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Multiobjetive optimization of an emulsionopolymerization proessB.Benyahia ∗,∗∗ M.A. Lati� ∗ C. Fonteix ∗ F. Pla ∗ S. Naef ∗∗∗
∗ Laboratoire des Sienes du Génie Chimique, CNRS-ENSIC1 rue Grandville, BP 20451, 54001 Nany Cedex, FraneTel : ++(33) 3 83 17 52 36 and e-mailaddress:lati��ensi.inpl-nany.fr

∗∗Département de Chimie, Université Mohamed Boudiaf,M'sila,Algeria
∗∗∗Département de Génie des Proédés, Université Ferhat Abbas, Setif,AlgeriaAbstrat: A multiobjetive optimization proedure based on evolutionary algorithm has beendeveloped to determine the optimal ontrol poliies for a fed-bath emulsion opolymerizationreator, partiularly for styrene and butyl arylate in the presene of n-C12 meraptan as haintransfer agent (CTA). The proess model was elaborated and validated experimentally in orderto predit the global monomer onversion, the number and weight average moleular weights, thepartile size distribution and the residual monomers. The proess objetives are to produe ore-shell partiles with spei� end-use properties and high produtivity. This has been ahieved bythe maximization of the onversion at the end of the proess and the minimization of the errorbetween the glass transition temperature and a designed pro�le subjet to a set of operationalonstraints. The nondominated Pareto solutions obtained were ranked aording to the deisionmaker preferenes using multiple attribute utility theory (MAUT). The seleted solution givesthe best set of the deision variables to be implemented to the real system.Keywords: multiobjetive optimization, ore-shell partiles, deision aid1. INTRODUCTIONMultiobjetive optimization problems are enountered inmost real-world appliations and more reently in hemialproesses (Fonteix et al. (2004), Garg and Gupta (1999),Mitra et al. (2004), Sakar et al. (2007)). Sine suh prob-lems involve several objetive funtions with on�itingnature, the �nal optimum is not unique but a set ofnon dominated solutions (the Pareto front) whih show atrade-o� between the whole objetives. Geneti algorithms(GAs) are well adapted tools to solve multiobjetive prob-lems. This kind of tehnique stands for a lass of stohastioptimization methods that simulate the proess of nat-ural evolution (mainly geneti algorithms, evolutionaryprogramming, and evolution strategies). These algorithmshave proven themselves as a general, robust and power-ful searh mehanism. Moreover, Evolutionary algorithms(EAs) seem to be espeially suited to multiobjetive op-timization beause they are able to �nd multiple Pareto-optimal solutions in a single simulation run.Emulsion polymerization is an important industrial pro-ess used to produe a great variety of polymers of multipleuses (e.g. paints, adhesives, oatings, varnishes). Moreover,it has signi�ant advantages over bulk and solution poly-merization proesses suh as heat removal apaity andvisosity ontrol. These advantages result mostly from themultiphase and ompartmentalized nature of the emulsionpolymerization whih allows the prodution of polymersof high moleular weight at high polymerization rates,

delivering a high versatility to produt qualities. However,the omplexity of emulsion polymerization systems arisingfrom fators suh as the multiphase nature, nonlinearbehaviour and sensitivity to disturbanes indue moreintense di�ulties on modelling and make the developmentof optimization proedures of emulsion polymerization re-ations a very hallenging task.The end-use properties of the produts obtained by emul-sion polymerization and opolymerization are governedby the moleular weight distribution (MWD), polymermirostruture, glass transition temperature (Tg), partilesize distribution (PSD) and partiles morphology. Theseparameters must be involved in the proess design, opti-mization and ontrol in order to produe latex partileswith spei� and ontrolled properties.The present paper deals with a multiobjetive dynamioptimization of an emulsion opolymerization fed-bathreator. The aim is to produe ore-shell partiles withspei� mehanial and �lm-forming properties with highprodutivity. These harateristis are ahieved by usingtwo objetive funtions subjet to a set of tight operationalonstraints and the mathematial model of the system.The �rst objetive funtion is related to the glass transi-tion temperature of both ore and shell while the seonddeals with the �nal onversion.The nondominated solutions (Pareto's front) are obtainedby using evolutionary algorithm (EA). This set of opti-mal solution is ranked aording to the deision makerpreferenes by using multiattribute utility theory (MAUT)
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whih leads to the seletion of the unique solution to beimplemented.2. MULTIOBJECTIVE OPTIMIZATIONA multiobjetive optimization problem (MOP) involvessimultaneous optimization of more than one objetivefuntion. That is the ase of the most real-life optimiza-tion problems faed in industry whih usually deal withmore than one ompeting objetive. Traditionally, suhproblems are solved taking a weighted average of all ofthe objetives and treating it as a single objetive op-timization problem. However, the solution then dependson the hosen weights, whih, in turn, are subjet toindividual pereption and knowledge of the proess. Thisis quite arbitrary, and a de�ieny is always inherent inthis method. Single and multiple objetive funtion opti-mization problems are therefore oneptually di�erent. Inmultiobjetive optimization, there is no optimal solutionthat ould be haraterized as the best solution (i.e. globaloptimum) with respet to all objetive funtions. Instead,there is an entire set of solutions that are equally good. Thesolutions are known as Pareto-optimal solutions (i.e. non-dominated solutions). The values of the objetive funtionsorresponding to the set of optimal solutions are alled thePareto front and represent the best trade-o�s between theonsidered often on�iting objetives (Fig.1).A Pareto-optimal set provides a wide range of design andoperational options to designers and pratitioners and,hene, enhanes the possibility of �nding more e�ientproesses.
Feasible solutions

Non-feasible solutions

Pareto
 front

f1

f2

Fig. 1. Illustration of Pareto optimal set (Min (f1, f2))Population-based algorithms suh geneti algorithms (GAs)have proven there e�ieny to �nd Pareto-optimal set(Gupta and Gupta (1998), Silva and Bisaia (2003), Mitraet al. (2004)). GA is a searh tehnique based on theworking priniples of genetis and natural seletion; it em-ploys a population-based approah whereby the searh fora solution is performed with a group of estimated solutionsrather than a single one. Starting with a set of randomlygenerated initial estimates of the deision variables, GAtries to reah the solution with the help of speial opera-tors. In eah generation, new set of values of the deision

variables are found through speial operations, namely,reprodution, rossover, and mutation, on their old values.This is done in an attempt to produe more desirableobjetive values until a preassigned number of generationsis omputed or a limiting ondition is reahed.2.1 Proess modelThe mathematial model for the present study is based onthe kinetis of the omplex elementary hemial reationsourring both in the aqueous phase and in the partiles,the partile nuleation, radial absorption and desorption(Table 1). Aqueous phaseInitiation I2
kd−→ 2R•aqInihibition R•aq + Zaq

kzaq−→ P + Z•aqNuleation R•aq + micelle
kN−→ particle + R•Radial absorption R•aq + particle
kcp−→ particle + R•Organi phasePropagation R•i + Mj

kpij−→ R•jTermination by ombination R•i + R•j
ktcij−→ PTermination by R•i + R•j
ktdij−→ 2PdisproportionationInihibition R•i + Zp
kzp−→ P + Z•pTransfer to monomers R•i + Mj

ktrmij−→ P + R•jTransfer, hain transfer R•i + TAp
kTAp−→ P + TA•pagent-monomersRadial desorption R•

kdes−→ R•aqTable 1. Kineti sheme for emulsion opoly-merization (i, j = 1, 2)The reation rates derived from the kineti sheme, thespeies partition, the gel and glass e�ets and the e�etof the temperature are not presented here for the sake ofbrevity.The proess model of the emulsion opolymerization ofstyrene and butyl arylate in the presene of n-C12 mer-aptan as hain transfer agent (CTA) was developed andvalidated experimentally for a bath reator and extendedto the fed-bath ase. The objetive of the model is topredit di�erent variables inluding overall monomers on-version, number and weight average moleular weights,partile size distribution and residual monomer frations.The model obtained is a hybrid nonlinear system presentedin (Table 2). As mentioned before, for brevity reasons thesigni�ations of the di�erent terms are not presented hereand the sketh of the model stands to show the omplexityof the system and the di�erent phenomena involved in theproess. More details of the novelties and the approahused to elaborate the model are presented in Benyahia etal. (2008).
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Fig. 2. (a) Feed rate pro�le (b) Glass transition tempera-ture pro�le

2.2 Formulation of the problemThe objetive of the proess is to produe ore-shellpartiles with a spei� end-use properties dependingon the glass transition temperature pro�le (Fig.2b). Themonomers used (styrene and butyl arylate) in the opoly-merization proess have di�erent reativity ratios and theirpolymers have very di�erent glass transition temperature(-54 ◦C for butyl arylate and 100 ◦C for styrene). Thekey feature of the optimization problem is to determineoptimal feed rate and time periods pro�les neessary toontrol polymerization reations in order to produe par-tiles with a designed morphology and glass transitiontemperature (Fig.2a). Two objetive funtions have beenseleted for the optimization of this proess. The �rstone is to minimize the error between the glass transitiontemperature and the desired pro�le. The seond objetiveis to maximize onversion at the end of the proess whihleads to higher produtivity.
Min f= [f1, f2]T

f1 =
1

tfc − t0

∫ tfc

t0

|Tg − Tg1| dt

+
1

tfs − tfc

∫ tfs

tfc

|Tg − Tg2| dt

f2 =−X(tf)

s.t. ẋ = f (x (t),u(t),p , t) ; x (t = 0) = x 0 (1)
1

tfc − t0

∫ tfc

t0

(0.9−X(t))2 dt ≤ ǫ2

X(t0) = 0.9u inf ≤ u(t) ≤ usupxT = [VR, M1, M2, MT1, MT2, I, Z, TA, S,

NP , R1, R2, χ1, χ2, ñ, λ1, λ2, Nm, L1, L2]uT = [∆t1, ∆t2, . . . , ∆tn, Q1, Q2, . . . , Qn]where Tg is the time dependent glass transition tempera-ture, Tg1 the desired glass transition temperature for theore (5◦C), Tg2 the desired glass transition temperature forthe shell (10◦C), tfc and tfs the times neessary to makethe ore and the shell prodution respetively, X(tf) isthe overall onversion at the end of the proess and u theontrol vetor (feed rates and time periods).The ontrol variables are time independent parametersand the bounds of these variables are seleted aordingto pratial operating onditions.At the �rst stage of the proess, the primary partiles areprodued under bath onditions. This stage ends whenthe overall onversion reahes the value of 0.9. The rea-tor is then fed with pre-emulsioned monomers and haintransfer agent (CTA). Core stage is designed to be understarving onditions (no droplets are produed and thefeed rate is equal to the polymerization rate). Styrene isonsumed faster than butyle arylate due to the di�erenebetween there reativity ratios. As a result, the instan-taneous glass temperature will grow to reah the desiredvalue. This stage is operating under a onstraint on theoverall onversion. The shell stage is onduted withoutrequired onditions or onstraints. Only the objetive toreah the seond step of the designed glass temperature
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pro�le is kept. Feed rates are more important at this stageto allow the growth of the glass temperature by addingmore quantities of styrene. The �nal stage is operatingunder bath onditions. Sine no styrene is added theresidual butyl arylate is onsumed leading to lower glasstemperatures. The objetive at this stage is to maximizethe overall onversion whih means maximizing produ-tivity and minimizing residual volatile organi ompounds(VOC's).3. DECISION SUPPORT ALGORITHMThe approximation of the Pareto zone obtained with anevolutionary algorithm is a set of ompromises (Fig.1).This is an important information for industrialists, but ina seond step, we are onfronted to a multiple riteria de-ision problem to lassify all nondominated points. Then,the deision maker has to de�ne his preferenes based onhis knowledge of the proess. These expressions allow topropose a deision support system whih aggregates allthe deision maker's preferenes. The deision maker hasto express several parameters to de�ne his preferenes.He must introdue the weights wk of eah riterion k,depending on the relative importane of the riteria.The deision support approah used in this work is themultiple attribute utility theory (MAUT). It is a system-ati method of identifying and analyzing multiple variablesto provide a ommon basis for arriving at a deision. Inthe MAUT method, the key element is to derive a multi-attribute utility funtion for whih single utility funtionsand their weighting fators are neessary. The proedureis as follows (Kim and Song (2009)):
• Setting an objetive and establishing the attributesfor the goal
• Setting a range of the attributes
• Deriving the single utility funtions for eah attribute
• Calulating the weighting fators for eah attribute
• Deriving the multi-attribute utility funtionAording to the deision maker preferenes the single util-ity funtion of the �rst riterion is hosen as a dereasingfuntion while the seond one is an inreasing funtion.The single normalized utility funtions used in this workare as follows :

g1(u) =
(

f1 max − f1(u)
f1 max − f1 min

)α1 (2)
g2(u) =

(
f2(u)− f2 min

f2 max − f2 min

)α2 (3)Where f1 max, f2 max, f1 min, f2 min are the maximum andminimum values of the �rst and seond objetive funtionsobtained from the Pareto front.The �nal multi-attribute utility funtion is given as aombination of the single utility funtions as follows :
U(u) = w1 g1(u) + w2 g2(u) (4)Where w1, w2 represent the weighting fators of the utilityfuntion (∑2

i=1 wi = 1).The Pareto set elements are ranked aording to theirmulti-attribute utility funtion value (sore) whih leadsto the best solution (best values of the deision vetor) tobe implemented.

4. RESULTS AND DISCUSSIONIn the preeding setions, the multiobjetive problem andthe deision aid strategy were presented in details. In theurrent setion, the results obtained from the study arepresented. The operating onditions are summarized inTable 3.Speies Initial harge Feed hargeButyl arylate, (g) 12 48Styrene, (g) 12 48Initiator, (g) 1 0n-C12 meraptant (CTA), (g) 0.12 0.48Surfatant (REWOPOL SBFA), (g) 3 12Water, (g) 114 445Temperature, (◦C) 70Table 3. Composition used for the simulationof the proessThe �rst result of the multiobjetive optimization is thePareto-optimal set of solutions depiting tradeo�s betweenthe ompeting objetives. This set was generated by us-ing an evolutionary algorithm (EA) with di�erent initialpopulations. The best results obtained are presented inFig. 3. The best value of the objetive funtions takenindividually are 4.4 (the error between the designed andthe resulting pro�les) and −0.948 for the riterion relatedto the �nal onversion.
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Fig. 3. The Pareto front of the opolymerization multiob-jetive problemThe deision aid method developed in this work (MAUT)leads to the best solutions aording to the deision makerpreferenes and the utility funtion used. The weightingfators and parameters of the single utility funtions usedin this work are given in table 4.objetive funtion weight (wi) αi

f1 0.65 1.5
f2 0.35 0.5Table 4. Weights and parameters of the singleutility funtionsThe best pro�le of the deision variables (time periodsand feed rates) obtained are presented in (Fig. 4). It isnoteworthy that the feed pro�le shows learly the limitsof the seond and the third stage. The seond one (ore

17th International Conference on Process Control 2009
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Fig. 6. Overall onversionstage) is haraterized by low feed rate whih orrespondsto starving ondition where styrene is more onsumedleading to the designed glass temperature. Similarly thethird stage shows higher feed rate neessary to inreaseone more the glass temperature.The implementation results of the best pro�le are givenby Fig. 5-8. First, the glass temperature pro�le obtainedorresponds to the designed pro�le (Tg1 = 5 ◦C and
Tg2 = 10 ◦C). The �rst stage (the primary partiles forma-tion or seeding) ends with a fall in the glass temperaturevalue. This is quite realisti sine butyle arylate is moreonsumed when no styrene is added. This phenomenon is
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Fig. 8. Styrene residual mass frationalso notied at the end the proess.The overall onversion at the stage of the ore formationlies in the limit of the onstraint (Fig.6). The onversionfalls at the shell stage as a result of higher feed rates (noonstraints on the onversion are applied). On the otherhand, the last stage (bath proess) shows that the overallonversion grows to reah the �nal onversion whih ishigh enough ompared to the best solution obtained forthe seond objetive funtion.The end-use properties of the �nal produt are related tothe average partiles diameter. The pro�le of the averagediameter presented in �gure 7 shows that the partilesdiameter grows regularly whih means that the numberof partiles is not hanging during the operation. Sineno new partiles are reated during the di�erent stages ofthe proess, the partile size distribution (PSD) is narrowand the morphology of the partiles is well ontrolled andonsequently the end-use properties of the produt.The residual fration of styrene is another relevant in-formation whih shows how styrene is onsumed duringthe di�erent stages of the proess (Fig.8). Sine styrene ismore reative than butyl arylate, the residual fration ofstyrene falls down �rst with the bath stage and grows upafter the start of the feed to reah a onstant value relatedto the designed pro�le of the glass transition temperature(Tg). This fration grows one more to reah the seondvalue neessary to the seond part of the (Tg). During the
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