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Summar y y 

Thee subject of this thesis is polymer-solvent liquid-liquid phase separation. 

Thiss phenomenon is interesting both from an academic and practical point 

off  view. In the oil industry the separation of a mixture into in a heavy oil-

richh and a solvent-rich phase is a well-known and often applied purification 

technique.. However, in the current (and comparable) polymer production 

processess this is not the case. 

AA feasibility study was carried out, based on experimental data and a clas-

sicall  thermodynamic equation of state, especially designed for systems con-

tainingg large molecules. It is shown that the theory behind this thermody-

namicc model is not complete for all polymer systems, which requires the 

applicationn of a lot of assumptions and simplifications. 

Inn order to model a polymer purification process based on a liquid-liquid 

phasee separation, an empirical model was devised, which incorporates the 

parameterss temperature, pressure, and polymer and solvent concentration. 

Fromm this model a steady-state flowsheet description has been constructed 

off  a novel polymer purification process containing a liquid-liquid coun-

tercurrentt extraction column. It was found that, with respect to variable 

costs,, liquid-liquid separation is a cost-effective option in the purification 

off  polymer solutions. 

Forr the design of a separator one needs to know whether or not a polymer-

solventt system will phase separate, but this is not sufficient. The rate of 

demixingg in viscous systems may be slow and even become the limiting 

factorr next to the usual mass transport limitations. This wil l have a strong 
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impactt on the design of an extraction column or settling tanks. Hence, 

knowledgee of the dynamical behaviour of polymer-solvent demixing is re-

quired.. Therefore, a time-based simulation method is introduced in the 

remainderr of this study. 

Dissipativee Particle Dynamics (DPD) is a mesoscopic simulation technique 

inn which the particles or 'beads' represent 'fluid packages' or groups of 

moleculess that move according to Newton's equations of motion and inter-

actt dissipatively through simplified force laws. In DPD, polymers are easily 

constructedd by attaching particles through a spring force. In this way, 

beadss can be interconnected to highly complex topologies, like branched 

andd hyperbranched structures. 

DPDD can predict liquid-liquid demixing in the upper critical solution tem-

peraturee (UCST) region. The difference in mobility between free solvent 

beadss and interconnected polymer beads results in a demixed system in 

DPD,, which directly reflects the theoretical explanation in terms of inter-

molecularr effects for UCST demixing. However, it was found that the model 

failss to predict the lower critical solution temperature (LCST) behaviour 

commonn to many polymer-solvent systems. Here, the increasing difference 

inn density as the temperature or pressure is altered, leads to a reduced sol-

ventt power and, eventually, the system wil l demix. As this type of demixing 

iss of practical interest, the standard DPD model had to be modified. To this 

effect,, a method analogous to the extended Flory-Huggins theory is pre-

sented.. With the introduction of a temperature- and pressure-dependent 

repulsionn parameter the overall solvent power can be regulated, thus en-

ablingg the DPD model to simulate true LCST behaviour. 

Experimentall  work has revealed that changing the branchedness of the 

polymerr influences the demixing behaviour. The great advantage of DPD, 

overr classical theories, is its ability to incorporate structural properties 

withoutt additional parameters. It was found that the model correctly 

predictedd the cloud point pressure lowering experimentally observed for 

branchedd polymers as compared to linear polymers. It also proved that 
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thee degree of branching has a pronounced effect on the radius of gyration 

andd the centre of mass diffusion of the polymer. The effect on the demix-

ingg behaviour has been mostly attributed to the increase in mobility of the 

polymerr due to the decrease in radius of gyration. In contrast, it was found 

thatt the effect of branching on the difference in chemical potential is the 

reall  cause for the observed phase separation behaviour. 





Samenvattin g g 

Inn dit proefschrift staat de vloeistof-vloeistof fasescheiding van polymeer-

oplossingenn centraal, een verschijnsel dat zowel vanuit een academisch 

alss een praktisch oogpunt zeer interessant is. In de olie-industrie is de 

ontmengingg van een vloeistofmengsel in een zware oliefase en een lichte 

oplosmiddelrijkee fase een bekend en vaak toegepaste zuiveringsstap. Dit 

iss echter niet het geval in de, qua molecuulgrootte vergelijkbare, polymeer -

producerendee industrie. 

Gebaseerdd op een klassiek thermodynamische toestandsvergelijking, welke 

iss toegesneden op systemen met macromoleculen, en experimentele data, 

iss een haalbaarheidsstudie uitgevoerd naar de mogelijkheid vloeistof-

vloeistoffasescheidingg toe te passen als zuiveringsproces tijdens de poly-

meerproductie.. Het bleek dat de theorie, waarop het thermodynamisch 

modell  is gebaseerd, niet compleet is voor alle typen polymeersystemen. 

Omm het model alsnog te kunnen toepassen zijn derhalve een groot aantal 

aannamess en vereenvoudigingen noodzakelijk. 

Teneindee toch tot een procesbeschrijving te komen, is een empirisch model 

opgesteld,, met daarin verwerkt de afhankelijkheid van de parameters tem-

peratuur,, druk en polymeer- en oplosmiddelconcentratie. Op basis van 

ditt empirische model is een statische procesbeschrijving geconstrueerd van 

eenn nieuwe polymeerzuiveringsstap rond een tegenstrooms-extractiekolom. 

Err kan geconcludeerd worden dat vloeistof-vloeistofontmenging, waar het 

dee variabele kosten betreft, een economisch aantrekkelijk alternatief is in 

dee zuiveringsstap van een solutiepolymerisatieproces. 



XII I Samenvatting g 

Uiteraardd is de kennis over het al dan niet ontmengen van een polymeer-

oplossingg onontbeerlijk voor het ontwerp van een scheidingsproces, maar 

ditt is niet voldoende om tot een volledige conclusie te komen over de haal-

baarheid.. De ontmengsnelheid in visceuze systemen kan erg laag liggen en 

zelfss de limiterende factor zijn naast de gebruikelijke stofoverdrachtspro-

blemen.. Dit kan een grote invloed hebben op het ontwerp van een extrac-

tiekolomm of uitzaktanks. Kennis van het dynamische verschijnselen van 

polymeer-oplosmiddelontmengingg is noodzakelijk. Daarom is voor het ver-

volgg van het onderzoek een tijdsgebaseerde simulatiemethode (Dissipative 

Partielee Dynamics) gebruikt. 

Dissipativee Partiele Dynamics (DPD) is een zogenaamde mesoscopische 

simulatietechniekk waarin de deeltjes Vloeistofpakketjes' of verzamelingen 

vann moleculen representeren. Deze deeltjes verplaatsen zich volgens de be-

wegingsvergelijkingenn van Newton en oefenen middels eenvoudige wetten 

eenn remmende kracht op elkaar uit. Polymeren kunnen eenvoudig gecon-

strueerdd worden door de deeltjes met elkaar te verbinden door middel van 

eenn veerkracht. Op deze manier kunnen complexe structuren gebouwd 

worden,, zoals vertakte en zogenaamde hypervertakte polymeren. 

DPDD is in staat de vloeistof-vloeistofontmenging in het UCST (upper critical 

solutionn temperature) gebied voorspellen. Het verschil in mobiliteit tussen 

dee niet-gebonden oplosmiddeldeeltjes en de gebonden polymeerdeeltjes 

leidtt tot een ontmengd systeem in DPD Dit reflecteert precies de op 

inter-moleculairee effecten gebaseerde theoretische verklaring voor UCST-

ontmenging.. Echter, het DPD model faalt in de voorspelling van LCST-

gedragg (lower critical solution temperature), hetgeen veel voorkomt bij poly-

meeroplossingen.. LCST-ontmenging vindt plaats als gevolg van een toe-

nemendd verschil in dichtheid als de temperatuur of druk wordt veranderd. 

Ditt verschil leidt tot een verminderd oplossend vermogen en uiteindelijk 

zall  het voor systeem energetisch gunstiger zijn om in twee vloeistoffasen te 

ontmengen.. Aangezien juist dit gebied van interesse is voor de praktische 

toepassingg van fasescheiding als zuiveringstechniek, dient het DPD-model 

tee worden aangepast. Om dit te bereiken is een methode analoog aan de 
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uitgebreidee Flory-Hugginstheorie toegepast. Met de introductie van een 

temperatuur-- en drukafhankelijke repulsieparameter kan het oplossend 

vermogenn worden gecontroleerd. Daarmee is het DPD-model in staat zowel 

UCST-- als LCST-gedrag te simuleren. 

Opp basis van experimentele bevindingen was bekend dat een verandering in 

dee vertakkingsgraad van een polymeer het ontmenggedrag benvloedt. Het 

grotee voordeel van DPD boven de klassieke theorien is dat het mogelijk is, 

zonderr het gebruik van additionele parameters, structurele eigenschappen 

vann het polymeer in het model onder te brengen. 

Hett blijk t dat het model op de juiste manier de verlaging van vlokpunts-

drukk voorspelt van vertakte polymeren ten opzichte van lineaire polymeren. 

Verderr wordt aangetoond dat de vertakkingsgraad een duidelijk effect heeft 

opp de gyratiestraal en massamiddelpuntsdiffusie van het polymeer. Dit ef-

fectt op het ontmenggedrag wordt meestal toegeschreven aan de verhoogde 

mobiliteitt van het polymeer als gevolg van de afgenomen gyratiestraal. 

Echter,, op basis van de DPD-simulaties kan geconcludeerd worden dat 

hett vertakkingseffect op het verschil in chemische potentiaal de werkelijke 

oorzaakk is voor de gemeten verandering in fasescheidingsgedrag. 





1 1 
Introductio n n 

Ann important problem in the polymer-processing industry is the separa-

tionn of solvents and impurities, like unreacted monomer, from the polymer. 

Devolatilisingg the solvent from the solution by steam stripping is one of the 

techniquess for separating polymer from solvent. This type of separation can 

bee very energy-intensive as the solvent can amount to 95 wt% of the solu-

tion.. In certain solution polymerisation processes, such as the production 

off  ethene-propene co-polymers, the cost of this separation can amount to 

aboutt 10% of the final product cost [1]. It is obvious that improvements in 

thiss part of the production process could lead to substantial savings in the 

totall  product costs. Therefore, it is desirable to investigate other separation 

techniques. . 

Forcingg the single-phase polymer solution to split into two liquid equilib-

riumm phases may offer an alternative to steam stripping (see, e.g., [2], [3], 

[4]).. This technique is based on the observation first made by Freeman and 

Rowlinsonn [5] that a miscible polymer solution wil l separate into a polymer-
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richh phase and a solvent-rich phase if the system approaches the critical 

temperaturee or pressure of the solvent. 

Itt is interesting to note that, although many researchers have investigated 

thiss type of phase behaviour, in the polymer processing industry the phe-

nomenonn of liquid-liquid demixing has never been applied in practice. A 

feww patents ([61, [7], [8], [9], [10], [11], [12]) describe solvent removal by 

liquid-liquidd (and even liquid-liquid-vapour) demixing. However, to our 

knowledge,, all current solution polymerisation plants still operate with a 

steam-strippingg section. This is quite remarkable since liquid-liquid ex-

tractionn is used routinely in other fields of the chemical industry. 

1.11 Liquid-liqui d Extraction : A Practica l Exampl e 

Thee method of liquid-liquid extraction is a widely used separation step in 

thee petroleum refining industries. As the viscosity and flow characteristis 

off  crude oil approach those of many synthetic polymers, it seems wise to 

takee notice of the extraction techniques applied in oil refining. 

Inn the oil industry the extraction of crude oil residue is a common process, 

appliedd to two areas in particular: 

 In the upgrading of the bottom-of-the-barrel oil by removing the as-

phaltenee fraction together with a large proportion of the contained 

metals,, sulphur, and other undesirable constituents. In this way the 

oill  can be prepared as a feedstock for cracking units, and 

 in the deasphalting of waxy-type reduced crudes that cannot be vac-

uumm reduced satisfactorily. 

Twoo processes using this type of residue upgrading are the ROSE 

(Residuumm Oil Supercritical Extraction) process [13], [14], and the Demex 

processs [15]. 



Liquid-liquidd Extraction: A Practical Example 3 3 

1.1.11 Theoretica l Backgroun d 

Whenn light alkanes [e.g., propane, butane) are mixed with the residue of 

crudee oil distillation, two layers are formed. One layer contains nearly all 

thee solvent and some of the lighter oil components of the residue; the other 

consistss of the heavy, asphaltic-type material in the residue. This pro-

cesss is called solvent deasphalting. The most suitable solvent is selected, 

accordingg to the purity specifications for the deasphalted oil. Propane is 

chosenn for lubricating oil manufacture, while butane and pentane (with 

theirr much higher solvent power) are more attractive for the production of 

crackingg feed. Although never explicitly stated in the literature, it seems 

plausiblee that also other hydrocarbons (alkanes and alkenes) are tested or 

usedd as solvents. 

1.1.22 Proces s Flow Schem e 

AA simplified process flow scheme for a deasphalting unit is shown in 

Fig.. 1.1. The feedstock (residue from a preceding vacuum distillation unit) 

iss fed to the extractor (A) at the appropriate temperature. Because the vis-

cosityy of these residues is usually very high, some solvent is mixed with the 

feedd to lower the viscosity and to promote drop formation. Solvent is fed 

too the bottom of the extractor and the two phases are brought in contact 

countercurrently.. Due to the high viscosity of the asphalt phase produced, 

ann extractor with a rather open structure is required. This can be either 

aa tray column with wide slotted trays or a Rotating Disc Contactor [16]. 

Thee asphalt phase from the extractor contains only a small amount of sol-

vent.. This is recovered by flashing and steam stripping at low pressure 

(D).. The solvent-oil phase, which contains most of the solvent, is fed to a 

high-temperaturee flash unit (B), where the solvent vapour is condensed. 

Thee oil phase is then fed to a low-pressure flasher-stripper (C) where the 

remainingg part of the solvent is recovered. 
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Figur ee 1.1: Schematic process flow scheme for the crude oil deasphalt-
inging process. 

Thee behaviour of the solvents around the critical point is used to control the 

qualityy of the deasphalted oil. When the critical temperature is approached 

[e.g.,[e.g., 92 °C for propane), the solubility of the oil components decreases 

drasticallyy and demixing occurs. This phenomenon is used at the top of 

thee extractor above the feed point, where the temperature is raised using 

steamm coils inside the extractor. The heavier components removed from the 

solutionn flow down the column to act as a reflux. In this way the quality 

off  the deasphalted oil can be controlled tightly. The demixing effect can 

alsoo be used to prepare a very heavy, deasphalted oil. By taking the oil-

solventt mixture from the feed point, heating it outside the column and then 

feedingg it to a settler tank, a phase separation is established. However, 

thiss approach requires a more complex recovery system, which increases 

capitall  costs. 
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1.22 Outlin e 

Basedd on the previous example it can be concluded that an extraction-

basedd polymer-solvent separation is technically possible on a large, indus-

triall  scale. Thus, the aim of this thesis is to investigate the possibilities of 

incorporatingg this technique in a typical solution polymerisation process. 

Specifically,, the following questions need to be answered: 

 Are classical thermodynamic models capable of an accurate descrip-

tionn of the liquid-liquid phase separation of real polymer-solvent sys-

tems? ? 

 Is it possible to design a polymer purification process and draw con-

clusionss on the feasibility of such a separation step? 

 Can any predicitions be made on the effects of changing chemical 

structuree of the polymer on the operation of a liquid-liquid extraction 

process? ? 

 As the solution polymerisation process is continuous, can anything 

bee concluded on the dynamics of the separation? 

Withh the above key questions as a guideline, the outline of this thesis is as 

follows: : 

 In Chapter 2 an introduction is given in the thermodynamic theo-

riesries of polymer-solvent liquid-liquid separation. Two thermodynamic 

models,, which will be applied later on, are described in detail. 

 In Chapter 3 a flowsheet model is constructed to describe a novel 

separationn process for the purification of a real ter-polymer system. 

Dataa provided by phase separation experiments is used to feed the 

thermodynamicc models applied in the design stage. 
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 The steady-state classical thermodynamic theories take a step back to 

makee way for a dynamic mesoscopic simulation technique in Chapter 

4.. Dissipative Particle Dynamics (DPD) is introduced to provide us 

withh the possibility to study polymer-solvent liquid-liquid separation 

dynamicallyy and on a smaller, semi-molecular scale. It will be shown 

thatt the standard DPD model fails to predict the lower critical solution 

temperaturee {LCST) behaviour common to many of these polymer -

solventt systems. A method is presented to overcome this shortcoming. 

 In Chapter 5 the effects of molecular structure on the demixing pro-

cesss are studied, both in steady-state and time-dependent simula-

tions.. It will be shown that DPD correctly predicts the cloud point 

pressuree lowering experimentally observed and that the degree of 

branchingg has a pronounced effect on the radius of gyration and the 

centree of mass diffusion of the polymer. 

 Finally, in Chapter 6 the main conclusions of this research are pre-

sented.. Some notes on possible future work wil l be discussed. 



2 2 
Polymer-Solven tt  Phase 

Separatio nn Thermodynamic s 

Abstrac t t 
Inn this chapter an introduction in liquid-liquid phase separation thermodynamics is given. 

Ann overview is presented of the different phase phenomena in mixtures with special attention 

paidd to polymer -solvent systems. The effects of temperature, pressure, and anti-solvents will 

bee shown, in relation to supercritical effects, followed by a short overview of the most common 

theoriess describing these phenomena. 
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2.11 Supercritica l Fluid s 

Inducingg a polymer-solvent phase split offers an alternative to steam strip-

pingg as a separation technique. The phase splitting technique is based on 

thee experimental observations made by Freeman and Rowlinson [5] that a 

misciblee polymer solution wil l split into two liquid phases (one polymer-

richrich and the other solvent-rich) if the system temperature approaches the 

criticall  temperature of the solvent. The phase separation is a consequence 

off  the chemical nature of the components, their molecular sizes, especially 

thee molecular weight of the polymer, and the critical temperature (Tc) and 

pressuree (Pc) of the solvent. 

Ass the critical point of a substance is approached, its isothermal compress-

ibilit yy tends to infinity, thus its molar volume or density changes dramati-

cally.. In the critical region a substance that is a gas at normal conditions 

exhibitss liquid-like density and a much increased solvent capacity that is 

pressure-dependent.. The variable solvent capacity of a supercritical fluid 

iss the basis on which separations processes can be devised. 

Inn Fig. 2.1 a schematic pressure-temperature diagram shows the region 

wheree the largest changes in solvent properties occur. Supercritical fluids 

beginn to exhibit significant solvent strength when compressed to liquid-

likee densities, which makes sense as gases are normally not considered 

too be solvents. For a reduced temperature (TR = T/Tc) in the range 0.9 up 

too 1.2, the reduced solvent density (pR = p/pc) can increase from gas-like 

valuess of 0.1 to liquid-like values of 2.5 as the reduced pressure (PR = P/Pc) 

iss increased to values greater than, say, 1.0. But as TR is increased to 

1.55,, the supercritical fluid becomes more expanded and reduced pressures 

greaterr than 10 are needed to obtain liquid-like densities. By operating in 

thee critical region, the pressure and temperature can be used to regulate 

density,, which in turn regulates the solvent power of a supercritical fluid. 
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Figur ee 2.1: Schematic pressure-temperature phase diagramfor a pure 

component. component. 

2.22 Binar y Phase Diagram s 

Thee phase behaviour of binary solutions can be described by the classifi-

cationn first proposed by Scott and Van Konynenburg [17]. Although nu-

merouss possible binary phase diagrams exist, Scott and Van Konynenburg 

showedd that virtually all of the experimentally observed phase behaviour 

cann be represented with five schematic P-T diagrams (Figs. 2.2a-f). Even 

thoughh a polymer-solvent mixture is in reality a multicomponent mixture 

duee to the polydispersity of the polymer, the phase behaviour can be de-

scribedd by using the Scott-Van Konynenburg classification. 

Depictedd in Fig. 2.2a is the P-T phase diagram for a binary mixture where 

thee two pure-component vapour-liquid equilibrium lines terminate at the 

pure-componentt critical points, Ci and C2. The dashed line represents the 

binaryy critical mixture curve, which runs continuously from Ci to C2. This 

curvee usually occurs when the mixture components are of similar molecu-
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Figur ee 2.2: Schematic pressure-temperature phase diagrams for a bi-

narynary mixture according to the Scott-Van Konijnenburg classification. 

larr diameter or size, and similar interaction strength or have critical prop-

ertiess of comparable magnitude. This type of phase behaviour is classified 

ass Type I. 

Figuree 2.2b shows the P-T phase diagram for a binary mixture which shows 

Typee II behaviour. Again the pure component critical points are connected 

byy the binary critical mixture curve. However, the liquids are not miscible 

att all temperatures. A liquid-liquid-vapour (LLV) line ending at an upper 

criticall  end point (UCEP) is now present at temperatures lower than the 

criticall  temperature of either component. The UCEP is that point at which 

onee of the liquid phases becomes critically identical with the vapour phase 

inn the presence of the other liquid phase. The upper critical solution tem-

peraturee (UCST) line, which begins at the UCEP and exhibits a slightly 

negativee slope, represents the transition from two liquid phases to a sin-
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glee liquid phase with increasing temperature. The occurrence of the UCST 

curvee is usually ascribed to enthalpic interactions, like hydrogen bonding, 

andd polar interactions, between the mixture components, which are rel-

ativelyy insensitive to pressure for these constant densities. Many binary 

polymer-solventt mixtures exhibit Type II phase behaviour (see, e.g., Allen 

andd Baker [18], Baker et cd. [19], Zeman et cd. [20], Zeman and Patter-

sonn [20], Siow [21], and Saeki [22]). 

Typee III phase behaviour is a bit more complicated than Type II behaviour. 

Inn Fig. 2.2c it can be seen that the branch of the critical mixture curve 

whichh starts at the critical point of the component with the higher critical 

temperaturee intersects a region of liquid immiscibility at the lower critical 

solutionn temperature (LCST) [le., at the LCST the two liquid phases of the 

LLVV line become critically identical in the presence of the vapour phase). 

Thee branch of the critical mixture curve, which starts at the critical point 

off  the other component, intersects the LLV line at the UCER At tempera-

turess below the LCST a region of immiscibility again appears similar to that 

shownn in Fig. 2.2b. 

Thee occurrence of the LCST curve is usually ascribed to the large differ-

encess in the thermal expansion of the polymer and solvent. As the polymer 

solutionn is heated, the solvent expands at a much faster rate than the poly-

merr so that the dissolution of the polymer in the solvent is associated with 

aa large decrease in the change of entropy of mixing. The entropy decrease 

occurss as solvent molecules are forced to condense around the polymer to 

dissolvee it. Eventually the loss in entropy in forming a single phase is so 

greatt that the free energy of mixing becomes positive and the solution splits 

intoo two phases. 

Bothh the UCST and LCST branches of the critical mixture curve are of-

tenn referred to as cloud point curves. For polymer-solvent systems, the 

pressuree or temperature interval for a clear to totally opaque fluid liquid-
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temperaturee

Figur ee 2.3: Representative schematic pressure-temperature phase di-

agramagram for polymer-solvent mixtures. 

liquidd transition along the UCST or LCST curves can be one hundred times 

greaterr than the interval for small molecule systems. Obviously, the phase 

transitionn is not very distinct, it just gets cloudier and cloudier; hence the 

namee cloud point. 

Whenn the components are very dissimilar in molecular size, shape, and/or 

polarityy Type IV behaviour occurs. In this behaviour (Fig. 2.2d) the three-

phasee LLV line is intersected only once by the critical mixture curve at 

thee UCEP. The other branch of the critical mixture curve, which starts the 

criticall  point of the heavier component never, meets either the LLV line or 

thee critical point of the lighter component. 

Typee V phase behaviour is very similar to Type III behaviour only this time 

theree is no region of liquid immiscibility at temperatures below the LCST 

(Fig.. 2.2e). 
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Inn Fig. 2.3 the section of the P-T diagram for polymer-solvent mixtures 

whichh occurs in the vicinity of the critical point of the solvent is shown. This 

diagramm is very similar to the section of the P-T diagram near Ci depicted 

inn Fig. 2.2c. However, the LLV curve, which is distinguishable from the 

solventt vapour pressure curve in Fig. 2.2c, is now projected onto the vapour 

pressuree curve. This behaviour is often observed in the case of polymer-

solventt mixtures. 

Inn this study the main concern lies with the LCST branch of the critical 

mixturee curve which intersects the solvent vapour pressure curve. Confus-

ingly,, this part of the critical mixture curve is referred to as the LCST and 

thee intersection of the LCST curve with the vapour pressure curve the lower 

criticall  end point (LCEP). This naming convention wil l be used throughout 

thee rest of this thesis. It must be noted that an USCT curve can also exist 

inn polymer-solvent mixtures similar to those shown in Figs. 2.2b and 2.2c. 

2.33 Effec t of Anti-Solvent s 

Althoughh inducing a polymer-solvent phase split can possibly offer certain 

advantagess to the conventional methods, one major disadvantage is that 

thee polymer can thermally degrade at the high temperatures needed to in-

ducee the phase split. Irani and Cozewith [23], McHugh and Guckes [3] and 

Chenn and Radosz [24] (amongst others) address this problem by shifting 

thee LCST to lower temperatures by introducing a light supercritical fluid 

(SCF)) to the polymer solution. All authors found that the presence of the 

SCFF shifts the phase boundary curves to lower temperatures without af-

fectingg the shape of the curves. Seckner et oL [4] and McHugh and Guckes 

foundd that at the same time the UCST is shifted to higher temperatures. 

Inn other words, when increasing the difference in size between the poly-

merr and the solvent, the two curves approach each other and eventually 
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temperature e 

Figur ee 2.4: Schematic pressure-temperature phase diagrams for 

poylmer-solventpoylmer-solvent mixtures with increasing AMW. 

mergee into one single U-LCST curve with a minimum (Fig. 2.4), introducing 

aa liquid immiscibility region over the entire temperature range. 

Thiss method of anti-solvent addition offers great potential as now the tem-

peraturee and pressure region of the phase split can be fitted precisely to the 

desiredd operating regions and polymer-related maximum thermodynamic 

conditions. . 

Manyy studies to this behaviour have been performed, for many different 

polymer-solventt mixtures and anti-solvents. However, few authors readily 

observedd UCST or U-LCST behaviour. Clearly substantial amounts of addi-

tivee are required to obtain this effect. Furthermore, U-LCST behaviour may 

nott be desirablê"~as the possibility to carefully control demixing behaviour 

byy changing the thermodynamic conditions is reduced to the sole variable 

pressure.. Therefore, in this study the focus is on LCST behaviour. The 
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possibilityy of using the UCST is discarded as it can be concluded from ex-

perimentall  study that this demixing curve lies in the very low temperature 

{orr even cryogenic) region, which is economically not favourable. 

2.44 Theoretica l Descriptio n of Phase Equilibri a 

2.4.11 Introductio n 

Thermodynamicc models applicable to polymer solutions have been re-

viewedd extensively by Wohlfarth [25]. Only a brief overview of the most 

popularr models is given here. 

Thee starting point for calculations of phase equilibria of solutions is usu-

allyy a model for the excess Gibbs free energy GE, from which the activity 

coefficientt of each component 1 in the mixture can be estimated, and/or an 

equationn of state (EOS), from which the fugacity coefficient of each compo-

nentt can be calculated. With the chemical potential m of each component i 

beingg equal in all phases at equilibrium, the phase composition can be esti-

matedd by solving the following set of equations (for two coexisting phases): 

nii  = tf (2-1) 

Thus, , 

x ^ P ^ y J V PP (2.2) 

wheree xt and yt are the unknown mole fractions of component i in each 

phase. . 

2.4.22 Flory-Huggin s Theory 

Thee most well known GE model for polymer solutions is a lattice model first 

derivedd by Flory and Huggins [26], which is widely used due to its simplicity 
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andd its ability to predict and classify several experimentally determined 

trends.. In this paragraph, a short description of this model wil l be given 

ass a prelude to the verification of the mesoscopic modelling technique as 

appliedd further on in this thesis. 

Inn the Flory-Huggins (FH) theory it is assumed that each (small) molecule of 

aa mixture occupies one site on a lattice. By assuming that a polymer con-

sistss of a series of connected small molecules, the model can be expanded 

too polymer containing mixtures. 

Thee ideal entropy of mixing AS of a binary system consisting of small 

moleculess of equal size can be expressed as 

—— = XT l n x i + x 2 l n x 2 (2.3) 

wheree R is the universal gas constant, N the total number of moles and x i 

andd X2 are the mole fractions of components 1 and 2. However, for polymer 

systems,, the mole fraction is a rather useless quantity as the number of 

chainn molecules is decades smaller than monomelic mixtures at a compa-

rablee number of base units. 

Inn 1941, a theory on the effect of connectivity in polymer systems was 

publishedd by Staverman and Van Santen [27], Huggins [28] and Flory [29]. 

Forr a binary solution the entropy of mixing is 

ASS <Di tp? 
WW = — lnCl )i + — ln<P2 (2.4) 
NRR mi rri2 

wheree nu is the number of segments (with molar volume VL) of molecule i. 

Thee concentration variables are transformed to Oi = X i / ^ x i with 

^_^_ii 0>i = 1 and can be considered as volume fractions. For non-interacting 

systemss the free enthalpy of mixing AG is defined as 
AGG AS 
NRTT NR 

wheree T represents the absolute temperature. 

(2.5) ) 
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AGG -0-< 

mll = 1 ;m2 = I 

-- - - - ml = 1 ; m2 = 10 

mll = 10;m2 = 50 

Figur ee 2.5: AG as function of<£>zfor three binary systems. 

Figuree 2.5 shows AG as a function of O2 for three binary systems: a ideal 

loww molecular weight mixture (mi = 1 and m2 = 1), a polymer solution 

(mii  = 1 and m.2 > 1) and a polymer mixture (mi > 1 and m.2 > 1). The 

AGG (O2) curves are all concave upwards and have no inflection points which 

meanss that ideal mixtures (and athermic macromolecular mixtures) can 

nott demix, as the coexistence of two separate phases wil l always corre-

spondd to a higher free energy compared to a single homogeneous phase. 

Inn order to describe separat ions into two or more liquid phases Eq. 2.4 

needss to be extended, so that the equat ion describes AG (O2) curves which 

aree part ly negative and exhibit two or more inflection points. This can be 

donee most easily be introducing an interaction term according to Van Laar 

(g®ii  $2) with the interaction parameter g: 

AG G 
NRT T 

<t>11 ®2 

—— InOi H l n 0 2 + g (T, P, <D2) <Pi<I>2 
mii  m.2 

(2.6) ) 

Inn Fig. 2.6, a typical free energy composit ion curve is shown as calculated 

wit hh Eq. 2.6 . Partial immiscibility is found at volume fractions 02 and 0'2'. 
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Figuree 2.6: Upper diagram: free energy composition curve. Lower 

diagram:diagram: extrapolation of free energy minima and inflection points to 

produceproduce binodal and spinodal curves. Area II is the meta-stable region 

andand area III  is the unstable region. Tc is a UCST. Area I is the one-phase 

region. region. 

Iff  the locus of the points of the two phases that share a double tangent, 

iss extrapolated to the temperature-composition diagram, the binodal curve 

cann be constructed. This cloud point curve defines the limits of miscibility 

inn the system. A homogeneous phase is stable if the volume fraction of com-

ponentt 2 is smaller than <£>' 2 or larger than <I>2- A t intermediate composi-

tionss any single phase is thermodynamically unstable. The inflexion points 

definee the spinodal or shadow curve under the binodal curve. Inbetween 

thee binodal and spinodal curve a meta-stable region is found. Finally, at 

thee point where the inflection points merge, a critical temperature Tc can 

bee defined above which the homogenous phase is stable. 

Thee above-mentioned relationships allow for calculation of the 
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temperature-compositionn phase diagram based on the interaction pa-

rameterr g only. If the concentration-dependency of g is not taken in 

consideration,, the spinodal condition can be calculated from 

11 + — ! r - - 2 g = 0 (2.7) 
m i < Pii  TTL2O2 

andd the critical volume fraction and critical interaction parameter are ob-

tainedd from 

®2®2CC = 7 / x (2.8) 
(JJ + y/[m2/m})J 

9cc = l ( 1 + v / ( m i / m 2 ] ) 2 (2'9) 

AA common definition of g is as follows [30]: 

g(T)) = g0 + ^ (2.10) 

Thee sign of parameter gi determines whether Eq. 2.10 describes UCST(+) 

orr LCST(-) behaviour. The pressure dependence of g can be incorporated in 

thee go and gi terms using some sort of power law form [31]: 

gii  = gv,i + gi,2P + gt.sP2 (2.11) 

However,, other relationships have been proposed by several authors. 

2.4.33 Equation s of State 

Thee development of EOSs for polymer solutions is based on three different 

approaches:: the corresponding states free-volume theory, the lattice-fluid 

modell  theory, and the thermodynamic perturbation theory. 

Thee first group as developed by Prigogine takes into account the dissimilar-

ityy in free volume between the polymer and the solvent. The main deficiency 

off  this theory is that it is essentially limited to liquid-like densities. 
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Thee lattice-fluid models, such as the Sanchez-Lacombe model, account for 

thee compressibility and excess volume of mixing by assuming unoccupied 

sitess (holes) in a rigid lattice. In addition, these models are limited to liquid-

lik ee densities. 

Thee third group of models was developed from the generalised Van der 

Waalss partition function. The Perturbed-Hard-Chain-Theory (PHCT) [32], 

thee Chain-Of-Rotators (COR) [25], and the Statistical Associating Fluid The-

oryy (SAFT) [33] are well known examples. These EOSs are useful because 

theyy are generally applicable over a wide range of densities (from dilute 

gasess to dense liquids) and over a wide range of molecular sizes (from small 

too large, even polymeric, molecules). 

SAFTT is the most used model for the description of polymer-solvent phase 

equilibriaa at the moment. In short, SAFT is an EOS incorporating terms 

forr molecular size and shape, association energy, and mean-field (disper-

sion)) energy. A SAFT fluid is a collection of spherical segments that not 

onlyy are exposed to repulsive and attractive forces (like the PHCT flu-

ids),, but can also aggregate through covalent bonds to form chains and 

throughh hydrogen-like bonds to form short-lived clusters. In order to ex-

tendd SAFT to real fluid mixtures, three pure component parameters for 

non-associatingg fluids are required along with two association parameters, 

andd a binary interaction parameter. 

Thee PHCT generalizes Prigogine's approximation for the external degrees of 

freedomm of chain-like molecules. The Sako-Wu-Prausnitz (SWP) EOS [34], 

whichh wil l be used in Chapter 3, is a cubic version of the PHCT. It is 

lesss complicated than SAFT and reduces to the Soave-Redlich-Kwong (SRK) 

EOSS if chain-like molecules are not present. In the next paragraph, only 

aa general description of the SWP EOS will be given. In Chapter 3 the de-

tailss of the equation parameters, specific to the system modelled, wil l be 

presented. . 
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2.4.44 The Sa ko-Wu-Prausnit z Equatio n of State 

Thee SWP EOS is derived from the generalised Van der Waals partition func-

tion.. It is assumed that the rotational and vibrational degrees of freedom, 

contributingg to the partition function, can be considered as equivalent 

translationall  degrees of freedom. Together with a few other assumptions, 

thee derivation of the partition function leads to a cubic EOS: 

p = * T ( v - bb + b c ) _ a 
v(vv — b) v(v + b) 

Inn Eq. 2.12, P denotes the pressure, v the molar volume, T the tempera-

turee and R the ideal gas constant. Similar to the Van der Waals equation, 

parameterr a describes the molecular attraction and b is due to the inter-

molecularr repulsion. The third parameter c extends the applicability of 

Eq.. 2.12 to systems containing large molecules, where 3 x c is the total 

numberr of external degrees of freedom per molecule. When c = 1, Eq. 2.12 

reducess to the SRK EOS. 

Iff  each molecule is considered to be composed of r equally sized segments, 

thee pure-component parameters can be represented by 

(2.13) ) 

wheree a prime denotes the segment specific parameter. Parameter a is 

determinedd from London's dispersion formula 

/ A , 2 I ' \ \ 
aa = r20.1659 I —— exp (-2.37311) (2.14) 

Heree A' denotes the molar polarisation per segment, V'w the Van der Waals 

volumee of a segment and I' the first ionisation potential per segment. The 

reducedd temperature T follows from 
.2.2 \ 

(2.15) ) 

a a 

b b 

c c 

- r 2 a ' ' 

== rb' 

== re' 
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Molecularr size parameter b Is calculated using the Van der Waals volume: 

b=(3Vw rr (2.16) 

wheree fj = 1.3768 according to Sako et aL [34]. 

Thee relations between the segmental physical properties and the corre-

spondingg values on a molecular basis are given by 

V ww = rV w 

AA  =rA'  (2.17) 

II  = 1' 

Forr small molecules, parameters A, Vw and I can be obtained from litera-

ture.. The remaining parameters c and r are determined from density data 

(polymers,, supercritical inert gases) or vapour-pressure data (solvents). 

Forr polymers the situation is more complex. Sako et ah assumed that the 

characteristicc potential energy per segment is almost equal to that of the 

saturatedd monomer. The segment number r is calculated from the number 

averagee molecular weight of the polymer M n, the molecular weight of the 

repeatingg unit MRU, and a structural constant NcSeg> which represents the 

numberr of carbon atoms per segment. By fitting data of n-alkanes, Sako et 

at.at. found the number of carbon atoms per segment of a polymer of infinite 

chainn length to be 3.33. Tork etoL [35] refitted these series including some 

higherr n-alkanes and found the numberr of carbon atoms to be 3.18, which 

wil ll  be used in the calculation of the segment number r. The segment 

numberr is calculated according to Eq. 2.18. 

rr = jVtn_NcRU ( 2 1 g ) 

MRUU Ncseg 

Inn Eq. 2.18, NCRU represents the number of carbon atoms of the repeating 

unitt forming the polymer backbone. (For example, NCRU is equal to two for 

polyethenee and polypropene, but also for polystyrene.) The Van der Waals 
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volumee per segment of the polymer is calculated us ing r and the Van der 

Waalss volume of the repeat ing uni t: 

•?? 18 
(Vivlpc^nerr = (VW)RU ^ (2-19) 

Thee only remaining paramete r for polymers, c, is de termined by fitting den

sityy da t a over a wide t empera tu re and p ressu re range. It is shown by Tork 

etet oL t ha t pa ramete r c is strictly correlated with the segment numbe r r, 

withh a cons tan t ratio for molecular weights over 1000. Therefore it can be 

concludedd t h a t if the morphological difference within a series of polymers 

iss made u p only by t he numbe r of segments (i.e.t t he influence of the end 

groupss can be neglected for sufficiently high molecular weights), the ex

perimentall density da t a of one of the polymers can be used to predict the 

pha see behaviour of the other polymers. Fur thermore , it is s ta ted by Tork 

etet al. t h a t in order to describe the density da ta with sufficient accuracy 

forr phase equilibrium calculations, it is necessary to refit the repulsion pa

rameterr b. Therefore, both paramete rs c and (3 are es t imated from density 

data. . 

Mixingg rules for pa ramete r s a, b, c, and r are required in order to calculate 

fugacityy coefficients from Eq. 2.12. Sako et al. a s s ume one-fluid mixing 

rules: : 

1mm = L i L j XiXjTiTjQÏj = L i L j XiXjTiTj 0 ~ k'ij) ^/a 'iiQjj 

b mm = Li *iW = L i xiTibï ( 2 2 0 ) 

Cmm = L i * i c i = L i X I r I C I 

rmm = L i XiTi 

wheree am , b m , c m , and r m represent the mixture-parameters on a molecu

larr basis ; b\, C{, and n are the pure-component pa ramete r s on a molecular 

basis ;; a[ t , b[, and c[ a re the pure-component pa ramete r s on a segment ba

sis,, and k(j is the binary interaction parameter between polymer segment 

ii and solvent segment j . The fugacity coefficient for component i in the 
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mixturee is then given by 

6pp \ _ RT 
S n i / T , V , n ii

 V 
dV- lnz z 

l n ^^ iffl—ST R - j l n ( l  + - ] ( 2 . 2 1) 
v v 

am b ii  b iCm 

HH : In bmRT(vv + bm) v - b m V v 

Att a given pressure and temperature, the equilibrium compositions in both 

phasess can be calculated from Eqs. 2.20 and 2.21 in addition to Eq. 2.12. 

Thee parameters a, b, c, and r are fitted, for both volatile and polymeric 

fluids,, requiring PVT-data for the solvents and density data for the poly-

mer.. The binary interaction parameter is determined by comparing a set of 

experimentall  VLE/LL E data with VLE/LL E data calculated with the EOS. 

Thee interaction parameter k^ is varied until the average absolute deviation 

betweenn the experimental and calculated data becomes a minimum. The 

binaryy interaction parameter can be fitted separately for each isothermal 

sett of data points. Finally, when all pure component and mixture parame-

terss are determined, the phase equilibrium calculation can be performed. 

2.55 Concludin g Remarks 

Inn this chapter, an overview has been given of binary mixture phase sepa-

rationn thermodynamics. Starting with simple binary fluids, it was shown 

thatt polymer solution show a peculiar phase behaviour. The discovery of 

thesee anomalies, compared to simple liquids, have lead to the development 

off  numerous thermodynamic models, of which the Flory-Huggins theory 

andd the Sako-Wu-Prausnitz equation of state have been explained in more 

detail,, including their shortcomings. 
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Inn the next chapter, it wil l be explored if the application of liquid-liquid 

demixingg in a continuous solution polymerisation process is feasible. Using 

experimentall  results and classical thermodynamics, as presented in this 

chapter,, a steady-state process design wil l be constructed. 
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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 
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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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Figur ee 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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Figur ee 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) 
W p 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-
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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 Development of a New EPDM Process 

3.5.11 Existing EPDM Processes 

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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Figur ee 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 



Developmentt of a New EPDM Process 39 9 

rubberr crumb is passed over a screen and subsequently dried by extrusion 

dryingg (g) to remove free water. 

3.5.22 Design of a Countercurrent EPDM-Hexane-Propene Ex
tractionn Column 

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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Figur ee 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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Figur ee 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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Figur ee 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 Process Design with the Extraction Column 

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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Figur ee 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 Modelling Results 

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 



466 Liquid-Liquid Separation in the EPDM Solution Polymerisation Process 

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 Conclusions 

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-
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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. 



4 4 
Polymer-Solventt Phase 

Separationn with Dissipative 
Particlee Dynamics 

Abstract t 
Inn order to study the demixlng of polymer solutions dynamically, a time-based simulation 

methodd is required. In the following chapter it will be shown that the mesoscopic modelling 

methodd known as Dissipative Particle Dynamics (DPD) can be used to simulate the liquid-

liquidd phase separation behaviour of polymer-solvent systems. Following an introduction to 

thee method, it will be shown that the standard DPD model fails to predict the lower critical 

solutionn temperature (LCST) behaviour common to many of these polymer-solvent systems. 

Therefore,, a method analogous to the extended Flory-Huggins theory is presented to overcome 

thiss shortcoming. 
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4.11 Introduction 

Usingg classical thermodynamics, many polymer -solvent demixing phenom-

enaa can be described. This is, however, mostly on a steady-state basis, 

whereass knowledge of dynamic behaviour would offer better understand-

ingg of the liquid-liquid separation process and give rise to a more opti-

mall  design. Furthermore, the incorporation of structural properties, like 

branches,, is not easily done and generally requires additional experimental 

andd data-fitting effort. 

Therefore,, time-based simulations and experiments are required. However, 

inn simulations of polymer systems, both molecular and macroscopic effects 

aree of importance. Modelling on a macroscopic scale (Computational Fluid 

Dynamicss (CFD)) fully ignores microscopic effects. Molecular simulations 

(Molecularr Dynamics (MD)), on the other hand, require excessive calcu-

lationn times before macroscopic effects become visible. Consequently, a 

simulationn method acting on a mesoscopic timescale is required. 

Inn 1992, Hoogerbrugge and Koelman [39] proposed a new simulation tech-

niquee referred to as Dissipative Particle Dynamics (DPD). This particle-

basedd method combines several aspects of Molecular Dynamics (MD) and 

lattice-gass automata. The particles or 'beads' represent 'fluid packages' 

orr groups of particles that move according to Newton's equations of mo-

tionn and interact dissipatively through simplified force laws. Hoogerbrugge 

andd Koelman showed that their DPD algorithm obeys the Navier-Stokes 

equations.. In 1995, the original scheme was modified by Espahol and 

Warrenn [40] in order to obtain a proper thermal equilibrium. 

DPDD can solve a variety of polymer-related problems, such as dynamics of 

confinedd polymers [41], microphase separation of block co-polymers [42], 

andd polymer rheology [43], and melting [44]. However, none of these pub-

licationss address the problems that arise when DPD is used to simulate 
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polymerr -solvent liquid-liquid phase separation over a large temperature 

andd pressure range. In this chapter, we wil l assess the deficiency of the 

DPDD model to describe the lower critical solution temperature curve, which 

iss essential in the investigation of the applicability of liquid-liquid separa-

tionn as a polymer purification step. A method wil l be presented to overcome 

thesee problems. 

4.22 Dissipative Particle Dynamics 

4.2.11 Basic Model 

Inn the DPD simulation method a set of particles moves according to New-

ton'ss equations of motion and interacts dissipatively through simplified 

forcee laws {e.g., Groot and Warren [451). If the masses of all particles 

aree taken equal to 1, the time evolution of the positions to (t)) and im-

pulsess (pi (t)) is given by 

^ = V i ( t ) ,, ^ = f i ( t ) . (4.1) 
dtt at 

Thee force acting on the particles is a combination of three contributions: 

f U t ) = £ ( F § + F g + F f j ).. (4-2) 
i / i i 

Thee conservative force is a soft repulsion given by 

i ) ) 

Q i ^ l - - ^ ) ^ ,, (r^KTc), 
Ffcc = < v T c '  (4.3) 

0,, (ri j > rc 

wheree a  ̂ is the maximum repulsion between particle i and j , r^ = T{ — t], 

Ti,, = |i\j! , tij  = Tij/ |rij|, and rc is the cut-off radius. The other two forces are 

thee dissipative and the random force, which are given by 

Fgg = -ywD {rij)  {tij  vtj) tij , Fg = acuR (nj) 9 ^ , (4.4) 
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wheree v^ = Vi — Vj, tuD and cuR are r-dependent weight functions tending to 

zeroo for r = rc and 9ij is a randomly fluctuating variable with zero mean and 

unitt variance. Espanol and Warren [40] showed that the weight functions 

andd constants in Eq. 4.4 can be chosen arbitrarily, but should obey 

[a>R(rii)] 2=cuD(nO>> tr2=2kBTY (4.5) 

wheree ke is the Boltzmann constant and T is the temperature of the fluid. 

Thee equations are solved using the modified velocity-Verlet algorithm as 

describedd by Groot and Warren. The random force weight function cuR (rij) 

iss defined as 1 — - , where TC = 1.0. 

4.2.22 Spring Force 

Inn the DPD model, individual atoms or molecules are not represented di-

rectlyy by the particles but they are grouped together into beads. These 

beadss represent local 'fluid packages' able to move independently. Poly-

merss are represented by bead-strings of 5 to 30 beads, which turns out 

too be sufficient to reproduce the typical chain-like nature of polymers. In 

DPD,, the connection in a polymer string is established by adding a spring 

forcee between the beads. Thus, beads can be interconnected to highly com-

plexx topologies, e.g., branched architectures. 

Choosingg the correct spring force deserves closer examination. Two types 

off  spring force have been applied in literature. Groot and Warren advocated 

thee use of the harmonic spring: 

F j f ^^ = Kr^ (4.6) 

wheree K is the spring constant. In this way the mean distance between two 

consecutivee chain beads is governed by the spring force and the repulsive 

interaction.. The value of the spring constant is chosen such that the mean 

springg distance corresponds to the distance found at the maximum of the 
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pairr correlation function of the polymer beads when the spring constant 

iss equal to zero. However, in this manner connected beads are not pre-

ventedd to be located far more than rc apart. This is highly undesirable as 

hydrodynamicc interaction between beads within the same polymer chain is 

lostt and it would be easy for polymer chains to cross each other without 

everr experiencing any mutual interaction. This is comparable to neglecting 

thee Zimm corrections [46] on the dynamical chain behaviour as predicted 

byy the Rouse model [47]. Of course, a suffer spring could be modelled by 

choosingg a larger spring constant, but, essentially, this would also imply 

ann increase in the density of the polymers. 

Inn order to overcome these problems, the Fraenkel spring, as applied by 

Schlijperr et al. [43], is used in our simulations: 

Fspnngg = K ( r . . _ T e q ) ^ . ( 4 . 7 ) 

Heree req is the equilibrium spring distance (chosen as (req = -4p), which is 

independentt from the stiffness of the polymer spring. The spring constant 

iss determined by simulating polymer chains at the relevant conditions for 

demixingg simulations. The distance between two consecutive beads in the 

polymerr chains is sampled for several spring constants. The spring con-

stantt value at which 98% of the cumulative spring distance distribution lies 

withinn one rc is chosen as the correct value [48]. 

4.33 DPD & the LCST Problem 

4.3.11 Introduction 

Severall  authors have shown the possibilities of the DPD method in address-

ingg polymer-related problems [e.g., Kong et aL [49], Groot and Warren [45] 

andd Groot and Madden [42]) as well as the simulation of liquid-liquid sep-

arationn in binary mixtures [e.g., Novik et al. [50]). It was shown that DPD 
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temperaturee

Figur ee 4.1: Schematic pressure-temperature phase diagram of a bi-

narynary mixture showing Type II phase behaviour. 

simulationss result in correct phase behaviour and can even be mapped to 

reall  systems in certain cases (Groot and Warren). To indicate the difficul-

tiess that arise when DPD is used to simulate polymer-solvent phase be-

haviourr over a large temperature range, it is necessary to rediscuss briefly 

thee thermodynamic phenomena typical for these systems, as described in 

Chapterr 2. 

4.3.22 Upper Critical Solution Temperature 

Figuree 4.1 depicts the P-T phase diagram for a binary mixture that shows 

Typee II phase behaviour. The pure component liquid-vapour boundaries 

endd in the critical points, which are connected by the binary criticalmix-

turee curve. However, the liquids are not miscible at all temperatures. A 

liquid-liquid-vapourr (LLV) line ending at an upper critical end point (UCEP) 

iss present at temperatures lower than the critical temperature of either 

component.. The UCEP is that point at which one of the liquid phases be-
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Tablee 4.1: DPD Model Parameters f or UCST Simulation. 

Parameter r 

Value e 
aijj  (i ^ )) 

30.0 0 

aijj  (i = i) 

25.0 0 

rrc c 

1.0 0 

y y 

3.0 0 

6t t 

0.06 6 

K K 

2.0 0 

comess critically identical with the vapour phase in the presence of the other 

liquidd phase. The upper critical solution temperature (UCST) line, which 

beginss at the UCEP and exhibits a slightly negative slope, represents the 

transitionn from two liquid phases to a single liquid phase with increasing 

temperature.. The occurrence of the UCST curve is usually ascribed to en-

thalpicc interactions between the mixture components, which are relatively 

insensitivee to pressure changes for constant densities. 

Itt is obvious that the inter-molecular interactions described above can 

bee compared to the repulsive interactions applied in the DPD model. 

Ass an illustration of this analogy, we have computed the temperature-

concentrationn phase diagram of a typical linear polymer-solvent system. 

Inn Table 4.1, the DPD model parameters are displayed, which were chosen 

accordingg to Groot and Warren. The system consisted of linear polymers 

withh a length of 15 beads connected by harmonic springs dissolved in a 

solutee consisting of single beads, with a total number of beads of 12000. The 

polymerr weight fraction amounted to 50%. The whole system was placed 

inn a simulation box with dimensions 40 x 10 x 10. The rectangular shape 

enhancess the formation of a stable planar interface. As periodic boundary 

conditionss are applied on all sides of the simulation box, more than one 

polymer-solventt interface is formed. In a density profile plot this shows as 

aa polymer slab enclosed on both sides by solvent particles. 

AA full simulation covers an interface formation period of 200000 time steps, 

followedd by a period of 50000 steps where the density profile was sampled 

att an interval rate of 100 steps. 
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Figur ee 4.2: Temperature-composition phase diagram for the model 

polymer-solventpolymer-solvent system as calculated with DPD, in which pi is the con-

centrationcentration of the polymer in either the polymer-lean or the polymer-rich 

phase. phase. 

Inn temperature-composition phase diagrams, the change of phase composi-

tionss with temperature can be shown. The interconnection of the maxima 

off  the curves at different isobars results in the UCST curve. The result 

iss given in Fig. 4.2, showing the typical asymmetrical behaviour found in 

polymerr -solvent liquid-liquid separations. The small solution molecules 

cann easily penetrate the polymer-rich phase thereby lowering the concen-

trationn of the polymer in that phase. The DPD solvent beads show the same 

behaviourr resulting in the correct shape of the dissolution curve. 

4.3.33 Lower Critical Solution Temperature 

Typee III phase behaviour is more complex than Type II behaviour. In 

Fig.. 4.3, it can be seen that the branch of the critical mixture curve, which 

startss at the critical point of the component with the higher critical tem-

perature,, intersects a region of liquid immiscibility at the lower critical 
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Figur ee 4.3: Schematic pressure-temperature phase diagram of a bi-

narynary mixture showing Type III  phase behaviour. 

solutionn temperature (LCST) (i.e., at the LCST the two liquid phases of the 

LLVV line become critically identical in the presence of the vapour phase). 

Thee branch of the critical mixture curve, starting at the critical point of the 

otherr component, intersects the LLV line at the UCEP. At temperatures be-

loww the LCST, a region of immiscibility again appears similar to that shown 

inn Fig. 4.1. The occurrence of the LCST curve is due to the large differences 

inn the thermal expansion of the polymer and solvent. As the polymer so-

lutionn is heated or the system pressure is reduced, the solvent expands at 

aa much faster rate than the polymer so that the dissolution of the polymer 

inn the solvent is associated with a large decrease in the change of entropy 

off  mixing. The entropy decrease occurs as solvent molecules are forced to 

condensee around the polymer to dissolve it. Eventually the loss in entropy 

inn forming a single phase is so large that the Gibbs free energy of mixing 

becomess positive and the solution separates into two phases. 

Untill  now, with DPD only UCST phase separations can be modelled, since 

thee driving forces for a LCST phase separation, namely density effects and 
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attractivee forces, are not present in the DPD model. This has an interesting 

parallell  in the inability of the classical Flory-Huggins (FH) theory to predict 

LCSTT behaviour. It is therefore necessary to extend the DPD model in order 

too describe polymer-solvent phase behaviour over a full temperature and 

pressuree range. 

4.3.44 Simulating Pressure-Induced Phase Separation 

Ass explained in Chapter 2, in the original form of the FH theory for polymer-

solventt mixtures, the free energy of mixing AGM is expressed as 

—^-—^- = m In 4>! +n2 lnct>2+xT1-i4>2 (4.8) 

wheree 4>iand 4>2 are volume fractions of the two components and ni and n2 

aree the number of solvent molecules and macromolecules, respectively [51]. 

Originally,, the dimensionless interaction parameter per segment of polymer 

XX was based only on the mixing enthalpy: 

A H MM = RT t — J Xij <t>i<f)j (4.9) 

However,, the deviation of ideality should not be attributed completely to 

thee enthalpy term. Therefore, nowadays, it is accepted that the interac-

tionn parameter represents a kind of free-energy term, both temperature-

andd concentration dependent, consisting of an enthalpy and an entropy 

termm (Eq. 4.10). 

X=Xh+X ss (4.10) 

Thee interaction parameter x decreases monotonically with temperature, 

whichh is associated with ever-increasing solvent power. Hence, LCST be-

haviourr can not be predicted by the FH theory. Therefore, a free volume 

termm introduced, which becomes dominant as the temperature increases. 
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Thiss leads to a parabolic temperature-dependent interaction parameter 

ablee to describe both UCST and LCST polymer-solvent behaviour. 

Sincee the inability of the DPD-model to describe LCST behaviour is anal-

ogouss to the deficiency of the classical FH theory, the temperature-

dependentt interaction parameter principle has been applied to the DPD 

modell  in order to mimic LCST behaviour (see also Chapter 2). To this end, 

thee inter-species repulsion parameter was given a monotonically increasing 

functionall  dependence of temperature. A pressure effect was introduced 

byy linearly and stepwise decreasing the intra-species repulsion parameter, 

whilee simultaneously increasing the value of the inter-species repulsion 

parameter.. In this way, both a pressure drop and a temperature increase 

wil ll  effect in a widening of the demixing gap. 

Inn order to test the new method the pressure-composition phase diagram 

off  the same polymer-solvent system as the previous example has been cal-

culated.. Analogous to the temperature-composition phase diagrams, the 

maximaa of the pressure-composition phase diagrams at each isotherm cor-

respondd to the UCST and LCST curves. The density in the polymer-rich 

regionn is depicted in Fig. 4.5. 

Thee simulation of the LCST-type liquid-liquid separation is identical to the 

UCSTT simulation described above. The only difference can be found in the 

temperature-- and pressure dependence of the repulsion parameters, which 

cann be described by the following function 

Heree btj and ctj are constants determining the magnitude of the temper-

aturee and pressure dependence (Table 4.2), and q and p represent the 

temperaturee and pressure variables with q = 0,1,... and p = 0,1,.... All re-

pulsionn parameters (at kBT = 2.0, p = 0) have been assigned an arbitrary 

basee value of 26. So, at kBT = 3.0 and p = 3, a  ̂ = 36 and an — â  = 22. The 
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Figur ee 4.4: Density profile for the model polymer-solvent system for 

pp = 3 at three different temperatures, in which pi is the concentration 

ofof the polymer. 

Tablee 4.2: Repulsion Parameter Base Values. 

Parameter r 

Value e 
bu u 

0 0 
bjj j 

0 0 
bg g 
6 6 

Cii i 

- 2 2 

c i j j 

- 2 2 

cü ü 
2 2 

interactionn parameters are chosen such that the results are in the same 

orderr of magnitude as the UCST simulation. 

Ass an example, in Fig. 4.4, the polymer density profiles at P = 27 are shown 

forr three different temperatures. Clearly, it can be seen that for kT = 2.0 the 

polymerr and solvent are completely mixed, whereas for kT = 3.0 and kT = 4.0 

aa stable interface is formed. From these density profiles the pressure-

compositionn diagram as shown in Fig. 4.5 is easily constructed. 

Fromm Fig. 4.5 it can be seen that the introduction of the temperature- and 

pressure-dependentt repulsion parameter results in the correct LCST phase 

behaviourr of this model polymer-solvent system. Both with increasing tem-
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Figur ee 4.5: Pressure-composition phase diagram for the model 

polymer-solventpolymer-solvent system as calculated with DPD, in which pi is the con-

centrationcentration of the polymer in the polymer-rich phase. 

peraturee as with decreasing pressure the demixing gap widens. 

Itt is obvious that the temperature-dependency of the repulsion parameter 

mustt be mapped in such a way that the curvature of the LCST resembles 

thatt of a real polymer-solvent system. This will be explored in the next 

paragraph. . 

4.44 LCST Model Refinement 

Inn view of the similar deficiency of the FH theory in describing LCST be-

haviour,, we applied an analogous strategy to solve the DPD LCST problem. 

Where,, according to the modified FH theory the temperature and pressure 

dependencee is incorporated in the g-parameter (more commonly known 

ass the x-parameter), in DPD we ascribed such dependencies to the inter-

actionn parameter ay. To this end, the inter-species repulsion parameter 

wass made a monotonically increasing function of temperature. A pres-
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suree effect was introduced by changing both the inter- and intra-species 

repulsionn parameter with pressure. The intra-species repulsion parame-

terr is linearly and stepwise decreased, while simultaneously the value of 

thee inter-species repulsion parameter is increased, thereby increasing the 

overalll  system pressure. In this way, both a pressure drop and a temper-

aturee increase effectuated a widening of the demixing gap. It was shown 

thatt true Type III phase behaviour can be mimiced by the DPD model. 

However,, it has already been noted, that the temperature-dependency of 

thee repulsion parameter should probably be mapped in a more sophis-

ticatedd manner than a linear relationship, similar to the temperature-

dependencyy of the x-parameter i n the FH theory (Eqs. 2.10 and 2.11). 

Therefore,, in this work, the DPD inter-species interaction parameter is cho-

senn as 

,-r,-r ™, u + vP 

atj(T,P)) = s+ ^ (4.12) 

whereass the intra-species interaction parameter is denned as 

aii (T,P)) = aj i (T )P)-qP + r (4.13) 

Likee Eq. 2.10, the sign of parameter v determines whether UCST(+) or 

LCST(-)) behaviour is described. The values of the variables (Table 4.3) 

aree chosen such that the interaction parameters adopt values of the same 

orderr of magnitude as those reported above. 

Too make a quantitative comparison between DPD and FH, the results of FH 

calculationss can be mapped onto the DPD data by applying a scaling factor 

c,, which can be defined as 

cc = 7 " 7 (4.14) 
(aijj  - au ) 

Whenn discussing the results of the simulations, values of c found wil l be 

reported. . 
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Tablee 4.3: Repulsion parameter variable values for LCST behaviour. 

Parameter r 

Value e 

q q 

1.25 5 

r r 

-7.25 5 

s s 

60.00 0 

u u 

30.00 30.00 

V V 

-6.00 0 

Tablee 4.4: DPD simulation parameters for the refined LCST Descrip-

tion. tion. 

Parameter r 

Value e 

P P 

3.00 0 

a a 

3.35 5 

y y 

3.00 0 

6t t 

0.04 4 

rr c c 

1.00 0 

K K 

150.00 0 

T"eq q 

0.693 0.693 

4.4.11 Simulation Parameters 

Thee system consisted of polymers with 30 beads per strain, connected by 

thee aforementioned Fraenkel springs and dissolved in a solvent represented 

byy single beads, with a total number of beads of 12000. The polymer weight 

fractionn amounted to 50%. The polymer-solvent system was placed in a 

simulationn box with dimensions 40 x 10 x 10rc. Again periodic boundary 

conditionss are applied on all sides of the simulation box. A full simulation 

coverss an interface formation period of 80000 time steps, followed by a pe-

riodriod of 50000 steps where the density profile was sampled at an interval rate 

off  100 steps. In Table 4.4, all other DPD model parameters are listed. 

4.55 DPD and Flory-Huggins Compared 

Thee refined model has been tested by calculating the density profiles of lin-

earr polymer-solvent at three different temperatures for several pressures. 

Fromm these results the concentration of polymer and solvent in the two 

liquidd phases can be calculated and a pressure-composition diagram, as 

shownn in Fig. 4.6, can be constructed. From the figure, a few conclusions 
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Figur ee 4.6: Pressure-composition phase diagram for the model linear 

polymer-solventpolymer-solvent system calculated with DPD as compared to the FH 

calculations.calculations. pp is the concentration of the polymer. 

cann be drawn. First of all, the asymmetrical shape of the dissolution curve 

iss clearly visible, which is typical for polymer-solvent liquid-liquid sepa-

rations.. Furthermore, both with decreasing pressure and with increasing 

temperaturee the demixing gap widens, indicating LCST behaviour. 

Inn order to compare the DPD simulation technique to classical theories, 

thee demixing calculations have also been performed using the FH model. 

Alll  parameters were kept identical to the DPD simulation. Thus, the same 

temperature,, pressure, polymer concentration, and chain length were ap-

plied.. Furthermore, the pressure and temperature dependencies of the 

DPDD repulsion parameter were transferred to the FH x-parameter variables 

(Eqs.. 2.10 and 2.11). In Table 4.5, the x-parameter values can be found. 

o o 
D D 
O O 

kT T 

kT T 
kT T 

== 2.0 

== 3.0 

== 4.0 
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Tablee 4.5: FH model parameter values for LCST behaviour. 

Parameter r 

Value e 
9o,i i 

67.25 5 
90.2 2 

-1.25 5 
9 i , i i 

30.00 0 
91,2 2 

-6.00 0 

Fromm Fig. 4.6, it can be seen that very good agreement exists between DPD 

andd FH. No DPD results are available in the vicinity of the critical point, 

duee to excessive calculation times. However, it is clear that a discrepancy 

betweenn DPD and FH exists near the critical point. Probably, this can 

bee ascribed to the fact that FH is a lattice-based theory as opposed to 

thee off-lattice approach of DPD. A more quantitative comparison can be 

madee by mapping the FH results on the DPD simulations. On theoretical 

grounds,, Groot and Warren found that the aforementioned scaling factor c 

(seee Eq. 4.14) possesses a value of 0.286 for p = 3, x > 3 and kT = 1.0. In this 

work,, scale factors of 0.2346, 0.2652 and 0.2880 for kT = 2.0,3.0 and 4.0 were 

obtained,, not far from the theoretical value. A small temperature effect 

inn the relationship between the DPD interaction parameter and the FH \-

parameterr seems to exist. This is probably due to the fact that the deviation 

betweenn FH and DPD near the critical point becomes more important at 

higherr temperatures as a result of the increased motion of the molecules. 

Also,, the pressure dependency introduced in the intra-species interaction 

parameterr (Eq. 4.13) is, apparently, overpronounced as compared to the 

FHH results. 

4.66 Conclusions 

Thee standard DPD model fails to predict the occurrence of LCST behaviour 

inn polymer-solvent systems. With the introduction of a pressure- and 

temperature-dependentt repulsion parameter the overall solvent power can 

bee regulated, thus enabling the DPD model to simulate true Type III phase 
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behaviourr and predict LCST phase separation. Very good agreement is 

obtainedd with the classical Flory-Huggins theory. The calculated scale de-

pendencyy between the two models agrees with earlier findings. Therefore, 

thee practical applicability of the DPD model to simulate pressure-induced 

phasee separation of polymer-solvent systems is extended. 

Thee next step wil l be to study the relationship between molecular structure 

andd phase separation as well as the influence of this relationship on the 

dynamicss of the liquid-liquid separation. 



5 5 
Phasee Separation Dynamics & 

Branchingg Effects 

Abstract t 
Thee great advantage of Disslpatlve Particle Dynamics {DPD), over classical theories, is its abil-

ityy to incorporate structural properties without additional parameters. This will be demon-

stratedd on the case of branched polymers, both in steady-state and time-dependent simula-

tions.. It wil l be shown that DPD correctly predicts the cloud point pressure lowering experi-

mentallyy observed and that the degree of branching has a pronounced effect on the radius of 

gyration,, and the centre of mass diffusion of the polymer. 
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5.11 Introduction 

Thee DPD method has shown to be a flexible tool especially for complex fluid 

simulations,, such as dynamics of confined polymers [41], microphase sep-

arationn of block co-polymers [42], polymer rheology [43] and melting [44]. 

Furthermore,, in Chapter 4, a method was presented to enable the DPD 

modell  to simulate the typical occurrence of a lower critical solution tem-

peraturee (LCST) curve in the case of polymer-solvent demixing. 

Inn this chapter, it wil l be shown that the influence of molecular structure 

onn the liquid-liquid separation behaviour follows naturally from the DPD 

model,, in which respect it is superior over the FH theory. Also, the liquid-

liquidd separation of model linear, branched, and hyperbranched polymer-

solventt mixtures is studied in a time-dependent perspective. The char-

acteristicc parameters involved in the study of polymers, such as the ra-

diuss of gyration and the mixture and centre of mass diffusion coefficients, 

aree observed in time and can be compared to those predicted by theories 

originatingg from classical polymer physics. Furthermore, the influence of 

molecularr structure of the dynamical phase separation behaviour wil l be 

considered. . 

5.22 Steady-State Branching Effect 

Too illustrate the advantage of DPD, even in steady-state calculations, over 

manyy classical theories and especially the Flory-Huggins model in account-

ingg for molecular structure, simulations are performed on branched poly-

merss instead of linear chains. Experimental work has revealed that the 

cloudd point pressures decrease with increasing branchedness of the poly-

merr (see, e.g., Chen etal [52], De Loos etal. [53], Whaley etal. [54] and Han 

etet al. [55]). The solubility is seen to decrease, which may be attributed to 

aa lower effective polymer interaction energy. This would, in turn, increase 
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thee similarity between the polymer chains and the small solvent molecules. 

Thesee effects are thought to be related to the much smaller radius of gy-

rationn of branched molecules compared to linear chained molecules of the 

samee molecular weight. 

Itt is impossible to describe the branching effect with the Flory-Huggins 

theoryy purely on a structural basis, as molecular shapes do not play a 

rolee in this model. Kleintjes et cd. [561 introduce a interaction energy term 

andd an empirical entropy correction in the definition for the x-parameter. 

Likewise,, in the well-known SAFT equation of state, the effect of branching 

cann be introduced only by adjusting the branch segment energy parameter 

forr each structural change in the polymer. 

Thee incorporation of molecular structure is straightforward in DPD, since 

anyy structure can be modelled, varying from linear chains to highly 

branchedd molecules. We have performed a simulation with a branched 

polymerr constructed as a linear backbone of 18 beads and three 4 bead 

sidee chains. By again choosing a 30 bead molecule, like in the linear 

polymerr simulation, any change in results can not be ascribed to differ-

encess in molecular weight. The same parameters were used as in the linear 

chainn simulation (see Table 4.4). However, we choose a lower temperature 

kTT = 1.0, as the temperatures of the previous simulations gave rise to in-

tensivee diffusion. The mobility of the polymers then is at such levels where 

evenn the linear chains, with the larger radius of gyration, have no difficulty 

penetratingg the solvent phase and any branching effect is lost. In Fig. 5.1, 

thee pressure-composition diagrams for both the linear and the branched 

chainn polymers are shown. Clearly, it can be seen that the asymmetrical 

phasee separation behaviour is retained. Interestingly, the branched poly-

merr possesses a critical point at a lower pressure, which agrees to the 

experimentall  findings mentioned above. As expected, we could relate this 

loweringg to the reduction of the radius of gyration in the branched poly-
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Figur ee 5.1: Pressure-composition diagram of the linear polymer-

solventsolvent system compared to the branched polymer-solvent system as 

calculatedcalculated with DPD. pp is the concentration of the polymer in the 

polymer-richpolymer-rich phase. 

mers.. This reduces the repulsive forces between the solvent molecules and 

polymerr segments, while increasing the mobility of the polymers. Both 

effectss lead to a better solubility of the polymers. 

5.33 Classical Theories and the DPD Model 

Inn order to describe the behaviour of the polymer in the solvent, several 

classicall  system variables have to be observed during the simulation. In 

thiss section, a link between the DPD model and the classical polymer 

physicss theories is established with respect to radius of gyration and centre 

off  mass diffusion. The influence of molecular structure is also taken into 
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account. . 

5.3.11 Characteristic Parameters of Polymer-Solvent Systems 

Thee behaviour of a polymer chain in a solvent can be described with a few 

importantt characteristic properties. The most well known of these is the 

radiuss of gyration, Rg. It was already shown by Kong et aL [41], that in DPD, 

aa polymer chain in an infinite dilute system shows a collapse in radius of 

gyration,, under a transition from good to poor solvent conditions. It was 

foundd that the scaling behaviour with respect to the relationship between 

thee polymer chain length and the radius of gyration agrees with accepted 

classicall  theories. 

Recently,, Dreischor et aL [57] derived a quantitative relationship for the 

radiuss of gyration in infinitely dilute polymer solutions in DPD. It was found 

thatt a distinction has to be made between polymers in good and in poor 

solvents.. As this research is focussed on non-ideal systems only the results 

forr poor solvents wil l be discussed. 

Withh respect to the radius of gyration, in a poor solvent, all polymers will 

bee in a collapsed state and the following equation is generally applicable 

too both linear and branched polymers {as expressed in the average bead 

distancee req: 

AA second important property is the polymer centre of mass diffusion. This 

propertyy is crucial if any predictions have to be made concerning the ef-

fectt of structure on the kinetics of demixing. Dreischor et aL derived the 

followingg relationship for the polymer diffusion coefficient in DPD: 

Dpoii  = 4kBT Do ( 5 2) 

97i2T!sRgg ^ N 
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whichh is identical to the relation according to the Kirkwood-Riseman the-

ory. . 

Accordingg to Groot and Warren, in DPD, the viscosity of the fluid (in this 

casee the solvent), r| s, is given by 

7tff2p2r^^ pD0 

"•• = iST^f + 'T ,5-3) 

Thee self-diffusion coefficient D0 of a single DPD particle can be represented 

as s 

45(kBT)2 2 

nonozz pr^ 

Thee above equations will be applied in the subsequent simulations to clarify 

thee results. 

5.44 Dynamics of Liquid-Liquid Phase Separation 

Too gain knowledge on the time-dependent behaviour of polymer-solvent 

mixturess several DPD simulations have been carried out for systems con

tainingg model linear, branched, and hyperbranched polymers (see Fig. 5.2). 

Bothh the static and dynamic properties will be predicted with the model 

equationss mentioned before, in relation to polymer concentration and to 

molecularr structure. 

5.4.11 Simulation Parameters 

Thee system consisted of polymers with 25 beads per chain, connected by 

thee aforementioned Fraenkel springs and dissolved in a solvent represented 

byy single beads, with a total number of beads of 10000. The polymer weight 

fractionn ranged from 0 wt% (infinitely dilute, one single chain), 5 wt%, 10 

wt%,, 20 wt% to 100 wt% (polymer melt). The polymer-solvent system was 
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(a) ) 

(b) (b) 

(c) (c) 

Figur ee 5.2: Schematic representation of the three model polymers 

usedused in the DPD simulations, (a) linear polymer, (b) two-branch poly-

mer,mer, (c) hyperbranched polymer. 

placedd in a simulation box with dimensions 10 x 10 x 10rc. As periodic 

boundaryy conditions are applied on all sides of the simulation box, more 

thann one polymer-solvent interface is formed. In a density profile plot this 

showss as a polymer slab enclosed on both sides by solvent particles. A 

fulll  simulation covers an ideal premixing stage of 50000 time steps, in 

whichh all repulsion parameters are set equal to 2. After the premixing 

stagee the inter-species repulsion parameter CHJ is set to 3, which creates 

aa non-ideal system. This is followed by an interface formation period of 

2000000 time steps. All measurable variables were sampled at an interval 

ratee of 100 steps. In Table 5.1, all DPD model parameters are listed. 
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Tablee 5.1: DPD simulation parameters. 

Parameter r 

Value e 

P P 

10.00 0 

cr r 

10.00 0 

kBT T 

0.05 0.05 

6t t 

0.01 1 

rr c c 

1.0 0 

K K 

10.00 0 

T"eq q 

0.464 4 

5.4.22 Linear Polymer Systems 

Naturally,, the study of polymer-solvent demixing dynamics starts with lin-

earr polymer-solvent systems. As was shown earlier, DPD is very well capa-

blee of simulating the demixing phase behaviour of these systems. 

Too show the dynamics of demixing, in Fig. 5.3, the time-dependency of 

thee radius of gyration is depicted for a 25 bead linear polymer for several 

polymerr concentrations during demixing. It should be realised that dur-

ingg the demixing process chains move from an energetically unfavourable 

situationn (i.e., completely mixed with a poor solvent) to an energetically 

moree favourable situation, in which they are surrounded by other polymer 

chains.. The value of the radius of gyration for the infinite dilute (and ob-

viouslyy not demixed) solution found from the simulation is in very good 

agreementt with the theoretical value of 0.597 (Eq. 5.1). 

Withh respect to the more concentrated systems, certain aspects should be 

highlighted.. First of all, it can be seen that the radius of gyration initially 

dropss rapidly due to the non-ideal situation in which the polymer chains 

findd themselves. 

Naturally,, the radius of gyration is not decreased to the level of the col-

lapsedd coil of the infinite dilute solution since the non-ideality is compen-

satedd partly by the presence of other polymer chains, which is energetically 

moree favourable. Consequently, the drop in radius of gyration decreases 

withh increasing polymer concentration. After the initial collapse the poly-

merr is seen to extend once again, due to the formation of a polymer-rich 
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Figuree 5.3: Time-dependency of the radius of gyration for a 25 bead 

linearlinear polymer. At t = 0 the polymer is placed in the poor solvent. The 

initialinitial  collapse is due to non-ideality, followed by an increase ofRgas 

chainschains are assembled in the polymer-rich phase. 

phase.. It turns out that for concentrations of 20% and more, the condi-

tionss in the polymer-rich phase have become indistinghuisable from those 

inn a polymer melt. 

Alsoo at lower concentrations the chains extend from their collapsed coil 

state.. However, the number of surrounding polymers is not high enough to 

providee the chains with the fully ideal environment of all polymer chains. 

Thuss the value of the radius of gyration is found somewhere between the 

valuess corresponding to the infinite dilute and the melt state. 

Itt is interesting to see how the centre of mass diffusion is affected by the 

demixingg process. Therefore, in Fig. 5.4, this parameter is plotted for the 

sett of linear polymer-solvent systems from Fig. 5.3. 

Thee centre of mass diffusion of the infinitely dilute system is predicted to be 

0.00135,, which is in reasonably good agreement with the simulation results. 



766 Phase Separation Dynamics & Branching Effects 

r r 

i i 
i i 
i i 

ii
i' i' 

' K K 

j j 
i i 

11 /V ' i 

jj  \ 
>> ...... . A:. 

'' .' V 

\ \ 1 1 

/ / 
s> > 

** N 

11 ' 

infinitelyy dilute 
—— 5 wt% polymer 
—— 10 wt% polymer 
—— 20 wt% polymer 
—— polymer melt 

^ ^ 

~ ~ " ~ ~ ~ - " - > ~ ' ~ - . _ _ _ 

--

,, | I  1 I I I ! I I  - I 

00 100 200 300 400 500 

Figur ee 5.4: Time-dependency of the centre of mass diffusion for a 25 

beadbead linear polymer. At t = 0 the polymer is placed in the poor solvent. 

Forr the higher concentration polymer-solvents systems it can be seen that 

thee centre of mass diffusion increases under influence of the non-ideal cir-

cumstancess and levels off when the polymer chains arrive at a more ideal 

statee in the polymer-rich phase. However, the increase in the centre of 

masss diffusion is considerably higher than is to be expected just from the 

decreasee of radius of gyration. This can be explained as follows: When a 

polymerr chain is placed in a hostile environment (i.e., a strong repulsion 

byy the solvent beads), the polymer beads are permanently exposed to the 

surroundingg solvent beads, which leads to a high chemical potential for 

thee polymer chain. While the system is driven towards the lowest possible 

energyy state, the number of polymer-solvent contacts of the chains is re-

duced.. This leads to two types of behaviour. First of all, the polymer chain 

wil ll  collapse, which restricts access of the solvent beads to the innermost 

polymerr beads. Thus, the mobility of the polymer chain is enhanced. How-

ever,, at the same time, the chemical potential difference acts as the driving 

forcee for demixing. The polymers experience an additional impulse to move 



Dynamicss of Liquid-Liquid Phase Separation 77 7 

towardss regions with lower overall repulsive interaction. This leads to the 

formationn of a polymer-rich phase, where the polymer beads are in contact 

onlyy with beads of their own species, except for the beads at the solvent-

polymerr surface. Hence, it turns out that this chemical potential driven 

diffusionn is the main cause of the large increase in the centre of mass dif-

fusion,, rather than the reduced radius of gyration due to the polymer chain 

collapse. . 

5.4.33 Branched Polymers 

Thee chemical potential effect described above is expected to be different for 

polymerr chains with beads which already have less exposure to the solvent, 

likee branched polymers. Such polymers should show a more moderate 

increasee in the centre of mass diffusion. It was shown above that the 

steady-statee phase diagram simulated with DPD shows an increased region 

off  miscibility {le„  a lower cloud point pressure) for the branched polymer 

system. . 

Too test whether branching also affects the dynamics of demixing, simu-

lationss have been performed with a 25 bead polymer consisting of a 15 

beadd backbone with two symmetrically placed 5 bead branches and a 25 

bead,, fully branched (or hyperbranched) polymer (see Fig. 5.2). In Figs. 5.5 

andd 5.6 the time-dependent behaviour of the radius of gyration is shown. 

Obviously,, in melt conditions the branched polymer (and hyperbranched 

polymerr even more) show a smaller radius of gyration than the linear poly-

mer.. As predicted by Dreischor et aL, all three infinite dilute systems show 

thee same behaviour, since all are in their smallest, collapsed state. Fur-

thermore,, the behaviour of the higher concentration polymer solutions is 

alsoo identical, apart from the absolute values of the radius of gyration. 
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Figur ee 5.7: Time-dependency of the centre of mass diffusion for a 25 

bead,bead, two-branch polymer. At t = 0 the polymer is placed in the poor 

solvent.solvent. As for the linear chains, the initial increase in the centre of 

massmass diffusion is clearly visible, after which it levels off as more and 

moremore polymer chains arrive at the polymer-rich region. 

Thee centre of mass diffusion dynamics displays more variation, as shown 

inn Figs. 5.7 and 5.8. Clearly, it can be observed that the increase in the 

centree of mass diffusion, as described above for the linear system, becomes 

lesss pronounced with increasing degree of branching. Our expectations are 

confirmedd indeed that a lower fraction of beads exposed to the hostile sol-

ventt yields a smaller difference in chemical potential between the collapsed 

statee of the polymer and the melt state. 

Finally,, it should be remarked that with ever increasing polymer concentra-

tionn the chemical potential difference is expected to become smaller. Near 

thee melt state, even in a mixed solution, the number of polymer-polymer 

contactss is relatively high, which reduces the need for the polymer to form 

aa separate polymer phase as the energetically more favourable system. In 

thee simple, limiting case of two single-bead liquids, the turning point at 
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whichh the centre of mass diffusion increase reduces would be located at a 

500 volume% concentration. 

However,, in the case of polymers, due to their connectivity and their con-

stantt self-exposure, the effect on the demixing behaviour should be found 

att even lower concentrations. Figure 5.9 shows that this indeed is the case. 

Increasingg the polymer concentration beyond 40% is already observed to 

yieldd a less pronounced enhancement of the centre of mass diffusion. From 

50%% onward, the chemical potential effect is hardly visible anymore. 

5.55 Conclusions 

Inn this chapter, it has been shown that DPD is a powerful method for 

studyingg the dynamics of polymer-solvent systems. From steady-state ex-

perimentss and calculations, it was already noticed that branching has a 

pronouncedd effect on the demixing behaviour of polymer-solvent systems. 

Thiss has been attributed mostly to the decrease in radius of gyration. This 

decrease,, although it improves the mobility of the polymer in the solution, 

cannott completely explain the huge increase in centre of mass diffusion as 

foundd in the simulations. The current work clearly demonstrates that the 

differencee in chemical potential is the real driving force for the phase sep-

arationn or diffusion enhancement. It is already shown that the chemical 

potentiall  can be predicted efficiently by combining the DPD potentials with 

ann advanced Monte Carlo sampling technique [58). 

Itt is observed experimentally and confirmed by our simulations that the 

presencee of branching in polymers leads to more resistance to polymer 

separation.. This conclusion is of special relevance to the design of liquid-

liquidd separation based polymer purification in real-life systems. With this 

simulationn method, it is now possible to predict, at least qualitatively, the 
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requiredd modifications of a separation system, when switching to a struc-

turallyy different polymer. 



6 6 
Conclusionss & Future Work 

6.11 Conclusions 

Ourr main objective in this research project was to investigate the possibility 

off  employing liquid-liquid phase separation in the solvent removal step of a 

typicall  solution polymerisation process. The major issues addressed were 

formulatedd as the following questions in Chapter 1: 

Aree classical thermodynamic models capable of an accurate description 
off the liquid-liquid phase separation of real polymer-solvent systems? 

Inn Chapter 2, polymer-solvent liquid-liquid phase separation has been 

modelledd using a classical equation of state (EOS) approach. Based on 

experimentall  data, the Sako-Wu-Prausnitz (SWP) EOS was used to study 

thee phase behaviour of a EPDM-hexane-propene system. The SWP EOS 

iss designed especially for systems containing large molecules. Nonethe-

less,, it was found that the theory behind this EOS is not complete for all 

typess of polymer systems. The description of simple homopolymers like 

polyethenes,, polypropenes and polystyrenes is straightforward. However, 
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whenn co- and ter-polymers are to be described, a lot of assumptions and 

simplificationss have to be made, that still have to be verified theoretically. 

Thee SWP theory shows promising results with respect to multi-component 

polymerr systems, although the description of the interaction between the 

componentss is still unsatisfactory. It seems that the use of a binary in-

teractionn parameter is not accurate enough to describe multi-component 

systems.. One way to overcome this is to fit binary interaction parame-

terss on multi-component data. A more rigorous manner is to incorporate 

ternaryy effects in the binary interaction parameter. Polydispersity has not 

beenn adressed in this research, although some authors have taken up this 

challengee using the SWP EOS et al. [35]. 

Iss it possible to design a polymer purification process and draw conclusions 
onn the feasibility of such a separation step? 

Basedd on an empirical liquid-liquid separation model derived from exper-

imentall  data, a steady-state flowsheet model has been constructed to de-

scribee a novel EPDM process containing a liquid-liquid countercurrent ex-

tractionn column. The effects of various process parameters (temperature, 

pressure,, anti-solvent concentration, and number of theoretical equilib-

riumrium stages) have been studied. 

Itt was found that, with respect to variable costs, liquid-liquid extraction 

iss a cost-effective option in the purification of rubber polymer solutions. 

However,, as capital costs have a strong impact on the economical benefits, 

i tt is necessary to investigate the details of operation of the extraction 

column,, especially with respect to the hydrodynamics. Furthermore, 

basedd on these steady-state calculations nothing can be concluded on 

thee dynamics of the separation. Also, the effects of changing product 

specificationss can not be analysed with the model used. 
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Cann any predicitions be made on the effects of changing chemical structure 
off the polymer on the operation of a liquid-liquid extraction process? 

Inn order to understand the effects of molecular structure of the polymer on 

thee liquid-liquid separation, the classical thermodynamic modelling tech-

niquee was exchanged for the mesoscopic simulation method Dissipative 

Particlee Dynamics (DPD). It was found however, that the standard DPD 

modell  fails to predict the occurrence of lower critical solution temperature 

(LCST)) behaviour in polymer-solvent systems. This is of special relevance 

sincee it is the LCST that is the phase separation boundary of interest. The 

applicationn of an upper critical solution temperature (UCST) based separa-

tionn is irrelevant as this would describe separation under cryogenic condi-

tions. . 

Thee DPD LCST problem was overcome by introducing a temperature- and 

pressure-dependentt DPD repulsion parameter which acts analogous to the 

interactionn parameter x in the extended Flory-Huggins (FH) model. With 

thiss parameter, the overall solvent power can be controlled and true Type III 

phasee behaviour can be mimiced. Simulation results show very good agree-

mentt with the classical Flory-Huggins theory. The calculated scale depen-

dencyy between the two models is in line with earlier findings [45]. 

Thee influence of branching on the steady-state phase behaviour of polymer 

systemss was correctly predicted by DPD, which was proved by introduc-

ingg the branched structure in the chain. This finding marks a significant 

advantagee over classical theories, that require certain fit  parameters to cor-

rectt for structural effects. An interesting aspect is the lowering of the cloud 

pointt pressure upon increased degree of branching, usually attributed to 

thee decrease of the radius of gyration. However, we found that this expla-

nationn does not seems to be complete. What we observed is that, although 

thee decrease in radius of gyration improves the mobility of the polymer in 

thee solution, the difference in chemical potential is the real driving force 
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forr the phase separation or diffusion enhancement. 

Ass the solution polymerisation process is continuous, can anything be con
cludedd on the dynamics of the separation? 

Sincee DPD is a dynamic simulation technique it naturally offers the possi-

bilit yy of studying time-dependent effects. For semi-dilute polymer-solvent 

systemss it was found that the centre of mass diffusion increases under in-

fluencee of the non-ideal circumstances, while levelling off when the polymer 

chainss arrive at a more ideal state in the polymer-rich phase. The radius 

off  gyration follows a mirrored time path: initially it drops rapidly due to the 

non-ideall  situation. After the initial collapse the polymer is seen to extend 

oncee again, due to the formation of the polymer-rich phase. 

Althoughh no connection is made to real polymer systems yet, these simula-

tionn results clearly demonstrate that DPD is a powerful method for study-

ingg the dynamics of polymer-solvent systems. The dynamic behaviour of 

thee polymers in solution provides us with better understanding of the driv-

ingg forces of liquid-liquid phase separation, which are not accessible from 

steady-statee calculations. 

6.22 Future Work 

Thiss thesis showed that, on the basis of thermodynamic calculations, 

polymer-solventt liquid-liquid phase separation is a viable option for the re-

movall  of impurities from polymer solutions. However, the operation and the 

hydrodynamicss of an extraction column were not studied in detail. These 

operatingg parameters wil l have a significant effect on the capital costs of a 

demixing-basedd separation step and therefore on the economical benefit of 

thiss technique. 
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Withh respect to the mesoscopic modelling many questions are still unan-

swered.. First of all, it is now possible to mimic LCST behaviour due to the 

introductionn of a temperature- and pressure-dependent interaction param-

eter.. It can be argued however, that LCST behaviour still does not occurr 

spontaniouslyy in DPD and that the modified interaction parameter is 'artifi-

cial'.. Although this is not problematic when used as a deterministic tool, a 

clearerr relationship to the interaction in real polymers systems would pro-

videe us with even more understanding of the polymer solution behaviour. 

Secondly,, as regards real polymer systems, no direct relation with respect 

too the time-dependency of the demixing behaviour is available. It is not 

possiblee to compare the results obtained with DPD with experimental data, 

ass this poses the very difficult problem of dynamically sampling the poly-

merr in time during a demixing experiment. 

Furthermore,, the question of entanglements remains a matter of debate. 

Thiss issue is explicitly not addressed in this thesis, but it certainly de-

servess attention. In both hydrodynamic and thermodynamic studies en-

tanglementss play an important role and it is highly challenging to compare 

DPDD (and other particle based methods) to classical polymer models. 

Finally,, DPD is not applicable as an in-line, dynamical process simulator. 

Thee results are not yet directly coupled to real polymer systems and fur-

thermore,, computation times are still too high for practical applications. 

AA feasible option is to translate the results of DPD experiments into inter-

actionn parameters as used in today's thermodynamic models and, subse-

quently,, incorporate those models in process simulators. In this way the 

effectss of structural changes in the polymer can be predicted, which might 

leadd to considerable savings of experimental measurements. 
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