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3 3 
Liquid-Liqui dd Separatio n in the 
EPDMM Solutio n Polymerisatio n 

Proces s s 

Abstrac t t 
Thee practical application of liquid-liquid separation as a means of polymer-solvent separation 

wil ll  be studied in this chapter. Phase separation experiments are performed with ethene-

propene-dienee ter-polymer (EPDM) solved in hexane, using propene as an anti-solvent. The 

resultss will interpreted using a thermodynamic model based on the Sako-Wu-Prausnitz (SWP) 

equationn of state. 

Itt will be shown that the description of homogeneous polymers is unambiguous, but for het-

erogeneouss polymers further development of the SWP theory is required. The model shows 

promisingg results with respect to multi-component polymer systems. However, the descrip-

tionn of the interaction between the components is still unsatisfactory. Therefore, an empirical 

modell  will be developed to describe the experimental results. 

Onn basis of this empirical model, a flowsheet model will be constructed to describe a novel 

EPDMM process containing a liquid-liquid countercurrent extraction column. The effects of 

temperature,, pressure, antisolvent concentration, and number of theoretical equilibrium 

stagess are studied. 
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3.11 Introductio n 

Inn the previous chapter the thermodynamics of polymer-solvent liquid-

liquidd separation has been discussed. A general description of two thermo-

dynamicc models was given, which is the theoretical basis for the current 

chapter. . 

Thee aim of the research in this chapter is to investigate the possibilities 

off  incorporating the technique of liquid-liquid separation in the production 

processs of ethene-propene co- and ter-polymers. Thermodynamics of phase 

demixingg wil l be dealt with using the Sako-Wu-Prausnitz (SWP) equation 

off  state as well as an empirical model. Both models will be used in the 

descriptionn of the experimentally determined phase phenomena of a model 

ter-polymerr system. 

Thee empirical model is applied in a simulation of a liquid-liquid extraction 

columnn which provides basic insight into the possibility of using such a 

separationn apparatus as a (partial) replacement of the polymer purification 

stepss in the ethene-propene-diene ter-polymer (EPDM) production process. 

3.22 Modellin g EPDM-Hexane-Propen e Mixture s 

3.2.11 Introductio n 

AA general descriprion of the Sako-Wu-Prausnitz equation of state has been 

givenn in Chapter 2. However, the application of this thermodynamic model 

too the description of a EPDM-hexane-propene mixture introduces a few 

difficultiess which wil l be discussed in the following paragraph. 
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Figuree 3 .1 : Schematic representation of the smallest EPDM polymer 

segmentsegment according to the SWP EOS theory. 

3.2.22 The Applicatio n of SWP EOS to EPDM 

Forr non-polymer components the segment number r can easily be calcu-

lated,, as was shown in the previous chapter. For polymers the segment 

numberr is calculated using Eq. 2.19. The theoretical considerations with 

respectt to the parameter estimation are straightforward for homogenous 

polymerss like polyethene, polypropene, and polystyrene. In polyethene, for 

example,, the repeating unit is ethene, so the backbone of the molecule has 

twoo units. Assuming a number average molecular weight of the polymer of 

25000,, r is equal to 560.5. The repeating unit of branched polymers may be 

identifiedd in a similar way. 

However,, for highly cross-linked or co- or ter-polymer, like EPDM, a non-

ambiguouss choice is not easily made. The EPDM grade in this study is a 

ter-polymerter-polymer with an ethene:propene ratio of 1 : 1, with 4.5 wt% ter-monomer 

ENBB (5-ethylidenebicyclo(2.2.1)-hept-l-ene) added to generate specific cure 

properties.. The resulting minimum polymer segment is depicted in Fig. 3.1. 

Ass can be seen, this segment is extremely large and no physical properties 

aa -
CH H 



300 Liquid-Liquid Separation in the EPDM Solution Polymerisation Process 

off  this monomer can be found. It is therefore necessary to resize this seg-

mentt to more comprehensible dimensions. However, as no solid theory on 

thee implementation of non-homogeneous polymers in the SWP theory ex-

ists,, severe simplifications have to be made to define a repeating unit. It 

iss assumed that no side chains are present in the polymer, that the influ-

encee of the third monomer can be neglected, and that the ethene-propene 

polymerr can be regarded as a regularly alternating polymer. This leads 

too the unsaturated monomer CéHi2 as the smallest segment representing 

thee EPDM grade. This monomer is comparable to the segments found for 

polypropenee and polystyrene, regarding Van der Waals-volume and ionisa-

tionn potential. 

Torkk [36] found that co-polymers (like polyethene-propene-co-polymer 

(PEP))) have a different value for Ncseg than homogeneous polymers. As 

aa physical explanation is not yet developed, the optimum value is deter-

minedd by simply varying Ncseg during the calculation of parameters c and 

(3,, thereby minimising the absolute average deviation in the pressure and 

volumee estimations. For an alternating PEP the optimum value of Ncseg was 

foundd to be 2.5. For this EPDM polymer a value of 2.75 gave the smallest 

deviationn in the pressure and volume estimations. 

Inn Table 3.1 the required properties for both volatile and polymeric fluids 

aree presented. Most of the data in Table 3.1 can be found directly in the 

standardd data tables. 

3.33 Phase Separatio n Experiment s 

Inn order to test the validity of the SWP model (and obtain the interaction 

parameters),, several phase separation experiments have been conducted 

forr an EPDM-hexane solution. 

Thee experimental set-up consists of a variable-volume autoclave designed 
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Tablee 3.1: Physical properties of the segments and repeating units rep-

resentingresenting hexane, propene, and EPDM based on the simplified segment 

configuration. configuration. 

Symbol Symbol 

Mn,, M W 

Pc c 

Tc c 

Vc c 

I I 

A A 

Vw w 

r r 

c c 

13 3 

NCRU U 

Vwseg g 

M RU U 

Mcseg g 

Hexane e 

86.U8 86.U8 

3.040106 6 

507.68 8 

36.63510"5 5 

0.9774106 6 

3.002100 5 

6.826010"5 5 

2.3941 1 

1.7305 5 

--

--

--

--

--

P ropene e 

42.081 1 

4.6646106 6 

365.57 7 

18.83710-5 5 

0.9388106 6 

1.57910-5 5 

3.40810"5 5 

1.2896 6 

1.2382 2 

--

--

--

--

--

EPDM M 

8.310104 4 

--

--

--

0.9765106 6 

2.994610-5 5 

6.82510-5 5 

1793.1 1 

849.31 1 

1.3552 2 

5 5 

6.137100 5 

84.163 3 

2.75 5 

Un i ts s 

gmoll  l 

Pa a 

K K 

m3mol~* * 

J m o r1 1 

m3mol~~ l 

m3moll  - 1 

--

--

--

--

m3mol~* * 

gmoll  J 

--

forr pressures up to 200 bar and temperatures up to 250 °C, as described 

byy Bungert et aL [37],[38]. The volume can be varied with a metal bellows 

betweenn 840 ml and 880 ml. Samples can be drawn from both phases via 

stainlesss steel capillary tubes. Sapphire windows allow for visual obser-

vationn of the whole inner diameter. The temperature can be read to an 

accuracyy of 1 °C and the pressure can be set and read with an accuracy 

off 3 bar. The experimental window ranged in temperature from 45 up to 

2455 °C and in pressure from 30 up to 190 bar. Using a base solution of 8 

wt%% EPDM in hexane various amounts (0, 20, and 40 wt%) of propene were 

successivelyy added in order to determine the effect of gas partial pressure 

onn the phase separation behaviour. 
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Figuree 3.2: Phase diagram of the EPDM-hexane mixture with varying 

amountsamounts of propene. The mildly curved solid lines represent the the-

oreticaloretical liquid-vapour curves of propene. The solid lines through the 

experimentalexperimental points are obtained by a least-squares fit and represent 

thethe liquid-liquid phase separation boundaries. 

Figuree 3.2 shows the phase diagrams of a series of a EPDM-hexane solution 

withh different amounts of propene added. It can be seen that the LCST is 

shiftedd to lower temperatures with an increasing weight fraction of propene. 

Ass a rule of thumb, it can be stated that the phase boundary is shifted 

byy 3.75 °C/wt% propene. The LLV boundaries are shifted to higher pres-

suress with increasing propene concentration, although the effect is not as 

pronouncedd as for the temperature shift. 

Too investigate the effect of third monomer on the phase behaviour, small 

amountss of ENB were added to the 20 wt% and 40 wt% propene systems. 

Itt turned out, that small amounts of ENB 5 wt%) neither influence the 
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slopee of the LCST nor effect the size of the temperature shift of the phase 

boundaryy curve due to an increasing amount of propene. 

Ann interesting result for all systems with propene as the anti-solvent is 

thatt the separation coefficient of hexane and propene is almost equal to 1. 

Thiss means that the separation of these components by simple demixing 

iss very difficult . Apparently at high pressures a distinction can be made 

betweenn the polymer on one hand, and hexane and propene on the other. 

Iff  this is so, the demixing conditions wil l have to be set very close to the 

LLVV boundary in order to separate hexane and propene. 

Withh respect to the polymer separation efficiency it can be concluded that 

inn one demixing step (or one ideal extraction tray) it is possible to obtain 

aa bottom slurry concentration of about 35 wt% at pressures in the vicinity 

off  the LV boundary. This equals a polymer separation efficiency of 85% to 

95%,, depending primarily on temperature and antisolvent concentration. 

3.44 Experimenta l Data Interpretatio n wit h SWP EOS 

Thee experimental binary solution PTx-data for EPDM-propene and EPDM-

hexanee are used to find the interaction parameter for each pair of com-

ponents.. Hexane-propene data have been calculated using UNIFAC up to 

thee critical point of propene. Using the interaction parameter relationships 

shownn in the previous paragraph binary simulations have been performed. 

Inn Fig. 3.3, the simulation results are depicted for the EPDM-hexane sys-

tem,, showing the correct trend and producing an excellent estimation of 

thee LLV boundary. 

Simulationss of the ternary system {see Fig. 3.3.) on the basis of binary in-

teractionn parameters for the three binary pairs, showed to be less satisfac-

tory,, despite attempts to tune the hexane-propene interaction parameter. 

Thee LL boundary is predicted around 50 bar below the experimental data 
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Figuree 3.3: Phase diagrams calculated with SWP EOS compared to 

experimentalexperimental data for EPDM-hexane mixtures with (from high to low 

temperatures)temperatures) 0 wt%, 18.4 wt% and 40.9 wtP/o propene added. 

points.. Apparently, a correct description of the binary interactions is not 

sufficientt to describe the ternary effects on binary interactions. Strangely 

enough,, although the demixing pressures calculated are far from the ex-

perimentall  data points, the slope of the LL boundaries is predicted correctly 

ass is the trend of the LV boundary. This anomalous behaviour can not be 

explainedd and requires further study. 

Noo conclusions on the accuracy of the SWP EOS can be drawn from these 

modellingg results due to the large number of uncertainties introduced by 

thee assumptions and lack of data. However, the application of the SWP 

EOSS to polymer systems seems fairly well possible according to the correct 

qualitativee boundaries predicted. It is necessary to further investigate the 

ternaryy effects on the binary interactions as binary interaction parameters 

appearr not to be accurate enough to describe multi-component phenom-
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ena.. The fit procedure for the interaction parameters should include the 

possibilityy to attribute weights to the experimental data in order to empha-

sisee the importance of a correct description of the dew point pressures. In 

thiss respect it is also recommendable to investigate the effect of extrapolat-

ingg these parameters fitted on subcritical data to the supercritical region, 

ass was done here. Furthermore, the effect of a mole weight distribution has 

nott been investigated in the simulations, which wil l have an effect on the 

distributionn of the solvents in both phases. In conclusion, the description 

off  the EPDM liquid-liquid separation thermodynamics using the SWP EOS 

modell  with the limited available interaction parameters is not yet possible. 

However,, as the main focus of this research is the application of liquid-

liquidd demixing in the EPDM process, a prediction of the separation effi-

ciencyy as a function of process conditions is required. Therefore, an empir-

icall  model based on the LL separation experiments has been constructed. 

Thee parameters of this fit model include temperature, pressure, and poly-

merr and solvent concentration. The representation of the polymer weight 

fractionn in both phases in the P-w plane results in a distorted parabolic 

curve.. In Eq. 3.1 a common polynomial function used to describe this type 

off  curve mathematically is shown, where wP represents the weight fraction 

polymerr in the solution. 

PP = A + Byfw  ̂ + CwP (3.1) 

Whenn this empirical formula is fitted to the experimental results, using a 

multiplee least squares algorithm, four sets of parameters A, B, and C are 

obtainedd for each combination of temperature and propene concentration. 

Thee other variables still have to be included in the empirical model. This 

iss done by applying a multiple linear regression to the parameters A, B, 

andd C with respect to the variables temperature and anti-solvent weight 

fraction,, according to Eq. 3.2. The variable wCj is in fact the correction on 
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thee temperature influence of the LL boundary. 

AA = a + b(1 +cwC3)T (3.2) 

Thee same relationship holds for parameters B and C. From Fig. 3.4, it 

cann be seen that the model predicts the LCST behaviour of this particular 

systemm rather well. Unfortunately, it does not provide any information 

onn the phase separation of propene and hexane. Therefore, a few more 

assumptionss are required. 

Inn accordance with experimental findings, the percentage of the initial 

amountt of polymer (on a weight basis) split to the heavy phase is fixed 

att 85%. This is a rather conservative estimation, but it is based on es-

tablishingg full equilibrium, which is not likely to happen in practice. Thus, 

thiss percentage can be considered as a safety margin. As the initial amount 

off  polymer is known, it is possible to calculate the amount of polymer and 

thee combined amount of hexane and propene in the heavy phase (Eqs. 3.3 

andd 3.4). 

mHH - 0.85m;, (3.3) 

m11 1 

mcUc33 = d r ( 1 - w F I ) (3.4) 
Wp p 

Thee superscripts II and i denote the polymer-rich phase and inital solution, 

respectively.. One more assumption is required to completely determine 

thee composition of both phases. It was shown before that the fractional 

amountt of hexane split to the heavy phase is equal to the fractional amount 

off  propene split to the heavy phase. Only in pressure regions very close 

too the LLV curve the ratio of fractional amounts of hexane and propene 

increasess moderately in favor of hexane. If this split ratio is considered one, 

thee amounts of hexane and propene in the heavy phase can be calculated 

(Eqs.. 3.5 and 3.6). 

m11 1 
m c bb = t Cb + Cjt mk (3.5) 
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Figuree 3.4: Phase diagram comparing the empirical model to experi-

mentalmental data. 
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Thiss empirical model gives, for the current polymer, rather accurate results 

andd can be used in the modeling of an liquid-liquid separation step. It 

wil ll  therefore be applied in the development of a new EPDM purification 

process. . 

3.55 Developmen t of a New EPDM Proces s 

3.5.11 Existin g EPDM Processe s 

Commerciall  EPM and EPDM polymers are produced by solution or sus-

pensionn processes, although a gas-phase polymerisation is currently in 

use.. The solution process (Fig. 3.5) typically consists of four operating 
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Figuree 3.5: Schematic representation of a solution polymerisation pro-
cesscess for the production of EPDM. 

sections,, namely polymerisation, monomer and solvent recycling, product 

recovery,, and product finishing. Ethene, propene, hexane, and ENB are 

thee major raw materials. Ethene is added to the hexane/propene stream. 

Thee absorption and compression heat of ethene is removed by condensa-

tion.. Then propene is added to the mixture. To remove reaction heat, the 

monomerr stream is cooled. 

Unreactedd propene and ethene is recovered and recycled to the reactor. 

Solventt and unreacted ter-monomer are also recovered for reuse after pu-

rification.rification. The polymer solution is shortstopped (b) to deactivate the cata-

lystt still present in the mixture. After this, water is added to wash out the 

catalystt residue (c). 

Subsequently,, the polymer crumb is compacted and residual monomers 

aree fed to the reactor. The polymer solution is then stripped with hot water 

(e)) to remove the remaining unreacted monomers and solvents, which are 

purifiedd and recycled to the reactor (f). Finally, in the finishing section, the 
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rubberr crumb is passed over a screen and subsequently dried by extrusion 

dryingg (g) to remove free water. 

3.5.22 Design of a Countercurren t EPDM-Hexane-Propen e Ex-
tractio nn Colum n 

Ass explained in the introduction, the scope of this investigation was to 

developp a new design for the process section after the reactor, by imple-

mentingg a LL separation apparatus, in order to save energy in the polymer 

purificationn section. 

Itt was assumed that the liquid-liquid separation could be carried out in a 

countercurrentt LL extraction column, with propene as the extractant, thus 

preventingg the introduction of yet another component within the system. 

Thee basic idea is that the polymer solution is dispersed at the top of the col-

umnn and the droplets fall down through the rising bulk phase of propene. 

Hexanee and other non-polymer components from the polymer solution are 

extractedd by propene, leading to a polymer-propene solution at the bottom 

off  the column. 

Thee extraction column is modelled using the steady-state flowsheeting soft-

waree package ASPEN PLUS™, using our own thermodynamic model. The 

firstt simulation was performed at a constant pressure of 50 bar and at a 

temperaturee of 100 and 150 °C, respectively. The effect of an increasing 

amountt of anti-solvent fed to the column (one up to four times the amount 

off  propene in the reaction mixture) was investigated. A few effects on the 

resultingg fraction of hexane at the bottom of the column, (p^, are depicted 

inn Fig. 3.6. 

Firstt of all, it can be seen that, regardless of the amount of anti-solvent 

andd the column temperature, the separation efficiency increases with an 

increasingg number of equilibrium stages. The application of more than four 
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Figuree 3.6: Extraction column simulation at (a) 100 C; 50 bar and (b) 

150150 C; 50 bar. cpJJ represents the amount ofhexane in the polymer-

richrich phase at the bottom of the column. 

equilibriumm stages seems not very useful as the extra amount of hexane 

foundd in the top stream of the column wil l only be marginal. Secondly, it is 

clearr that an increase in the amount of propene added rigorously decreases 

thee amount ofhexane at the bottom of the column, which is especially true 

att lower temperatures. Finally, an increase in temperature increases the 

separationn efficiency with respect to the solvent, i.e., hexane. In other 

words:: in order to obtain the same degree of separation less anti- solvent 

iss required at higher temperatures. It must be noted that at T = 100°C the 

fourr stage column cannot be operated at the lowest level of anti-solvent. 

Suchh a small amount of anti-solvent results in one-phase conditions at 

certainn positions in the column, so no phase split is possible. 

Fromm these results it is obvious that the column should be operated with 

fourr equilibrium stages to obtain the highest separation efficiency with re-
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Figuree 3.7: Four stage extraction column simulation at 50 bar. Tn.£3 

representsrepresents the amount ofpropene added as anti-solvent, m  ̂ the ini-

tialtial  amount ofpropene entering the extraction column with the reaction 

mixturemixture and cp JJ the amount of hexane in the polymer-rich phase at the 

bottombottom of the column. 

spectt to the solvent. Therefore, this configuration was tested at several 

combinationss of pressure, temperature, and anti-solvent concentration. 

Inn Fig. 3.7, the effect of the amount of anti-solvent, m"3, on the hexane 

amountt in the bottom stream, cp"  ̂ s shown. It can be seen that it is im-

possiblee to operate this four-stage column at very low anti-solvent feeds, 

duee to the same thermodynamic reasons explained before. An increasing 

amountt of anti-solvent increases the separation efficiency as shown before, 

althoughh this effect diminishes at higher temperatures. The reverse is also 

true:: the positive temperature effect weakens with increasing propene con-

centration.. At the highest temperature and highest amount of anti-solvent, 

thee fractional amount of hexane in the bottom streams can be reduced to 

aboutt 0.01% of the inlet weight of hexane. 

Thee weight fractions of polymer and propene in this stream amount to 

41.84%% and 58.11%, respectively. However, at more moderate conditions 

0.01 1 

[%] ] 
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44 50 

Figuree 3.8: Four stage extraction column simulation at 100 C. m.Q, 

representsrepresents the amount of propene added as anti-solvent, m^ the ini-

tialtial  amount of propene entering the extraction column with the reaction 

mixturemixture and cpJJ( the amount qfhexane in the polymer-rich phase at the 

bottombottom of the column. 

TT = 150°C, the fractional amount of hexane is still only 0.03%, with polymer 

andd propene weight fractions of 37.52%, and 62.38%, respectively, which is 

slightlyy easier to transport. 

Thee last set of simulations deals with the effect of pressure with respect 

too the four-stage column. The temperature was fixed at 100°C and the 

antisolventt concentration was varied as before. In Fig. 3.8, the results of 

thiss study are shown. As expected the separation efficiency increases with 

increasingg amount of antisolvent. Also the pressure influence is clearly 

visiblee although its effect is not so dramatic. However, especially at low 

antisolventt feeds, a decreasing pressure results in a better separation. 

Fromm the previous paragraphs it can be seen that it is possible to use an 

extractionn column as a means of separation of polymer-solvent systems. 

Thee best separations are achieved at high temperatures and large anti-

solventt feeds. Higher temperatures mean that less anti-solvent can be used 
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inn order to achieve the same degree of separation. 

Concludingg it can be stated that the best combination seems to be a four-

stagee column operated at 150 °C and 50 bar with a propene feed of at least 

fourr times the amount of propene entering the column with the reaction 

mixture.. This results in a hexane flow over the bottom of only 0.03% of the 

inlett weight of hexane. The bottom stream consists of 28.66 wt% polymer, 

47.666 wt% propene, and 0.08 wt% hexane. This stream can still be handled 

forr further purification. 

3.5.33 A New Proces s Design with the Extractio n Colum n 

Inn Fig. 3.9, a possible configuration of the product purification section cen-

tredd on the extraction column is shown. It was shown in the previous 

paragraphh that hexane can be removed to a large extent from the reac-

tionn mixture in the LL extraction column. However, the amount of anti-

solventt needed to achieve this separation is about four times the amount 

off  propene in the reaction mixture. It is therefore desirable to recycle part 

off  the propene to the anti-solvent feed stream of the extraction column. 

Too prevent build-up of impurities (rubber and hexane) in the process, the 

propenee recycle stream has to be purified and a make-up stream of fresh 

propenee is required. 

Thee extraction column operates at the aforementioned 150 °C and 50 bar. 

Ann advantage of the increase in temperature is that the catalyst wil l be 

killedd instantaneously preventing further polymerisation in the extraction 

column.. A catalyst removal step wil l not be addressed in this study. 

Directlyy following the extraction column, the first step in the purification 

off  the recycle stream is the removal of the polymer present in both the 

bottomm (B) and top (E) streams of the extraction column. A simple flash 

stepp wil l suffice in both cases. However, attention must be paid to the 
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Figuree 3.9: Schematic representation of a liquid-liquid extraction sol-

ventvent removal process including the anti-solvent recycle structure. 

handlingg problems that may arise after a considerable amount of propene 

iss removed. 

Thee UNIFAC-FV model is used to calculate the desired pressure drop in the 

flashh drums. It is found that a small pressure drop of two bar completely 

removess the polymer from the mixture in both flash steps. However, when 

thee light-phase flash step is modelled in ASPEN PLUS™, it is found that a 

pressuree drop of about 20 bar is required to obtain a sufficiently low poly-

merr content in the gas phase. To be on the safe side during the compressor 

calculationss the pressure drop of 20 bar is used in the further calculations. 

Afterr the polymer is separated (F) from the light phase stream (E), one 

quarterr of the total amount of hexane and propene is split and recycled to 
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thee reactor section (H). In the top stream (J) still a considerable amount of 

hexanee is present. This is easily separated in a high-pressure distillation 

column,, resulting in a pure propene stream (K). 

Leavingg the heavy phase flash, the bottom stream (C) contains very littl e 

hexanee and does not need to be processed further. The two propene recycle 

streamss (D and K) have to be compressed to 50 bar before being mixed 

withh the make-up propene stream (M). This fresh propene stream requires 

thee most power input, because it has to be compressed from 10 to 50 bar. 

However,, with a proper control of the propene recycle, the amount of fresh 

propenee can be kept to a minimum. Finally, before feeding the anti-solvent 

streamm to the column, the propene stream (M) has to be heated to 150 °C. 

3.5.44 Modellin g Result s 

Inn Table 3.2, the properties of the most important streams are denoted. 

Ass can be seen the make-up propene stream amounts to only 4.27% of the 

totall  recycle stream. Adjusting the V/L ratio in the flash steps and the 

splitt ratio of streams (H) and (J) can alter this percentage. At this moment 

itt is not possible to calculate investment costs as no sizing is performed on 

thee equipment. Especially, with respect to the extraction column, there is 

noo knowledge on the hydrodynamical behaviour of the column, the droplet 

dispersion,, and (possible) internals. 

Thee LL extraction product purification section can fully replace the steam 

strippingg section, thereby lowering the total variable costs per ton EPDM 

significantly.. Of course a real comparison should be made including in-

vestment,, maintenance, and other standard costs. However, it can be con-

cludedd that with respect to the variable costs, the replacement of the steam 

strippingg section would reduce the total variable product cost considerably. 

Itt must be kept in mind that two columns, three compressor sections, and 
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Tablee 3.2: Properties of the most important streams in the liquid-liquid 

extractionextraction recycle process scheme in percentage of the total extraction 

columncolumn feed. 

Stream Stream 

EPDMM [%] 

Hexanee [%] 

Propenee [%] 

PP [bar] 

T[°C] ] 

Stream Stream 

EPDMM [%] 

Hexanee [%] 

Propenee [%] 

PP [bar] 

T[°C] ] 

A A 

100.00 0 

100.00 0 

20.00 0 

50.00 0 

150.00 0 

F F 

0.44 4 

0.21 1 

4.00 0 

W.80 W.80 

B B 

81.89 9 

0.02 2 

10.59 9 

50.00 0 

150.00 0 

J J 

24.89 9 

22.30 22.30 

42.00 0 

^39.80 ^39.80 

D D 

18.11 1 

0.02 2 

9.69 9.69 

48.00 0 

149.10 0 

K K 

66.89 9 

41.00 0 

85.07 7 

E E 

99.98 99.98 

89.41 1 

50.00 50.00 

150.00 0 

M M 

80.00 0 

50.00 50.00 

150.00 0 

aa lot of extra propene is required for this process compared to the original 

purificationn section. Furthermore, the thermodynamics of the extraction 

columnn wil l highly be effected by the hydrodynamics, which is not included 

inn the model right now. This topic as well as the dispersion of the droplets 

deservess further attention. 

3.66 Conclusion s 

Thee application of liquid-liquid separation (in the form of a liquid-liquid ex-

tractionn column) as a means of polymer-solvent separation has been stud-

ied.. The thermodynamics have been dealt with using a classical equation-

of-statee approach. The Sako-Wu-Prausnitz EOS is designed especially for 

systemss containing large molecules. However, the theory behind this EOS 

iss not complete for all polymer systems. The description of simple poly-



Conclusions s 47 7 

merss like polyethenes, polypropenes, and polystyrenes is unambiguous. 

However,, when non-homogeneous polymers should be described still a lot 

off  assumptions and simplifications have to be applied. Therefore, more 

research,, both experimentally and theoretically, is required to gain more 

knowledgee on the smooth application of the SWP theory on co- and ter-

polymers. . 

Itt was found that the theory shows promising results with respect to multi-

componentt polymer systems, although the description of the interaction 

betweenn the components is still unsatisfactory. It seems that the use of 

aa binary interaction parameter is not accurate enough to describe multi-

componentt systems. One way to try to overcome this is to fit binary inter-

actionn parameters on multi-component data. A more rigorous manner is to 

tryy to incorporate ternary effects in the binary interaction parameter. 

Wee did not yet address the effect of polydispersity on the phase equilibria. 

Itt was found by Tork et aL [35] that a correct description of the distribu-

tionss within a polymer significantly enhances the accuracy of the phase 

equilibriumm predictions. 

AA steady-state flowsheet model has been constructed to describe a novel 

EPDMM process containing a liquid-liquid countercurrent extraction col-

umn.. The effects of temperature, pressure, anti-solvent concentration, 

andd number of theoretical equilibrium stages has been studied. It was 

foundd that, with respect to variable costs, liquid-liquid extraction is a cost-

effectivee option in the purification of rubber polymer solutions. However, 

capitall  costs wil l have their effect on the economical advantage of this new 

technique.. It is therefore necessary to investigate the details of the opera-

tionn and the hydrodynamics of the extraction column. 

Furthermore,, it may prove to be even more economically favourable to re-

designn the purification section together with the polymerisation section in 

orderr to arrive at some hybrid form. One could think of the reactive distil-
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lationn columns receiving a lot of attention lately. 

Finally,, it is obvious that no real conclusions can drawn solely on the basis 

off  steady-state designs. At least, some qualitative knowledge is required 

onn the dyamic behaviour of polymer-solvent liquid-liquid demixing. Espe-

cially,, the effect of molecular structure (like the degree of branching) is of 

industriall  relevance. Therefore, in the next chapter, a mesoscopic model-

ingg technique wil l be introduced to study the dynamics of model polymer 

solutionss phase separation behaviour. 


