HO 
2 mol 
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Mixture 1 Mixture2 
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Figure 24: Phase diagrams of several quaternary mixtures. Mixture compositions are found in 
Table 23 
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Table 24: The systematic deviation for the several parameters 

Parameter Absolute average Units 
deviation 

xco2 0.013 mol/mol 
XMeOH 0.003 mol/mol 
XDMC 0.001 mol/mol 
XH20 4.69E-04 mol/mol 
Temperature 0.1 K 
Pressure experiment 0.8 bar 
Pressure model 36.75 bar 

From Figure 24 several things can be seen: 

• With an decreasing fraction of the methanol over C02 the phase envelope 
which is modelled and the experimental data coincides 

• With an increasing mol fraction of dimethyl carbonate the modelled phase 
envelope and the experimental data coincides 

• The mol fraction of water there does not seem to be a trend towards a better 
overlap between the experimental data and the modelled phase envelop. 

For mixture 4 and 5 the deviations between the experiments and the phase behaviour 
model are large. This difference is due to the perception of the transition of the phases 
in the experimental set-up. As explained in the section on the experimental set-up 
(2.2), the transition that starts from heat waves is present in these mixtures. The 
transition that starts with heat waves is not always clear to see. Therefore, it is 
expected that the experimental points are lower than the actual transition points are. 
This can explain the differences in the model and experimental data. 

The inaccuracies that can be seen in Figure 24 might be explained. The biggest 
discrepancies occur when the fraction of the methanol over C02 in the system are 
high as compared to the amounts of dimethyl carbonate and water. As a result of the 
low amounts of DMC and water the system can be considered as a C02 and methanol 
binary mixture. 

From the temperature dependenee of the binary interaction parameters (section 4.5) it 
can be seen that that for the C02 and methanol binary mixture the linear model has a 
low R-squared value. The consequence of the low R-squared value is that 
inaccuracies play a mayor role. This will result in deviations for the quaternary phase 
diagrams. 

4.8.1 General conclusion 
The model that is suggested in the report can only be used to model vapour - liquid 
equilibrium system. From the comparison of the model to the experimental data it 
could be seen that deviation could occur, when a large fraction of the methanol over 
co2 is present in the system. This can be explained by the inaccuracy of the linear 
model used for the binary interaction parameter of this binary mixture. 
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4.9 Ternary phase diagrams model 
Once the reliability of the model has been verified and the strong and weak points of 
the model are known, several interesting applications can be considered. The first of 
of which is the application of the ternary phase diagrams at constant temperature and 
pressure. These kinds of diagrams are useful for separation processes. 

In this section all type of possible phase diagrams are shown to illustrate the 
separation possibilities. That separation effect is accentuated by introducing mass 
balance lines that follow from the flash calculations that follow from the philphi 
method. For determining if phase separation occurs the liquid volume fraction (L) of 
the philphi metbod is used. In the plots the phase separation region is defined as 
instable. The region defined as stabie is a one phase region. 

4.9.1 C02 - Methanol - water 
Temperature- 313. 15K Pressure- 70bat Temperature- 313.15K Pressure- 1 OObar 

I : ~=I nstable I 
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I
: .......... 1 
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I' -:-----,--~_--,, .... .,...,1 

c D 

Figure 25: The ternary phase diagrams of C02 - methanol- water mixtures at different 
temperature and pressures. 

From Figure 25 it can be seen how the phase region is influenced by rEressure. For the 
system considered ex perimental data are present (Y oon et al ef. 

271
) for the 

temperature of 313.15 K and pressures 70, 100 120 bar. When the results are 
compared, the biggest difference is near the low mol fractions of water. This is similar 
to what is seen in the quaternary mixtures and the inaccuracy of the methanol - co2 
binary interaction parameter is considered to influence this. 
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4.9.2 DMC - Water - C02 
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Figure 26: The ternary phase diagrams of C02 - DMC- water mixtures at different temperature 
and pressures. 

From Figure 26 it can be seen that the phase regions changes significantly due to the 
temperature and the pressure. Starting at Figure 26A it can be seen that the separation 
of the components is high. This will go towards a pure C02 gas phase and mixed 
liquid phase of DMC and water with C02 contaminates. When the pressure or the 
temperature is changed, it can be seen that in both these cases the separation 
possibilities are significantly reduced. In the case of the pressure, a situation seems to 
arise in which the water can be extracted in a pure state. In the case of Figure 260 a 
very unusual situation appears. A situation in which it seems to be possible to separate 
water in a pure form or a C02 rich phase reasonably wel!. 

4.9.3 DMC - C02 - Methanol 
To the best of our knowledge no attempts to experimentally determining the phase 
triangle of the DMC-C02-methanol mixture have been reported in literature. In the 
literature of Pinero et al [Ref. 

71 these mixtures are only modelled. As such these will be 
compared, but it is reminded that a model is compared to a model without an 
experimental validation. 
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Figure 27: The ternary phase diagramsof C02 - DMC- methanol mixtures at different 
temperature and pressures. 

From Figure 27 it has to be known that Pinero et al [Ref. 
71 only presents figures A and 

D. In this report the extension in pressure and temperature are added. From the figure 
it can be seen that at the lower pressure and the lower temperature the separation of 
the mixture goes very well. This separation will results in an almost pure gas phase of 
C02 and a liquid mixture of DMC, methanol and low amounts of C02. 

The change in temperature does have an effect on the separation region at low 
pressures. At lower temperature an increase in the pressure has a significant influence 
on the separation region and for the higher temperature the separation region still 
occurs. 
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4.9.4 DMC - Methanol - Water 
Temperature. 4CIOK Pressure- 2.5bar Tempemture- 400K Pressl.lfe• 5bar 

I • InStable l 
• Srable 

'I -:----,---=ab'e-,_-.1 

A B 
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c D 

Figure 28: The ternary phase diagrams of water - DMC- methanol mixtures at different 
temperature and pressures. 

From Figure 28 it can be seen that at the chosen temperature a small region in 
pressure effects the instability region. This is due to the high critica! pressures and 
critica! temperatures of the components that are involved. 
For the separation processes it would be useful to have a liquid - liquid equilibrium. 
The literature by de la Torre et al [Ref. 

111 reports separation for the water- DMC -
methanol at low temperatures and low pressures. This reported separation would be 
useful for this system. 

57 



Modelling the direct synthesis of elimethyl carbonate in supercritical C02 

4. 10 Development of the phase envelope 
The first application that could be made with the models is the construction of the 
temary phase diagrams. The second application is the development of the phase 
envelop during the reaction. This phase envelope was illustrated in section 1.2 with 
Figure 2. The model uses the philphi method. 
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Figure 29: The development of the phase behaviour for different conversions. Starting mixture 1, 
composition in Table 25. 
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Figure 30: The development of the phase behaviour for different conversions. Starting mixture 2, 
composition in Table 25. 
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Figure 31: The development of the phase behaviour for different conversions. Starting mixture 3, 
composition in Table 25. 
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Figure 32: The development of the phase behaviour for different conversions. Starting mixture 4, 
composition in Table 25. 
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Figure 33: Comparison of different mixtures at 0% (A) and 100% (B) 

Table 25: The compositions of the feed mol fractions 

Starting mixture XMeOH xc02 XDMC XH20 T)::Ee 
1 0.091 0.909 0 0 COz excess 
2 0.571 0.429 0 0 4:3 methanol: COz 
3 0.667 0.333 0 0 Stoichiometeric amounts 
4 0.909 0.091 0 0 Methanol excess 

From Figure 29 to Figure 32 it can be seen that the development of the phase 
envelope through out the conversion can be modelled in a good way. There are some 
cases in which the model is nat accurate enough, for instanee in Figure 32 at a 
conversion of 100% the phase envelope is nat modelled in a continuous way. The 
discontinuous part is due to the inaccuracy of determining the instability region and 
this makes gaps appear in the phase envelop. These inaccuracies also cause the points 
outside the phase envelope in case of a conversion of 90 and 100% in Figure 29. From 
Figure 33 it cao be seen how the phase envelop is influenced by the rnalar fraction. 
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The development of the phase envelope as influenced by the conversion of the 
reaction is a useful tooi for detennining the reaction conditions. These reaction 
conditions must be chosen to assure a one-phase system. To illustrate this, the 
reaction conditions of 475 K and 100 bar are considered. From Figure 29 it can be 
seen that the phase envelope changes, but the reaction conditions are set outside the 
phase envelope. This means no phase separation occurs. In Figure 30 it can be seen 
that due to the conversion the phase envelope changes in a way that the reaction 
conditions start in a one-phase system. At low conversion the one-phase system turns 
in a two-phase system and around complete conversion a one-phase system is reached 
again. 

4. 11 Resetion model 
The third application of the phase behaviour model will be for a reaction model. In 
section 3.7 it was explained that the reaction kinetics model is not known, because of 
this the fractional conversion of methanol up to 100% is plotted against the pressure 
of the system, pressure of the bubble point line and pressure of the dew point line. 

The assumptions that have to be made for the reaction model are represented in Table 
26. By using these parameters the phase behaviour is modelled, this will be done with 
the Soave Redlich Kwong Equation of State model and the van der Waals mixing 
rule. The calculations for detennining the bubble point line and the dew point line are 
done with the phi/phi method. 

Table 26: Constauts used for getting results in reaction model 

Parameter Normal OEeration Water removal Units 
Schiometric Excess C02 Schiometric Excess C02 

Temperature 453.15 453.15 
NMeOH,O 450 60 
Nco2,o 225 400 
NoMc,o 0 0 
NH20,0 0 0 
Water absorption 0 0 
Reactor volume 0.05 0.05 

4.11.1 Reaction operatien 
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Figure 34: Output figures from the reaction model starting with stoichiometrie amounts 
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Figure 35: Output figures from the reaction model starting with an excess C02 

4.11.2 Reaction with water removal 
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Figure 36: Output figures from the reaction model with water removal starting with 
stoichiometrie amounts 
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Figure 37: Output figures from the reaction model starting with an excess C02 

From Figure 34 to Figure 37 the phase behaviour is modelled against the fractional 
conversion of methanol and the appropriate concentradons are plotted. In Figure 34 
the bubble point pressure drops to a value of 0. This is explained with the shape of the 
phase envelope. In section 4.8 it could be seen that at eertaio compositions the liquid 
- vapour separation occurs up to a eertaio temperature. Above this temperature the 
transition would be from gas to a fluid phase. This transition cannot be observed and 
causes the bubble point line to go to 0. 
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In Figure 36 a peak can be seen, this peak is explained with the phase envelopes as 
can be seen in the section development of the phase envelop. In some of the figures a 
point is found in which phase seperation is found, but does not lie close to the phase 
envelop. It is expected that such a data point is found in the case of the figure. 

In Figure 34 and Figure 36 it can be seen that the pressure of the reaction would 
become negative. In reality this is not possible. The negative pressure is due to the 
equation of state. 

P= RT _ a 
v-b (v+eb)(v+O"b) 

(4.1) 

It can be seen in equation 4.1 that the pressure is highly dependent on the molar 
volume. In the case of low molar volumes, the pressure can chance significantly. This 
is in the region for liquid molar volumes. The amounts chosen in this section all lie 
within this region. Not only the molar volume is a factor in the negative pressures, 
also the inaccuracy of the binary interaction parameters have an influence. 
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5 Conclusions 
Determining the phase behaviour of the system that is involved in the direct synthesis 
of dimethyl carbonate from methanol has led to considerations on different parts. 
These parts are non reacting binary, temary and quatemary mixtures. Besides this 
considerations are done for practical uses of the phase behaviour model. The 
following conclusions can be made about these parts 

1. The gamma/phi formulation phase behaviour model that is suggested in this 
report is compared to the data in the literature [Ref. 

6
•1. Exceptions to the binary 

interaction parameters are explained with the confidence interval that follows 
from the optimization routine. The gamma/phi formulation phase behaviour 
model is therefore accepted. 

2. The Soave Redlich Kwong Equation of State model with the van der Waals 
mixing rule shows to be the best combination for modeHing the phase 
behaviour. This condusion is done by comparing the Soave Redlich Kwong 
and Peng Robinson equation of state and the van der W aais, Panagiopool os 
Reid, MHV2 and WS mixing rules 

3. The binary interaction parameters that follow from the Soave Redlich Kwong 
Equation of State model with the van der Waals mixing rule show a linear 
dependency on the temperature. 

4. The binary interaction parameters with their temperature dependenee are used 
to model temary phase behaviour. For the vapour-liquid equilibrium a good fit 
is obtained. 

5. The binary interaction parameters with their temperature dependenee are used 
to model the liquid-liquid temary liquid behaviour. Here it can be seen that the 
results are not accurate enough. 

6. The model that is used for determining the phase envelop of a quatemary 
system is first compared to model results in literature. The liquid-liquid 
modelling is not accurate enough and is discarded for quaternary mixtures in 
this report. The differences for the phase envelop by the phase behaviour 
model and the experimental data with respect to the quatemary mixtures are 
relatively big in case of high fractions of methanol over C02. These 
discrepancies are from the inaccuracy of the co2 and methanol binary 
interaction parameter. 

7. The phase behaviour model is adjusted to calculate the temary phase 
behaviour diagrams at constant pressure and temperature. These graphs can be 
made for each temary phase diagram with respect to the components involved 
in the direct synthesis of DMC. 

8. The phase envelope that can be made for a static composition has been 
adjusted so several phase envelopes are drawn at different conversions. With 
this the operating conditions can be determined to keep the reacting system in 
one phase. A different modification for determining the phase envelope 
enables the phase behaviour model to be linked to the conversion of .the 
reaction. This shows the actual pressure, the pressure of the bubble point line 
and the pressure of the dew point line as influenced by the conversion of the 
reaction. 
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6 Recommendations 

• For the selection of the models the choice was made to consider only 
analytica! equations of state. This is due to the difficulty of measuring the 
density of a mixture. Recent developments[Ref. 311 have shown that a fibre optie 
reflectometer can measure the density of a mixture very accurate for liquids, 
gasses, supercritical conditions and their transition regions. If experiments are 
done again using this set-up more equation of state models can be examined. 

• In the report it was seen that the rnadelling of the liquid-liquid equilibriums 
was not accurate and difficult for multi component systems. For later 
implementation of the phase behaviour for separation processes it is useful to 
make a more consistent model for liquid - liquid equilibrium. 

• The reaction models not validated with experimental data. This should be done 
to check the reliability of the model. 

• More research on the carbon dioxide and methanol binary system is required 
to obtain a better model for the binary interaction parameter of this system. 
The impravement of this parameter might lead to an impravement in the multi 
component systems. 

• A better look needs to be given to the systematic error propagation of the 
experiment and the model. In this reports assumptions and simplifications 
were made to calculate the accuracy. U sing the systematic error propagation 
properly the comparison between experimental and model data will be more 
valid. 
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8 Nomeneisture 
Symbol Explanation 

a Mixture parameter in Equation of State 

a; Mixture parameter a for component i 

a; Derivative of mixture parameter a for component i 

a(T) Mixture parameter in EoS temperature dependent 

A Constant in linear model 

AAD 

B 

Absolute Average deviation 

Binary interaction parameter in UNIQUAC 

Binary interaction parameter in UNIQUAC 

Mixture parameter in Equation of State 

Mixture parameter b for component i 

Derivative of mixture parameter b for component i 

B Gradient in linear model 

c 1 Constant 1 

c2 Constant 2 

CiJ Binary parameter in UNIQUAC 

C(V) Constant in MHV2 and WS mixing rule fora 

D Help parameter in WS mixing rule 

J/ 
!/ 

Fugacity component i in liquid phase 

Fugacity component i in gas phase 

F(T) Temperature dependency function 

The excess Gibbs energy 

I A help variabie for garnma/phi metbod 

J; Help parameter in UNIQUAC for species i 

kiJ Interaction parameter in van der Waals 

ktR Interaction parameter in Panagiotopoulos Reid 

K; Equilibrium constant of species i 

L The liquid volume fraction 

L; Help parameter in UNIQUAC for species i 

n Number of parameter data points in optimization 

np Number of parameters in optimization 

OF Objective function for optirnization 

Unit 

m6/Pa/mol 

m6/Pa/mol 

m6/Pa/mol 

m6/Pa/mol 

% 

K 

K 

m3/mol 

m3/mol 

m3/mol 

Pascal 

Pascal 

J/mol 
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p UNIQUAC parameter 

p Pressure Pascal 

Pca/c Pressure from calculation by gammafphi method Pascal 

Pexp Pressure from experiments Pascal 

Pc Critica} pressure Pascal 

q Parameter used for conversion of equation of state 

qJ, qz Constants in the MHV2 mixing rule 

q; v. d. Waals area UNIQUAC formulation species i 

q/ v.d. Waals area UNIQUAC formulation species i 

Q Help parameter in WS mixing rule 

T; v. d. Waals volume UNIQUAC formulation species i 

R Gas constant J/mol/K 

If Accuracy of linear fit 

S; Help parameter in UNIQUAC for species i 

T Temperature Kelvin 

Tc Critica} temperature Kelvin 

U;; Interaction energy species i and i J/mol 

V Molecular volume m3/mol 

V x V arianee parameter x Unit parameter x 

Vy V arianee parameter y Unit parameter y 

Vz V arianee parameter z Unit parameter z 

x Parameter involved in optimization Unit parameter 

x Parameter x 

X; Mol fraction of species i in liquid phase 

x a , Mol fraction of species i in liquid phase a 

XP , Mol fraction of species i in liquid phase f3 
y Parameter y 

y; Mol fraction of species i in gas phase 

z Parameter z 

z Compressibility factor 

Z; Overall mol fraction of component i 

M' AAD on pressure % p 

l'lk<i 
AAD on k ij % 

k;j 
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MF 
AAD on kji % 

kji 

.6..4,) 
AAD onAij % 

A;) 

Mi, 
AADonAji % 

Ai, 

MI .... ; Entbalpy of vaporization for pure species i J/mol 

t:.U, Energy of pure species i J/mol 

Ax~ AAD on x~ % a x, 

t.x( 
AAD on xf % 7 

(!;)y Derivative of z to x witb constant y 

(!;], Derivative of z toy with constant x 

j3 Help parameter in gamma/phi metbod 

ê Help parameter in gammalphi metbod 

r i Activity coefficient for species i 

Au Help parameter in Panagiotopoulos Reid 

a Help parameter in gammalphi metbod 

ai Deviation on parameters i 

B UNIQUAC parameter 

f/Ji Fugacity coefficient component i 
AL 

f/Ji Fugacity coefficient component i in liquid phase 
Av 

f/Ji Fugacity coefficient component i in gas phase 

<l> UNIQUAC parameter 

'r UNIQUAC parameter 

{t) Acentric factor 
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9 Appendixes 
9.1.1 Appendix 1 : Equations of state 
P= RT _ a 

v-b (v+eb)(v+G"b) 

Table 27: Pure Components pbysical properties 

Tc (K)lRer 6] Pc (bar)[Rer 6] w ( _ )lRef.6] 

304.2 73.83 0.223621 
512.6 

548 
647.1 

80.97 
45 

0.563991 
0.384621 

220.55 0.344861 

r ( _ )lRef6J 

1.29862 
1.4311 

3.04812 
0.92 

For the Soave Redlich Kwong Equation of State model: 

a= 0.42748 R
2

T~ F(T) 
Pc 

b = 0.08664 RTc 
Pc 

F(T) ~ { 1 + ( 0.48+ 1.574á>-0.176w' )( 1-ffJ}' 
Table 28: Constauts for tbe different mixing rules 

Equation Constant Value 
MHV2 -ln(2)1Ref. 32J 

-0.4 78 1Ref. 32] 

-0.0047 [Ref.32] 

W ong Sandler -ln(2) [Ref. 121 

Table 29: Constauts for the Gamma/Phi metbod 

Symbol Value [Rel. 141 

a 1 
f: 0 

For the Peng Robinson Equation of State: 

a = 0.45724 R
2

T~ F(T) 
Pc 

b = 0.0778 RTc 
Pc 

q (-)lRef6l 

1.292 
1.432 
2.816 

1.4 

q' (_)(Ref. IJJ 

1.292 
0.96 

2.816 
1 
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F (T) = {I+ ( 0.37 464 + 1.54 226w- 0.26992«>') ( 1-JfJ}' 
Table 30: Constants for the different mixing rules 

Equation 
MHV2 

Wong Sandler 

Constant 
C(V) 
ql 
qz 
C(V) 

Value 
-0.62323 [Ref. 33] 

-0.4347 [Ref. 331 

-0.003654 [Ref. 331 

-0.62323 [Ref. 331 

Table 31: Constants for the Gamma/Phi metbod 

Symbol V alue [Rel. 141 

(J l+.Ji 
ê 1-.Ji 

9.1.2 Appendix 2: The simple quadratic mixing rule van der Waals 

a= IIxixpii 
i j 

with 

and 

b= "x.b. L.... I I 

i 

b. = [ a ( nb) l = b. 
I a I ni 

9.1.3 Appendix 3: The Panagiotopoulos-Reid mixing rule fora 

a= IIxixpij 
i j 

with 
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and 

b=""' xb L..., I I 

i 

b. =[a(nb)]=b 
I a I n; 

9.1.4 Appendix 4: The Huron Vidal mixing rules with the quadratic 
correction by Michelsen (MHV2) 

With intermediate help function according to Michelsen: 

go _ 
1 

b;; a a;; a a;; 
- - x n - + - - x--+ - - x --E ( ) ( ) [[ ]2 { }2) 
RT I i b ql bRT I i b;;RT q2 bRT I i b;; RT 

Resulting in: 
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9.1.5 Appendix 5: The Wong Sandler mixing rules tor a and b 

a= b(L xiai +__l_{_J 
i bi c(v) 

and 

with 

ai =[a(na)] = RTD[a(nb )]+RTb[a(nD)] 
ani ani ani 

[
a(nQ)] 

b. = [ a ( nb)] = ani 
1 ani 1-D 

Q [ a(nD)] 
(1-D)

2 1 
ani 

Q = LLxixj b--n n ( a ) 

i= l j = l RT ij 

[ a(nQ)] = I2xj (b -_!!__) 
ani j RT ij 

~---'- _ I + I [
a ( nD)] a. ln r. 

ani biRT C(V)RT 
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9.1.6 Appendix 6: UNIQUAC 

x.r. 
<t>. =-'-'-, Iv; 

( A;- J rij =exp -; 

A slight difference is added from the literature, to be exact the B; ' is added for the 

residual part of the Gibbs excess energy, this correction is a modification that is done 
for polar components. [Rer.J4J 

( GE) on-
ln(r;) = RT 

On; 

r. 
J =--'-

i Ix;~; 

The results for the activity coefficient from the UNIQUAC equation was found in 
Introduetion to Chemica! engineering thermodynamics [Rer. I41 
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9.1.7 Appendix 7: the optimization routine compared to the 
literature 

9.1.7.1 Methanol-water 
The fust binary system that will be considered is the methanol - water system. The 
region that Camy et al1Rer 

61 considers contains the following temperatures 298.15, 
312.91, 322.91 and 333.15 K. 
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40000 

'6 30000 

! 
-i.~ 20000 

-i.'" 

10000 ... 
• • 

0 • • 
290 300 

! l! 

• I ... 
310 320 

Temperature [KJ 

' • 
330 

• A. Camy et al. 
• A': Camy et al. 

~ 

"'- Aij Optimization 
T Ai; Optimization 

• 
! • 

340 

Figure 38: MHV2 binary interaction parameters of literature !Ref. 61 and optimization results for 
tbe metbanol (i) and water (j) system 

From Figure 38 it can be seen that the binary interaction parameters of the literature 
and the optimization routine are situated very close to each other, with an exception at 
298.14 K. The extra temperatures that are looked at in this report also lie close to the 
values of the literature. 

9.1.7.2 COrmethanol 
The second binary system that is discussed is the C02 - methanol system. Camy et 
al1Rer

61 studies the system at the temperatures of298.15, 313.15 and 323.15 K. 
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• A,i Camy et al. 

• ~' Camy et al. ,. ,;,. &. A
1 

Optimization 3000 
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Figure 39: MHV2 binary interaction parameters of literature (Ref. 
61 and optimization results for 

the col (i) and methanol (j) mixture 

From Figure 39 it can be seen that at the temperatures that Camy et al!Ref. 61 considers, 
the results are similar to the optimization routine. Additionally, it can be concluded 
that for Aij and Aji values outside the temperature region that Camy et aJIRef. 61 uses 
bigger differences arise between the data. This difference would also suggest a 
different profile for the Aij parameter. A detailed discussion will be given to the 
profile in the section temperature influence on the binary interaction parameter. 
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9.1.7.3 Water-DMC 
Table 32: The DMC- water binary mixture examined with the AAD vaJues at different 
temperatures. 

Water- DMC 

Temperature I !1P (%) 
p 

Kelvin Camt [Ref.6 Optimization 

388.92 170.69 131.82 
393.02 70.31 48.57 
398.01 50.81 32.77 
407.35 38.80 25.02 
416.05 29.37 16.50 

425 23.02 9.94 

For finding the binary interaction parameters of the DMC - water mixture Camy et 
al!Rer 61 uses a T, x, y- diagram at atmospheric pressure. The model used in this report 
cannot handle these T, x, y- diagrams. This means the binary systems were measured 
to deterrnine P, x- diagrarns. In both cases the vapour -liquid region is considered. 

The temperature region that Camy et ailRer 61 considers is from 352.7 to 370.13 Kat 
atmospheric pressure. 

During the experiments it is attempted to find one sirnilar temperature for the 
comparison. In practice this is not possible because of the temperatures that are used 
in the literature by Camy et al1Rer 61. Carny et al!Rer 61 consicter a temperature region 
where the liquid - liquid equilibrium exists. This makes is not applicable to vapour -
liquid equilibrium calculations. 

• A
1 

Camy et al. 
70000 • A, Camyet al. ... ... ... ... ... ... 

A. A;i Optimization 
60000 ... At Optimization 

50000 

= 40000 
0 
E 
2. 30000 

< 
<{= 20000 

10000 

• • • • • • 
0 % • • : • • ... ... ... ... 

385 390 395 400 405 410 415 420 425 430 

Temperature [KJ 

Figure 40: MHV2 binary interaction parameters of literature [Ref. 
61 and optimization results for 

the DMC (i) and water (j) mixture 
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From Figure 40 it can be seen that the binary interaction parameters differ 
significantly. This effect is attributed to 2 possible explanations. 

1. The binary interaction parameters by Camy et ailRer. 61 are detennined at a 
different temperature range. 

2. In the section validation of the experimental set-up it will be seen that even a 
slight deviation in the measurements can have a big effect in the binary 
interaction parameters. Most obvious in this case is the pressure measurement 
is not accurate enough. The bubble points of the system where around 5 bar 
and the pressure sensor has a reported deviation of 0.8 bar. This causes a 
relative error around 15 % which leads to significant errors in the calculations. 

The found binary interaction parameters are not considered to be accurate. If the 
definition from literature [Ref. 

121 is considered this can be explained: 

(9.1) 

with 

-!::.U -(MI -RT) u ---' _ V, l 
ii- - (9.2) 

(9.3) 

From equations 9.1 to 9.3 it can be seen that the binary interaction parameters for the 
UNIQUAC equation are for most dependent on the enthalpy of vaporization and the 
temperature. This will make the 70 kJ/mol for the evaporation enthalpy not realistic. 
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9.1.8 Appendix 8:Vapour- liquid optimization routine results 

9.1.8.1 DMC-C02 
Table 33: The accuracy of different mixing rules using the Soave Redlich K woog equation of 
state model. 

Temperature [KJ 
310.27 320.36 330.3 340.27 348.15 373.55 

Mixing rule [Ref. 17) [Ref. 17) [Ref. 17] [Ref. 17) [Ref. 6] [Ref. 6] 

61'(%) 
V.d.Waals P 

2.74 4.81 

M,l (%) 
k, 

294.63 

Pant. Reid ~ (%) 5.52 

M,i (%) 
k, 

225.12 302.81 321 .19 173.98 199.55 

M' (%) 
k,, 76.05 55.82 50.15 47.06 8.89 291 .96 

6P 
1.01 5.34 MHV2 

-(%) 4.20 5.66 4.88 5.31 p 

.M,' (%) 
A,} 

1.75E+07 1.74E+06 6.61 E+05 5.88E+06 2.47E+07 2.56E+05 

.M'' (%) 
A;l 

2.46E+07 2.50E+06 1.02E+06 9.30E+06 1.95E+07 5.32E+05 

6P 
5.34 MHV2adj 

- (%) 4.20 5.66 4.88 5.31 1.01 p 

Mv( %) 
A,} 

1.75E+07 1.74E+06 6.61 E+05 1.95E+07 2.47E+07 2.56E+05 

.Mi' (%) 
Al, 

2.46E+07 2.50E+06 1.02E+06 3.09E+07 1.95E+07 5.32E+05 

6P 
0.82 .92 ws -(%) 0.24 0.30 0.20 0.26 p 

.M,i (%) 
A,} 

634.52 425.95 723.46 172.93 1.81 E+03 

.MI,(%) 
Aif 

618.05 185.35 166.76 96.04 2.09E+03 4.2 

M,i (%) 
k,j 3.53 4.54 3.13 3.43 28.96 

6P 
WSadj 

-(%) 0.21 0.30 0.20 0.24 0.78 p 

Mv(%) 
A,} 

1.99E+03 425.95 723.46 79.65 311.32 

M I' (%) 
Al, 

381.52 185.35 166.76 84.26 499.66 4.2 

~(%) 
k, 

3.69 4.54 3.13 7.30 38.01 5.2 

Table 34: The accuracy of different mixing rules using the Peng Robinson equation of state 
model. 

Temperature [KJ 
310.27 320.36 330.3 340.27 348.15 373.55 

Mixing rule [Ref. 17] [Ref. 17] [Ref. 17) (Ref. 17) [Ref. 6) [Ref. 6) 

v.d.Waals 
61'( %) 
p 41 .70 107.22 86.03 

M,i (%) 
k,j 

3.96E+04 1.90 85.74 
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Pant. Reid 2.67 0.58 2.39 

. 2.72 75.90 934.96 329.92 

17.83 20.14 30.09 

MHV2 38.65 30.45 30.39 25.25 10.50 9.29 

2.20E+04 1.25E+05 5.53E+04 4.13E+03 4.42E+03 4.85E+03 

2.18E+04 1.25E+05 5.52E+04 9.48E+03 4.32E+03 1.20E+04 

MHV2adj 38.65 30.45 30.39 25.25 10.50 11 .02 

2.20E+04 1.25E+05 5.53E+04 4.13E+03 4.42E+03 2.87E+04 

2.18E+04 1.25E+05 5.52E+04 9.48E+03 4.32E+03 4.40E+03 

ws 13.40 16.58 0.20 15.74 5.55 2.33 

1.13E+04 7.41 E+03 6.64E+03 9.49E+03 66.69 1.17E+03 

5.80E+04 4.27E+04 4.20E+04 6.85E+04 5.36E+02 1.46E+03 

8.85E+02 2.71 E+03 4.13E+03 8.97E+03 3.52E+02 96.74 

WSadj 13.40 16.58 14.72 15.74 5.55 2.33 

1.13E+04 7.41 E+03 6.64E+03 9.49E+03 66.69 1.17E+03 

~jl (%) 5.80E+04 4.27E+04 4.20E+04 6.85E+04 5.36E+02 1.46E+03 
Al, 

.6.k,
1 (%) 8.85E+02 2.71 E+03 4.13E+03 8.97E+03 3.52E+02 96.74 

k, 

9.1.8.2 Methanol-DMC 
Table 35: The accuracy of different mixing rules using the Soave Redlich Kwong equation of 
state model. 

Temperature [K] 
313.15 337.35 377.15 391.15 411.15 428.15 

Mixing rule (Ref. 18] (Ref. 19] (Ref. 19] (Ref. 19] (Ref. 19) (Ref.l9] 

M 
v.d.Waals -(%) 4.77 57.62 p 

.6Jc" (%) 
k if 

19.43 783.48 

M 
Pant. Reid -(%) 4.51 112.76 0.64 0.62 2.08 0.99 p 

ilkij (%) 
k, 

64.63 19863.69 23.55 41.35 179.59 80.76 

.6Jcll(%) 
k ji 

39.10 3789.50 22.01 37.96 74.27 37.20 

M 
MHV2 -(%) 3.55 1.34 0.62 0.59 0.65 1.17 p 

M,(%) 
A, I 

28.11 33.10 63.82 88.51 24.12 301.73 

M I' (%) 
A;; 

26.65 62.17 50.71 108.71 32.40 121 .58 

M 
MHV2adj -(%) 3.18 0.62 0.59 0.66 1.18 p 
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Mv(%) 
A1 

35.73 154.22 269.16 42.49 137.28 

M''(%) 
Ai/ 

20.79 35.51 301 .93 48.88 

liP 
1.18 ws -(%) 0.63 0.59 0.66 p 

Mv(%) 
Av 

212.03 219.01 29.69 60555.86 

Mi' (%) 
A,, 

92.60 192.93 19217.90 34271.98 

M,, (%) 
k,j 

111.30 148.91 179.51 835.08 

WSadj 
liP(%) 
p 0.87 1.09 0.64 0.60 0.66 1.11 

M.; (%) 
A;, 

9.46 98.12 800.67 7299.92 40.50 11550.68 

Mi'(%) 
A,, 

6.87 58.83 51.66 93.07 564.35 6513.50 

~(%) 
klj 

6.50 71.35 96.87 128.24 165.72 763.28 

Table 36: The accuracy of different mixing rules using the Peng Robinson of state model. ** 
Means that the optimization routine crashed 

Temperature [K] 
313.15 337.35 377.15 391 .15 411 .15 428.15 

Mixing rule [Ref. 18] [Ref. 19] [Ref.l9] [Ref. 19] [Ref. 19] [Ref. 19] 

liP 
v.d.Waals 

-(%) 5.78 119.72 2.21 p 

ók,i (%) 
kij 

72.28 2806.69 30.50 

Pant. Reid 
liP(%) 
p 5.84 0.71 0.64 1.82 0.59 

ók,i(%) 
k,j 

1322.78 36.24 46.25 341 .94 52.66 

ókl'(%) 118.59 ** 31.51 47.15 75.08 35.90 
k il 

liP 
2.45 0.55 MHV2 

-(%) 0.67 0.64 p 

Mv(%) 
Av 

38.09 1.75 95.09 89.20 9. 164.90 

Mi'(%) 
A;; 

18.44 ~ 60.84 120.96 23.23 100.10 

liP .JI 0.55 MHV2adj 
-(%) 0.63 0.67 0.63 0.60 p 

M.;(%) 
A,i 

114.42 123.73 254.99 32.98 103.59 

M;;(%) 
Ai/ 

10.03 25.30 36.70 97.21 35.38 

liP 
ws -(%) 0.70 0.63 0.65 0.47 0.55 1.18 p 

Mv(%) 
Ai 

10.38 75.12 274.23 237.55 31.27 199.51 

Mi' (%) 
A;; 

7.41 69.74 163.08 226.59 47.59 416.91 

ók,;( %) 
k,; 

6.94 79.28 177.50 187.33 23.97 130.60 

liP 
0.55 WSadj 

-(%) 0.84 0.64 0.68 0.51 0.56 p 

M.;(%) 
A; 

18.61 204.11 1581.10 378.46 41.56 258.78 
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M;' (%) 
A;, 

8.49 34.51 80.55 108.33 52.53 173.94 

llk,j (%) 
k, 

10.73 59.60 128.71 117.14 29.17 122.61 

9.1.8.3 Methanol-water 
The optirnization results for the methanol - water binary system can be found in Table 
37 & Table 38. 

TabJe 37: The accuracy of different mixing ruJes using the Soave Redlich Kwong equation of 
state model. 

Temperature [K] 
298.14 308.15 312.91 323.15 333.15 338.15 

Mixing rule [Ref. 20] [Ref. 21] [Ref. 23] [Ref. 21] [Ref. 22] [Ref. 21] 

V.d.Waals 
IV'(%) 
p 22.49 168.53 

M,J (%) 
k,J 

489.50 

IV' 
146.22 Pant. Reid -(%) p 

llk,j (%) 
k, 

67.18 358.21 1.43E+03 13.98 798.71 

~(%) 
k;. 

25.13 14.52 6.13 21.35 17.23 6.22E+03 

MHV2 
IV'(%) 
p 5.99 8.32 3.44 4.63 1.68 2.52 

M,; (%) 
A.; 

3.04E+07 75.01 150.43 156.69 60.73 596.74 

AA;. (%) 
Ajl 

11.95 33.32 22.99 226.20 46.91 210.85 

IV' 
4.83 4.69 1.66 2.52 MHV2adj - (%) 7.89 3.46 p 

M,; (%) 
A.; 

4.43E+07 5.53E+07 295.83 159.00 61.77 591.42 

M ji (%) 
Aft 

29.13 23.74 14.40 313.71 42.18 164.23 

IV' 
1.71 .1 ws - (%) 4.60 5.72 4.65 2.96 p 

M,; (%) 
A,; 

4.61 E+07 3.00E+07 1.38E+03 3.08E+05 6.32E+04 2.7 

MI' (%) 
Al, 

2.68E+07 24.61 1.31 E+07 20.43 6.61 E+03 1.2 

llk,j (%) 
k ij 

11.58 101 .60 25.48 77.97 7.41 E+03 6. 

IV' 
3.52 0.44 2.09 WSadj - (%) 3.36 5.76 5.17 p 

M,; (%) 
Aq 

2.08E+09 1.63E+07 514.42 67.52 17.58 85.42 

MI' (%) 
A;, 

1.71 E+07 1.74E+07 1.79E+07 1.94E+06 15.89 1.76E+02 

~(%) 
k, 

19.91 28.18 33.23 57.45 5.78 35.82 

TabJe 38: The accuracy of different mixing ruJes using the Peng Robinson of state model. ** 
Means that the optimization routine emsbed 

Temperature [K] 
298.14 308.15 312.91 323.15 333.15 338.15 

Mixing rule [Ref. 20] [Ref. 21] [Ref. 23] [Ref. 21] [Ref. 22] [Ref. 21] 
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b.P 
68.93 v.d.Waals 

-(%) 26.16 p 

M"(%) 
kij 

679.89 

Pant. Reid 
b.P(%) 
p 

65.82 

M" (%) 
kij 

3.30E+03 272.27 1.91 208.37 20.88 1.79E+03 

MI'(%) 
k,, 

21.24 21.06 0. 27.17 24.89 1.97E+03 

b.P 
1.83 0.65 .98 MHV2 -(%) 3.37 4.69 2.39 p 

M.;(%) 
Aii 

56.58 161.52 8.71 E+06 211.88 12.27 3.3 

M"(%) 
Aft 

35.26 190.07 1.44E+06 149.00 14.10 .z 
b.P 

0.98 MHV2adj -(%) 3.39 4.73 2.23 1.83 0.64 
p 

A\(%) 
A,; 

67.96 141 .75 85.03 201.43 12.19 33.97 

M'(%) 
A, 

31.93 172.74 6.94 127.45 13.79 39.08 

b.P 
1.05 ws -(%) 1.40 5.72 3.77 1.84 0.98 p 

A\( - %) 
A,; 

1.20E+06 139.52 185.67 1.98E+04 1.06E+04 1.54E+04 

M;' (%) 
A,, 18.14 17.76 1.45E+07 7.09E+03 5.70E+03 7.19E+03 

M,i(%) 
k,i 

59.34 84.10 20.33 3601 .03 375.38 545.53 

b.P 
WSadj - {%) 2.89 3.99 4.50 1.61 0.97 1.05 p 

A\(%) 
A, i 

66.51 70.27 215.17 82.69 1.10E+04 1.99E+04 

M''(%) 
A,, 2.19E+07 2.66E+06 1.92E+09 82.03 5.08E+03 8.43E+03 

M'(%) 14.94 57.52 30.66 30.47 337.04 570.92 k . 
'I 

From Table 37 and 38 it can be seen that Soave Redlich Kwong with the van der 
Waals mixing rule give the best results for the temperature range that is considered. 
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• I. . ~ 
• I 

• 

• 
• 
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"' 298.14K Kooner et al. 
-- 298.14K model 

+ 308.15K McGiashan et al. (1976) 
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• 312.91K Bredig et al. (1927) 
····-··- 312.91 K model 

.,. 323.15K McGiashan et al. (1976) 
··-- 323.15K model 

• 333.15K Broul et al. (1969) 
-- 333.15K model 

• 338.15K McGiashan et al. (1976) 
- 338.15K model 

Figure 41: The literature for the water & methanol binary system with the optimization results 
the van der Waals mixing rule withSoave Redlich Kwong Equation of State 

In Figure 41 there are four out of the six temperature that give accurate results. The 
largest inaccuracies seem to arise at the temperatures of 338.15 and 312.91 K. The 
flrst temperature considered is 312.91 K. For this mixture calculations give a wrong 
pressure and a different region of the mol fraction. This cannot be explained at the 
moment. From the model no typing errors or similar mistakes were found and in a 
physical sense such deviations cannot appear. 

For 338.15 K the problem on the mol fraction does not seem to be playing a role. 
Only a big deviation in the pressure. For this temperature again no typing errors are 
found. As such no real reasonable explanation can be found for the results that are 
displayed. 

From Figure 41 it follows that the separation into the different phases will not give a 
large separation region between the gas and liquid phase as the C02 - methanol Of 

C02 - DMC mixture into pure phases. It is more likely that fractional distillation is 
needed to separate the components to pure species. 

9.1.8.4 co2- water 
The binary system considered is the co2 - water binary mixture. The results of the 
optimization routine can be found in Table 39 & Table 40. 

Table 39: The accuracy of different mixing rules using the Soave Redlich Kwong equation of 
state model. 

Mixing rule 

M'(%) 
v.d.Waals P 

Pant. Reid 

M" (%) 
k, 

M'(%) 
p 

Temperature [K] 
373.15 393.15 413.15 433.15 453.15 473.15 
~~ ~~ ~~ ~~ ~~ ~~ 

0.49 0.22 0.49 0.90 0.69 1.03 
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3.64 2.23 6.57 30.37 67.11 38.84 

1.02E+03 48.76 36.31 86.47 29.22 37.53 

0.43 0.63 1.03 1.22 2.73 2.22 

2.66E+02 7.43E+03 9.77E+03 8.25E+03 1.48E+04 1.38E+04 

63.84 1.04E+03 2.08E+03 2.36E+03 4.87E+03 4.88E+03 

0.38 0.83 1.19 1.27 2.86 2.31 

3.83E+04 3.14E+04 2.42E+04 1.55E+04 2.61 E+04 2.09E+04 

M;, {%) 1.34E+03 2.33E+03 3.28E+03 3.31 E+03 7.08E+03 6.90E+03 
Aii 

LV'(%) 
p 0.39 0.69 1.00 1.22 2.55 2.05 

M;; (%) 4.84E+03 4.44E+03 1.43E+04 1.04E+04 5.63E+04 9.09E+04 
A; 

LV' - (%) 
p 

1.57E+03 4.09E+03 5.98E+03 8.91 E+03 3.93E+03 4.02E+03 

4.36E+03 1.00E+04 1.20E+04 1.61 E+04 6.22E+03 6.54E+03 

0.45 0.24 0.52 0.94 2.80 2.25 

M;; (%) 4.19E+05 2.57E+03 1.98E+03 7.83E+03 4.29E+04 1.06E+05 
A,, 

M jl (%) 8.96E+05 9.32E+03 1.05E+04 3.73E+04 7.70E+03 5.64E+03 
Ai, 

Ak.
1 (%) 3.93E+03 9.42E+02 1.12E+03 3.70E+03 1.68E+04 1.15E+04 

k,; 

Table 40: The accuracy of different mixing rules using the Peng Robinson of state model 

Temperature [K] 
373.15 393.15 413.15 433.15 453.15 473.15 

Mixing rule [Ref. 24] [Ref. 24] [Ref. 24] (Ref. 24] (Ref. 24] [Ref. 24] 

LV' 
v.d. Waals - (%) 1.67 p 

Mv (%) 
k,j 

LV' 
Pant. Reid - (%) 

p 

!lk,j (%) 
k, 

4.89 4.00 90.47 38.32 21.77 

M , (%) 
kF 

129.12 25.35 21.8 60.76 25.67 37.64 

LV' 
MHV2 - (%) 0.77 1.22 1.57 1.38 3.07 2.47 

p 

M,(%) 
A,j 

2.44E+05 5.34E+04 3.39E+04 2.01 E+04 2.74E+04 2.02E+04 

M ;' (%) 
Aii 

6.66E+03 3.99E+03 4.72E+03 4.37E+03 7.14E+03 6.33E+03 

LV' 
MHV2adj - (%) 0.98 1.45 1.75 1.46 3.23 2.58 

p 

M, (%) 
A,} 1.1 0E+07 2.63E+06 4.00E+05 8.49E+04 9.86E+04 5.34E+04 

Mi' (%) 
A, 6.81 E+01 1.39E+04 1.84E+04 8.62E+03 1.42E+04 1.06E+04 

LV' 
WS - (%) 0.84 1.32 1.63 0.99 2.55 1.44 p 
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6.07E+03 5.00E+03 1.03E+04 1.44E+03 1.91 E+03 6.13E+02 

6.45E+03 5.82E+03 1.02E+04 7.47E+03 6.75E+03 4.66E+04 

4.86E+04 8.23E+04 1.53E+04 6.18E+02 4.65E+02 7.85E+02 

0.66 1.39 1.65 0.99 1.87 1.44 

1.76E+04 5.40E+03 7.27E+03 1.81 E+03 4.99E+03 7.54E+02 

2.34E+04 9.48E+03 1.09E+04 1.05E+04 1.70E+04 1.62E+04 

M' (%) 1.89E+03 1.14E+04 7.32E+03 1.14E+03 1.61E+03 9.80E+02 
klj 

From Table 39 and 40 it can be seen that Soave Redlich Kwong with the van der 
Waals mixing rule give the best results for the temperature range that is looked at. 
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Figure 42: The literature for the water & C02 binary system with the optimization results the 
van der Waals mixing rule withSoave Redlich Kwong Equation of State 

When looking to Figure 42 it can be seen that for all the temperatures that are 
considered the model is accurate. 

From Figure 42 it can be concluded that separating water and C02 can be done 
without problems. A clear trend is present, for if the temperature is lowered for a 
mixture the composition of the gas and liquid bath go to a pure component 
composition. In this case the liquid will be pure water and the gas phase COz. This 
kind of separations are not only at low temperatures but also go at low pressures. 

9.1.8.5 DMC- water 
The final system that is considered is the DMC - water mixture. From the literature 
overview (section 4.1) it could be seen that the research that was done for this system 
meanly consists of liquid - liquid equilibrium or vapour - liquid equilibrium in an 
isobaric system (T, x, y diagram). For this reason data for P, x, y diagram is obtained 
by experiments. 
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In the section 4.3 it could beseen that the experimentalset-up contains an error. This 
error is large and the DMC - Water mixture is at low pressures. For an accurate 
display of the results the choice is made to display the results of the experiment 
separately. The results are shown in the graph below. 
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Figure 43: The P, x, y diagram for the DMC- water mixture from the experimental setup 

Table 41: Average deviations for experimental data of DMC and water mixture 

Parameter 
XDMC 

X water 

Pressure 

Average deviation 
7.93E-06 
2.37E-06 

0.8 

Units 

bar 

The results of the experiments on the DMC- water mixture that are shown in Figure 
43, with the error of measurement displayed as well. As can be seen the deviation is 
particularly large in the pressure. The deviation causes difficulty in modeHing the 
binary system, and wilt cause large inaccuracy of the data that follows from the 
interpretation of the results. 

What cannot be seen in Figure 43 but is present in the DMC- water mixture is the 
azeotrope that can arise. This makes the situation in which a mixture of this system 
neects to be separated difficult. 

The results of the optimization routine are displayed in Table 42 & Table 43 

Table 42: The accuracy of different mixing rules using the Soave Redlich Kwong equation of 
state model. 

Mixing rule 

Al'(%) 
v.d.Waals p 

T emperature [Kj 
388.92 393.02 398.01 407.35 416.05 425.00 
(this report] (this report( (this report] (this report] (this report] (this report] 

25.46 16.77 10.11 
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M• (%) 
k,, 

M 
Pant. Reid 

- (%) 
p 

M" (%) 
k~. 

413.18 336.12 161.43 rn.4 · 

M'' (%) 
k ir 

576.29 451.84 437.62 

M 
131.82 48.57 32.77 25.02 16.50 9.94 MHV2 -(%) p 

tv\(%) 
A,, 

156.03 119.90 107.01 97.47 104.91 48.40 

<111,, (%) 
A;t 

1.00E+09 5.35E+08 3.89E+08 2.27E+08 3.32E+08 1.17E+08 

M 
16.57 9.98 MHV2adj -{%) 132.06 48.69 32.86 25.14 p 

.M,, (%) 
A,, 

3781 .92 3794.03 2466.41 2652.47 1403.12 843.84 

<111" (%) 
Al< 

4.22E+08 3.81 E+08 1.99E+08 1.09E+08 4.79E+07 2.17E+07 

ws M(%) 
p 103.88 35.91 23.82 15.47 12.00 8.90 

.M,, (%) 
A,, 

81821 .13 10382.47 15657.20 32.76 6181 .04 123196.38 

<111,, (%) 
A Jt 

545.79 560.82 732.95 500.43 1608.12 44237.95 

M"(%) 
k ij 

214.22 213.91 273.10 14.18 139.10 263.55 

M 
7.80 WSadj -(%) 104.74 35.97 23.90 15.43 10.92 p 

tv\(%) 
A,, 

14365.00 25070.85 12637.68 37.50 54.34 690.74 

MJI (%) 
A,, 

590.06 564.08 699.20 119.40 435.11 6770.03 

M,' (%) 
k;; 

303.24 290.94 353.46 14.18 21 .98 37.36 

Table 43: The accuracy of different mixing rules using the Peng Robinson of state model 

Temperature [K] 
388.92 393.02 398.01 407.35 416.05 425.00 

Mixing rule [this report] [lhis report] [this report] [this report] [this report] [this report] 

M 
v.d.Waals - (%) p 

M,, (%) 
k,, 

M 
Pant. Reid - {%) p 

M,, (%) 
k,J 

422.18 340.43 163.21 5. 

M;;(%) 
k,, 564.61 439.16 411 .68 

M 
MHV2 -{%) 131.59 48.43 32.64 24.94 16.45 9.92 p 

<111,1 (%) 
Av 

511.78 414.63 438.50 327.94 222. 11 214.70 

Mp (%) 
A,, 

4.07E+08 3.37E+08 2.23E+08 1.45E+08 6.32E+07 4.67E+07 

M 
MHV2adj - (%) 131.88 48.57 32.74 25.08 16.55 9.97 p 
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AA,, (%) 
A,; 

1279.24 717.02 737.37 799.98 1250.40 421.61 

MF(%) 
A,, 

4.43E+08 3.45E+08 1.99E+08 1.78E+08 1.90E+08 5.35E+07 

t:.P 
8.96 -(%) 102.25 35.21 23.26 14.99 12.00 

p ws 
Al\; (%) 
A,, 45021 .59 8584.57 18672.93 31 .42 5153.94 789902.05 

M'(%) 
A;. 

507.33 526.79 673.99 7545.36 1287.91 262922.91 

ók,'( %) 
k. 

206.36 208.72 264.87 12.34 128.57 209.66 

t:.P 
9.00 -(%) 103.20 35.30 23.35 14.96 12.03 p WSadj 

Al\;(%) 
A,; 

19167.68 35667.99 14215.78 34.24 6878.93 238730.87 

M"(%) 
A, 

556.29 555.18 667.72 159.36 1444.38 67895.92 

ók,' (%) 
k, 

297.29 301.71 353.77 12.28 147.28 263.91 

From Table 42 and 43 it can be seen that Peng Robinson with the Pant. Reid mixing 
rule give the best results for the temperature range that is looked at. 
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Figure 44: The literature for the water & DMC binary system with the optimization results the 
Pant. Reid mixing rule with Peng Robinson Equation of State 

In Figure 44 the results of the optimization and experiments can be seen. The frrst 
remark comes from displaying 3 temperatures. This choice has been made to keep the 
picture clear, the temperatures that where left out all had the same trends for the 
comparison between the model and the experimental data. The remaining higher 
temperatures are left to illustrate the accuracy between the modelled and the 
experimental bubble point line. The lowest remaining temperature illustrates the 
inaccuracy of the bubble point lines. There are a few things to notice: 

1. The data points from the experiments do not seem to follow a smooth profile. 
This is meanly due to the experimental set-up, which is not made for low 
pressure system and causes bigger deviations. 
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2. At higher temperatures the bubble point line calculated from the model seems 
to follow reasonably weB with the experimental data, but at lower 
temperatures the deviation becomes larger. 

3. The dew point line that is calculated in the model suggests this transition takes 
place at higher pressures then the bubble point line. In practice this is 
physically impossible. 

The errors that are present in the vapour - liquid equilibrium are significant. For this 
reason the liquid - liquid equilibrium will be considered to model this binary system 
and optimization results can be obtained. 

For the DMC- water system the Soave Redlich Kwong Equation of state modeland 
the van der W aais mixing rule were not seen as the best model. For the report the 
DMC- water mixture is displayed with the SRK EoS and the van der Waals mixing 
rule. 
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Figure 45: Plot of the pressure vs. the mol fraction for the DMC and water mixture. The van der 
Waals mixing rule and SRK EoS model 

From Figure 45 it can be seen that the dew point line is in the region that is physically 
possible. Problems that are still present in the DMC - water mixture will be attempted 
to solve with the liquid -liquid equilibrium optimization. 

9.1.9 Appendix 9: temperature dependency on binary interaction 
parameters 

9.1.9.1 COrDMC 
From the data that follows from the optimization routine it can be seen that the 
temperature of 348.15 K contains a large deviation. Due to this deviation this data 
point will not be taken into account with regard to the temperature influence. 
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Figure 46: Binary interaction parameters vs. temperature for DMC (i) and C02 G) 

From Figure 46 the profile for the temperature dependency is not as clearly present as 
the previous binary systems. The simplest model that is modelled to the data is a 
linear model, of which the results are shown in Table 44. The choice of a linear model 
is seen as a good model, this can be concluded from the R-squared value of the linear 
modeL 

Table 44: The parameters of the linear model (Y =A+BX) and the R2 value of the model. 

Parameter A R 
0.0123 0.00805 -8.77206E-5 2.3987E-5 0.90376 
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9.1.9.2 DMC-Methanol 
For the DMC- methanol mixture the temperature of 337.35 Kis removed from the 
binary interaction parameters. The reason for this is the big confidence interval of the 
binary interaction parameter and the large deviation in the pressure that could be seen 
in the phase diagram 
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Figure 47: Binary interaction parameters vs. temperature for methanol (i) and DMC (j) 

The data points that are displayed in Figure 47 contain large deviations in the higher 
temperatures. These deviations prevent an obvious model to be fitted. The choice is 
made to fit a linear model, the reason is due to the confidence interval of the binary 
interaction parameters. For example the temperatures 388.15 and 428.15K have a 
deviation of 10 %. When this difference is subtracted to the value the new values lie 
closer to the linear trend. A similar condusion can be made for the 391.15 and 411 .15 
K. The five data points show a linear relation of which the constants are seen in Table 
45, this is still modelled on all the data points. 

Table 45: The parameters of the linear model (Y=A+BX) and the R2 value of the model. 

Parameter A R 
-0.00227 0.0191 1.12173E-4 4.94606E-5 0.79474 
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9.1.9.3 DMC-Water 
In the previous section the optimization showed that the model was not accurate to 
simulate the vapour - liquid equilibrium. This was due to the inaccuracy of the 
experiments. The liquid - liquid equilibrium optimizations resulted in accurate results 
for the simulation of the phase behaviour. The VLE data will be used for the 
temperature dependenee as well. For all temperatures the data points are considered in 
cases of the VLE, as the confidence intervals are to large to exclude points. For the 
LLE none of the temperature data points are excluded, as the optimization deals with 
a temperature range. 
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Figure 48: Binary interaction parameters vs. temperature for DMC (i) and water (j) 

From the results that are displayed in Figure 48 it can be seen that in both cases the 
data points suggest a linear model. For both cases the linear model is put to the data 
points and the results of this model are displayed in Table 46. 

TabJe 46: The parameters of the linear model (Y =A+BX) and the R2 value of the model. 

Parameter 
kii (VLE) 
kij(LLE) 

A 
-0.67806 
-0.08604 

0.068 
9.2638E-17 

B 
0.00149 
0 

1.67931E-4 
3.06276E-19 

R 
0.97566 
I 
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9.1.9.4 Methanol-Water 
The optimization routine results for the methanol - water binary mixture has shown 
that the temperatures of 338.15 and 312.91 K are notmodelled well. For this reason 
these two temperatilles are not taken into the temperature influence of the binary 
interaction parameters. 
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Figure 49: Binary interaction parameters vs. temperature for methanol (i) and water (j) system 

The binary interaction parameters that are displayed in Figure 49 suggest a linear 
model. This model is fitted to the data andresults in the constants given in Table 47. 

Table 47: The parameters of the Iinear model (Y=A+BX) and the R2 value of the model. 

Parameter A R 
k i j 0.0333 0.01969 -4.25794E-4 6.23351E-5 0.97923 
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