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Abstract

Heterogeneous extractive batch distillation of ¢héoroform — methanol minimum boiling temperature
azeotropic mixture is studied with water as a logfeneous entrainer. The continuous feeding of water
allows recovering 99%molar chloroform after conagiws of the saddle binary heteroazeotrope water —
chloroform. Unlike a homogeneous process, the xeftmposition is different from the heteroazeotrope
water — chloroform in the vapor overhead. Besidles, distillate recovery is improved by refluxing a
portion a of the chloroform-rich distillate phase along withe water-rich entrainer phase. A genetic
algorithm is coupled to a constant molar overflowd®l to study seven operation policies. Optimizatio
parameters are the entrainer flowrgtéV, the portionars of distillate-rich phase refluxed to the column
during chloroform distillation, the reflux policRrs during methanol distillation. The optimization
maximizes a profit function, penalized with recovgields constraints whereas purity targets arel ase
Task ending events. All optimized solutions achidvgher than 90%molar recovery yields and
99%molar purity for both products chloroform and th@mol. Results are confirmed by rigorous
simulation showing the good performance of coupbigplified model and genetic algorithm as a first
approach. The two piece-wise parameter values tpernaolicies for all three parameters increaseditpr

by 41.8% and reduces total time by 43.8% compavesingle value parameter policy. The parameter
influence study rankRys first, arssecond andre/V last. Keepind=g/V constant and using two piece-wise

ar3 andRys value operation is recommended to increase profit.

Keywords: heterogeneous extractive batch distillation, battstillation, heterogeneous entrainer,

optimization, genetic algorithm



Notations

Roman letters

A
Aj
Az

B
C
D
E
Fe
h
K
L
n
oP
P
Q
R
S

sn
t

T
Tj
U
un
\%
X

y
z

most volatile initial component (-)
NRTL binary parameter
azeotrope (-)

least volatile initial component (-)
cost contribution ($/unit)

distillate flowrate (mol.8)
entrainer (-)

entrainer feed flowrate (mof's
column height (m)

equilibrium constant (-)

internal liquid flowrate (mol:)
constraint number (-)

optimal profit ($)

Superscript

I entrainer lean phase in the decanter
Il entrainer rich phase in the decanter
VL vapor liquid

LL liquid liquid

] tray number

* equilibrium

Subscript

1 refers to the top liquid stream

2 refers to the top vapor stream

A component A

B  component B

cond condenser

D distillate

weighting factor for equality constraint (-) dec decanter
weighting factor for inequality constraint (¢xt extractive profile map

reflux ratio (-)

saddle singular point (-)
stable node singular point (-)
time (s)

temperature (°C)

Task |

holdup (mol)

unstable node singular point (-)
internal vapor flowrate (mol’§
liquid molar fraction (-)

vapor molar fraction (-)
overall molar fraction (-)

Greek letters
portion of the product-rich phase refluxed &M simplified model

the column

A — B relative volatility
NRTL binary parameter
molar amount of each phase

liquid — liquid split ratio in the decanter

FE entrainer

i component i
o tray]

k constraint k
I phase |

minim minimum condition value
min minimum boiling

N  boiler

obj objective

rcm residue curve map

R  reflux stream

RS rigorous simulation

S  sitill

Top column top



1. Introduction

Solvent recovery often involves azeotropic or loglative volatility and including close boiling
mixtures for which non-conventional distillationckemiques must be used. In the pharmaceutical and
specialty chemical industries, such separationsaarejor issue in batch operated distillation calam
The most common non-conventional distillation alégives involve changing the operating pressure or
adding of a so-called entrainer. Design of presswing batch distillation process has been recently
revisited with precise feasibility criteria based thermodynamic properties of ternary diagrdmsburt,
the pressure option is economically attractive doly mixtures very sensitive to pressure. Adding an
entrainer to the mixture is then more frequent. €h&rainer is always loaded initially into the Isii
azeotropic batch distillatiohi’ whereas the entrainer is fed continuously in etitra batch distillation at
some tray of the column or into the sfit® inducing various column configurations among vahibe

14,15

rectifier configuration and the inverse/stripper distillatidfi*’ are well understood, much less the

middle vessel configuratiol. When the entrainer is partially miscible with a@mponent of the initial

mixture, the process is qualified as heterogenememtropic batch distillation®??

or heterogeneous
batch extractive distillatio®?° The reflux policy alternatives are then more nons and the process is

often simpler as the rectifying section is usualby requirec®,

In azeotropic batch distillation, the first distilé (resp. bottom) product in a rectifying (regppping)
is the unstable/lowest boiling (resp. stable/highesling) node of the distillation region wherestfeed
composition lies. Except for curved distillationusmlaries®, product are removed in increasing (resp.
decreasing) temperature order. However, in extradbatch distillation, a saddle/intermediate bagilin
point of the distillation region of the ternary giam can be drawn as a top (or bottom) product evher
non monotonously increasing or decreasing temperaitder may occur. For heterogeneous extractive
batch distillation (HEBD), Van Kaam et & demonstrated experimentally and by simulation that

same behavior holds: continuous feeding of wateinduthe batch distillation of the chloroform —



methanol azeotrope shifted the top composition ftbenternary unstable heteroazeotrope to the binary

saddle heteroazeotrope chloroform — water, enalbdimgcover chloroform in the distillate.

Relying upon the properties of ternary diagramsarticular singular points location and stabilaynd
univolatility curves ?’, feasibility rules have been published for batctectropic distillation®’,
heterogeneous batch azeotropic distillatibf*®*and batch extractive distillatiof}**2°>! Optimization
of homogeneous batch distillation has been devmtech attention as shown in the next section but tha
is not the case for heterogeneous batch distilatiptimization, which we focus on. Key differences
between homogeneous and heterogeneous distillakmt. The main one is that compositions of the
vapor overhead, compositions of the liquid reflind acomposition of the distillate are all similar in
homogeneous distillation and they are all diffeliertteterogeneous batch distillation. The compasitf
the top vapor is near to the heteroazeotropic mexitiernary or binary), the distillate composition
corresponds to the key component — rich phase landiquid reflux to the column top match either the
entrainer-rich phase composition or a combinatibthe entrainer-rich phase with a portioda’ ‘of the
entrainer-lean phase. The reflux of the entrairdr{phase is necessary for drawing the heterazemio
the column top. However as the distillation procdtie top vapor composition moves away from the
heteroazeotrope if the entrainer-lean phase iseflixed as well, eventually shortening the procass
lowering the product recovery for a given purityhefefore, optimization of heterogeneous batch
distillation must deal with determining the optinpmbportion ‘" of the distillate — rich phase refluxed
along the entrainer-rich phase, although it mayrease the operation time. Optimization of
heterogeneous batch distillation has been published in the literaturé but only with the reflux of the

entrainer-rich phase. This is the first time tha considered as an optimization variable.

The paper is organized as follow: an overview ofchadistillation optimization published in the
literature is presented. Then, a finite differemgsedel for the HEBD column is presented. Next, the

optimization problem is defined: objective functi@onstraints and optimization variables. Basedhen



separation of the chloroform — methanol azeotroj water by HEBD, seven cases with various

operating parameter policies are optimized and ewath

2. Background on batch distillation optimization

The optimization of batch distillation processes lieeen intensively studied in the literature. For a
conventional batch distillation column, the overjective is to determine the optimal strategyelasn
a given objective function and satisfying sevemhstraints. In particular, the goal is to determine
optimal reflux policy to obtain a specified qualafproduct. For batch extractive distillation,desork is
recorded and the problem becomes systematicallyivatable as both the entrainer flow rate and the

reflux policy become optimization variables.

The optimization problems studied in the literatgee from the simplest to the most complex ones. In
addition to the type of process structure or ofrapen mode, those problems differ by the types of
thermodynamic mixtures handled, often 2 or 3 conepts forming an ideal zeotropic homogeneous
mixture, more rarely an azeotropic or a low rekatiolatility mixture. Even rarer are optimizatiofi o

mixtures with vapor-liquid-liquid equilibrium.
2.1. Formulation of a batch distillation optimization pr oblem

Three categories of batch distillation optimizatfpoblems are found in the literatufe

1. Problem of maximum distillate which aims at maximgthe quantity of distillate recovered
with a given purity in a given time.
2. Problem of minimum time which aims at minimizingetkotal operation time to produce a

given quantity of distillate with a given purity.

3. Problem of maximum profit which aims at optimizimg economic cost function which

includes many contributions like the total openatiione, the quantity of distillate, its purity...



The third criterion is often set based on a lineanbination or a ratio of the first two criterian&lly,

depending on the criterion, the various problenst@mts can be stated differently.

2.2. Batch distillation optimization variables

The most used variable of action or of controlhis teflux as it is often sought to set an optinedlux
policy enabling to obtain the various specificaioof purity, time or quantity. Other optimization
variables can be taken into account such as thednéato the boilef?, the plate and tank holdup values
, the recycling flows the column configuration (rectifier, stripper,ddie vessel, extractivéj°and
the operating conditiorS. For batch extractive distillation, the entraifiexv rate and the Task at which

the entrainer is fed should also be considétéd*

Most optimization variables are time dependent,fewimg to the problem an infinite dimension. To
transform it into a finite size problem, discretima techniques with respect to time can be usbd.time
horizon is then cut out in a finite number of intas: 2%, 4%°, 534 64 73° or 40*". This choice comes
from a compromise between precision from the diszaBon and computing time. Several schemes of
parameterization can then be considered: Lagraalya@mials to describe a constant profile (ordeorl)
linear per part (order 2); exponential functidfier a combination of Lagrange - exponential funcfio
Two types of discretization with respect to time te distinguished: the parameterization of alialdes

or the parameterization of the optimization vamsghbnly. In the first case, integration of the D&fstem
modeling the batch distillation process is avoidadt, the size of the problem becomes very largehén
second case that we choose, the size of the proislenmore reduced, but using of an efficient DAE
integrator is necessary to handle to the complefithe DAE set of equation. In both cases, newesl

of the optimization variables are generated foheaterval of time considered.

Finally, optimization variables of integer type aemetimes considered, primarily in process design:
number of theoretical stages, feed plate posiagnyell as a sequence of the batch Tasks. Theyreemu

particular treatment in the methods of optimizafpiNLP) *°. In particular cases, the number of stages



is regarded as a continuous variable that is trearstormed into an integer using appropriate cosmput

functions®.
2.3 Solving methods of batch distillation optimizabn problems

The methods of resolution of batch distillationiopzation problems depend on the type of optimaati
variables and of the choice of the criterion, wethwithout explicit constraints. The presence ot o
integer variables brings the optimization probleno ia different mathematical world (Mixed IntegesriN
Linear Programming vs. Non Linear Programming). Mi&LP undoubtedly represents currently the
highest degree of mathematical sophistication antéd for the design of distillation proce¥:

When only continuous/real variables are presenitt igsin our case, various methods can be emptoyed

&*** increased Lagrangiar, generalized

dynamic programming?, Pontyagin maximum principl
reduced gradienf and Sequential Quadratic Programming S&R\l these optimization techniques are
deterministic methods. The use of SQP seems tadme how on a standard to deal with nonlinear
problems of optimization and it is available in mesmmercial libraries (IMSL, GAMS, MATLAB,
etc...). Besides, a study of various commercial SQ# wublished to compare their performances
according to various criteria such as the problems, $he accuracy of the solution or the computinge

>’ But stochastic methods of optimization are alsooming popular, among which Genetic Algorithm

based method®*® and simulated annealing methddsan be quoted.

The choice of a deterministic or a stochastic mgttlepends on their characteristics. In the firseca
convergence towards an optimum requires a gootirgjgroint and often the knowledge of the gradients
of the criterion and constraints which are explitit the second case, mathematical implementasion i
much simpler, without gradient or any good inifgaint, but it requires a large number of callshe t
objective function which requires in its turn tonsilate the process and it can only handle conssrain
implicitly in the objective function. Finally, tcoften the disadvantages of each one of these mgthosl
use of a stochastic method as initialization ofegedninistic method seems to be a compromise worth

consideratior’. Recent studies comparing both methods have peefatochastic methods: it found the



most profitable operation for the separation oferat acetonitrile mixtur€’: it achieved most of the path
towards the optimum when optimizing a water — pyedmixture with toluene by heterogeneous batch

distillation 2.

3. Materials and methods

3.1. Process analysis of the separation of chloroform — methanol with water

by heterogeneous extractive batch distillation.

We consider the separation of the minimum boilizgatropic mixture chloroform (A) — methanol (B)
which is widely used for separating bioactives sases from biological sources. Van Kaam etZl.,
computed residue curve maps and univolatility tmevaluate fourteen entrainers (E) and found hiat
enabled the recovery of methanol and half enabthed recovery of chloroform in the distillate, in
agreement with the general feasibility criterion éatractive distillation recently publishéd*! The most
efficient and least toxic entrainer came out towager with which experiments and simulation proved
that chloroform could be separated in a heterogenextractive batch distillation column with molar

purity better than 0.991 and a molar recovery 0188

Insert here figure 1
The thermodynamic and topological features of #radry diagram are shown in Figure 1, including the

univolatility curve chloroform — methanolafg). Thermodynamic calculations were done by using
Simulis Thermodynamics®, a thermodynamic propeetyear available in Microsoft Excét. The NRTL

thermodynamic model is chosen with binary coeffitsevalidated beforéand reported in table 1.

Insert here table 1
In a non extractive distillation process, the teyniaeteroazeotrope being the unstable nade.f, it

would be recovered in the distillate. In extractidhstillation when water is fed continuously at the
column top, the saddle binary heteroazeotrope afdon — water $J can be drawn as a vapor overhead

at the column because the univolatility lingg=1 ends at the chloroform — water edge. This is in



accordance with the general feasibility criteridrhomogeneous extractive distillatidhi®* that depends

on the residue curve shape and on the volatilideoregion defined by the univolatility line. Fdret
heterogeneous process here, one should considethehariterion concerns the overhead vapor rather
than the distillate composition as in the homogesegmrocess investigated by Rodriguez-Donis etal.
Then the criterion can be formulated as: “the saduiteroazeotrope is drawn overhead if temperature
decreases along a residue curve starting at thmeimert (water) and nearing the saddle heteroaza®tro
(azeQuater —chioroforn), IN the volatility order region (ABE) where chédorm (A) is the most volatile

compound”.

After condensation, the saddle heteroazeotropésgplitwo liquid phases into the decanter with kt sp
ratio cw The water — rich phase') is refluxed toward the column top with a portianof the heavy

chloroform-rich phasex{'=xp). The remaining portion (&) is withdrawn as distillate product.

As already observed in heterogeneous batch diitla>? refluxing part of the distillate-rich phase (
is positive) Van Kaam et af’ in their experiments enabled to keep the top vajfmse to the desired
heteroazeotrope, which enables to get high putitproform during the whole process, although it

increases the process time.

Figure 2 sketches the column with the decanteraBse water is fed at the top there exists only an
extractive section in the column, an advantagehef lieterogeneous process versus the homogeneous

extractive batch distillation where a rectifyingen is usually necessat$y>*

Insert here figure 2
Van Kaam et al® ran the following Tasks having a ternary mixtuhdocoform — methanol — water as

initial charge into the still:

- Task 1 (T1): infinite reflux operation is commyprcarried out to obtain the steady state inside th
column and the unstable ternary heteroazeotropbeatcolumn top. Notice that if a binary mixture
chloroform — methanol had been initially into thidl,sthe binary homoazeotrope would have been

obtained at the column top, as usual.

10



- Task 2 (T2): Under infinite reflux operation, th& to the continuous feeding of the heterogeneous
entrainer at the column top, the ternary unstabterbazeotrope is replaced in the vapor overhedtey
binary saddle heteroazeotrope chloroform — watesticd that for a binary mixture chloroform —
methanol had been initially into the still, the &y homoazeotrope at the top would have been also

replaced by the binary saddle heteroazeotropeaoion — water.

- Task 3 (T3): Distillation of the chloroform-ricphase with a given reflux policy is ran, while
continuously feeding the entrainer. At the endhisg step, the chloroform content into the still tios as
low as possible. For the present work, the stomeigep chioroform< 0.99 in the distillate tank. The reflux

combines all the water-rich phase and a poraafi the chloroform-rich phase.

- Task 4 (T4): Entrainer feeding is stopped. Arcoffis withdrawn to eliminate further the chlorafor

from the column. For the present work, the stomeisXsiii chioroform< 0.001.

- Task 5 (T5): Separation of the zeotropic mixtarethanol — water remained into the still with aegiv
reflux policy where methanol, then the most vobatibmponent, is drawn as the second distillate Eat.

the present work, the stop evenkignetnano< 0.99 in the distillate tank.

Task 1 and 2 are distinct for the purpose of ithatatg the extractive effect. Then, the decanter is
bypassed during Task 1 and filled during Task &u#ianeously to the feeding of the heterogeneous
entrainer at the column top. But, in practice tbag be merged and we experienced in our formel stud
% that time, entrainer consumption and energy adeiaed. This is done in the optimization cases

investigated here using the simplified modeling

3.2. Modeling of heterogeneous extractive batch distilla tion based on
Constant Molar Overflow assumption

3.2.1. Simplified modeling

The dynamic behavior of HBED can be described bgtaf differential and algebraic equations. Typica

simplifying assumptions are liquid and vapor constaolar overflow (CMOL '=L andV'=V)) inside the

11



column, no energy balance, negligible liquid hopd-on the column plates but not in the decanter,

negligible pressure drop and equilibrium stages.

- Boiler mass balances:

Uy ¢ _p

d  °F ?
dx F D_

2’["\‘ :UZ (Xi,FE _Xi,N)+UN (Xi,N _Xi’D) ?

- Extractive liquid profile inside the extractivmlumn section can be approximated by a first-order
Taylor series expansion considering the distillatiolumn having a significant height Therefore, the

liquid composition at each heightj can be computed by:

— hd)gl
Xja=%,; +A Eh: (3)

i
The differential model can be solved from bottomtdp, taking the composition inside the boiler as

initial value for each time step. The total heightthe column ish=45. Taking4h =1, the differential

model matches with a tray by tray model.

The differential part of equation (3) can be ddssmli according to the differential model proposed by

Lelkes et al®:
%=!L(yi—y?)=ﬁ(yi—y?) (4)

+ =
R+1 V
Wherey; is theoperating vapor composition and is the equilibrium vapor composition.

y. is determined applying the modified Rachford-Recedure for a three-phase (liquid — liquid —

vapor) mixture with the vapor phase selected a&feaagnce phase.

12



zC: Zi(KiVL _1) -0 (5)

Phases3

“1e 3 A -1

j=1
[ is the molar amount of each phase consideringttieatnolar total amount of all phases equals tbyuni
z is the overall liquid molar composition arg’ is the vapor — liquid equilibrium constant.

Assuming that the distillate is withdrawn from thiquid phase Il Xp=x"), the operating vapor

compositiony; is computed from the external mass balance foe#teactive section on positign and

expressed in terms of external reflux raIRG:% andFg/V as:

R F 1 F
= +—E|x +—x,—-——Ex 6
yl (R_l_l V jxl R+l i,.D V i FE ( )

- In the condenser, total condensation is assuifieel.liquid hold-up inside the decantéiqf) and its

overall compositionXyeg are determined by a mass balance around the @e¢aee Figure 2):

_dléf[ieczv—(L' +L" )=V -(Ly+D) (7)
dx;q \ L D
idec — - X, +—R (X, - X ]+—(X. —X 8
dt Udec (yl 2 ldec) Udec ( idec |R) Udec ( idec I,D) ( )

- The liquid-liquid split ratiocwand the composition of each liquid phase insig@edi#acanter are computed

using the modified Rachford-Rice equation for lajeliquid equilibrium.

N Xidec(l_ KiLL) —
;1_w+m<iLL =0 (9)
Where:K'“ = ' (T,x" )/ (T,x' Jand w=L'/(L' +L")

The composition of each phase can be computed as:

I} - Xidec d _I :K-LL _II 10
X S asar® 29X TKX (10)

13



Therefore, the liquid external reflux liquid anctbomposition at the column top is:

Ly =L'+al" =V +a(l-w)V (11)
! I
Xip = Lx +al x5 (12)
LR

With a being the proportion of the distillate rich phadethat is refluxed to the column.
The distillate flow rate is:

D=(1-a)1-wV (13)
and the reflux ratio can be determined as:

a+a(1—a)

R —a)i-w)

(14)

The optimization of heterogeneous extractive batishillation is based on the simplified model above
implemented in Matlab, including NRTL equation, aswhnected to the genetic algorithm tool from the

global optimization toolbox in Matlab.

The initial load is 20 moles with composition 0.27d chloroform, 0.6714 in methanol and 0.0582 in
water as considered by Van Kaam ef°ataken from a real liquid waste from solvent esti@n process
widely used for separating bioactives substances fbiological sources. The distillation column is
considered as operating under atmospheric preasarbaving 45 theoretical plates with the entrafaedr

at the column top, thus defining a unique extracsection. The decanter liquid hold-up is 1 molee T

entrainer is supposed to be at its boiling tempeeat

The general software architecture of the simulatioough the simplified modeling follows the inhete

sequence of each operating Task of batch extradist#ation process:

Task 1: Start-up liquid profile of the column isngputed from the initial condition of the chargeairthe

still using eq. (3) - (6) at total reflux af@=0. No decanter is included.

14



Task 2: Decanter filling is simulated for the sédecvalue ofFg/V. Reflux ratio Rrp) is set at unity
indicating that a half of the condensed vapor feixed L, = 0.5V, and the remaining is used to fill the
decanter. Eq. (1) and (2) are used to compute tierbhold up and composition time evolution,
considering that a pseudo distillate filling thecdeter existsD = 0.5V and x, = y,. The punctual still
compositionxn(t) is the starting point for determining the coluriquid profile by eq. (3) - (6) under
Rr=1. Eq. (6) and (7) are then used to calculated#wanter hold-up and composition time evolution,
setting Xz =y, and D =0, as there is no real distillate withdrawn in tiigsk. The stop event is set
when the decanter hold up specification is reachke.= 1mole). At this timeyt the required purity of
chloroform rich phased chioroform=> 0.99) is verified applying eq. (8) and (9) for fireal compositionXgec

into the decanter.

Task 3: Withdrawal of chloroform is simulated withe selected value &fe/V and a(Rr3). Constant or
piece-wise policy can be defined for the optimizatvariables¢/V and a. The final still content after
Task 2 is used as Task 3 starting point. Every steet, the value® andxp calculated previously at-(

dt) are used in eqg. (1) and (2) to update the baileountUy(t) and compositiorxy(t). Similarly, the
liquid composition profile is computed using theuations (3) - (6) from the boiler up to the colutop

SO as to determine the new top vapgt) composition. Thus, the decanter amoug. and composition
Xdec @re updated from eq. (7) and (8) whereas eq.-({12) are the used to determine the new values of

w X, x"=xp, Lr and xg to be used in the next time iteration. SimulatohTask 3 ends when

XD,chIoroform,T3< 0.99.

Task 4: off cut Task is performed only wh®@chioroform 13> 0.001. An intermediate distillate product is

drawn withFg/V = 0 andRr4 = 5 until Xy chioroform, 74 < 0.001.

Task 5: Withdrawal of methanol is simulatedafV = 0. The reflux ratidRts can be fixed as a constant

value or follow a piece-wise policy. The ending ®vi§ Xp methanol, 5= 0.99.

15



The main results of the simulation using the sifrgai modeling are operating times, (t3, i, ts),
distillate information of key products chloroformcamethanol and the off-cut at the end of each Task
(Xp, 73, DT3, D14, Xp 75 andD15) and the amount of wateld(| sinai H20) iNto the still at the end of the process.
All these results are further sent to the gendgorihm tool in order to evaluate the objectivadtion

and the constraints of each individual of the aurgopulation.

3.2.2. Rigorous model

Rigorous (standard MESH equations) simulation ifgosed with Prosim BatchColumn commercial
software®®. The number of theoretical trays of the columrialsen asN=45 and the same conditions
selected for simplified simulation were kept. Ngdile liquid hold-up and pressure drop inside the
column are assumed, hypothesis that were achiavedei packed batch distillation column in which
experimental separation of chloroform — methan@igisvater was performed and published elsewfiere
Therefore, consideration of energy balance is thénrkey difference between simplified and rigorous
simulation. For the sake of comparison, the rigersumulation using ProSim Batch is started for all
studied cases with the boiler and decanter fillath whe optimized values (composition and liquid
holdups) at the end of the decanter filling Tasklescribed in the section above and computed by
simplified modeling. Task 3, Task 4 (if necessamyyl Task 5 are also simulated using ProSim Batdh an
setting as stop condition the purity of chlorofoamd methanol in Task 3 and 5, same stop condibbns
simplified simulation. Task 4 is only simulatedfiie molar composition of chloroform into the satlthe

end of Task 3 is higher than 0.001.

3.3. Batch distillation optimization problem definition
We consider a batch distillation optimization aigiat maximizing a profit functionQP) while
respecting constraints on the product recoverydymhereas purity is used as Task ending everg.dt
nonlinear optimization problem under constraintse Tlassical formulation with equality constraigis

and inequality constraint is:

16



MIN -OP(x)
g (x)=0 k=1,.,n, (15)
h(x)<0 k=1,..n,

3.3.1.  Objective function and constraints

The optimization problem deals with maximizing taeonomical profitOP with positive contribution
from the product sales per batch ($/mole), and gfagiven by the solvent consumption cost ($/mole),

the total operating cost ($/time) and the furthispdsal of non recovery amount of key components.

2

2
MIN {_OP(X)}:ZR* Mio DCI _%ater*cs_timerotal*c4_Z(l_R)* Mio*ci (16)
i=1

i=1
Subject to chloroform and methanol recovery yiéd:(
90-R <0 a7)

The corresponding factay are reported in Table 2. The incomes is determawetsidering the recovery
yield R of each component, the molar amount in the inéfilrgeM;® and the typical sale pricei(andc,

in Table 2). The water cosg is computed on the basis of the consumed watenglyathe fresh water
minus the recovered water at the end of Task T®. tolkal time is the summation of the time of each
operating steps. Cost associated to further di$@oshtreatment of non recovery amount of methanol

and chloroform is considered proportional to the gaices.

Insert Table 2
The formulation of the optimization problem incledao consideration about distillate purity of key

components. Instead 0.99 and 0.001 chloroform nmlaity is used as a stop event for the distillatio
Tasks T3 and T4 respectively. A 0.99 methanol mplaity is used as a stop event for the distillatio
Task T5. In this work, only inequality constrairsie defined, with respect to chloroform and methano

molar recovery which should be higher than 90%.
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3.3.2. Optimization variables

Optimization variables are chosen among all thelabla degrees of freedom for each Task of thetbatc
distillation process. For the HEBD process, weael@ the entrainer flowratEg/V that is kept constant
in Task T2 (merged with T1) and T3; (ii) the portia of distillate-rich phase refluxed to the column
along with all the entrainer-rich phase during Tdsk Note that according to equation 14, the reflux
policy for Task T3 depends on the liquid — liquplitsratio in the decanter, and on taeoolicy.; (iii) the

piece-wise reflux policyrrs for Task T5 (methanol production with no decanter)

TheFe/V variation range is selected after the preliminasutts of Van Kaam et &°. Indeed, extractive
distillation with the 2.1-2b diagram (Figure 1) végs a minimum entrainer flow rate that was evielda
by Van Kaam et af as (F&/V)minim = 1.0 for the chloroform — methanol — water mietwmder infinite
reflux. These authors did the feasibility analyaisl simulation withFg/V = 1.2 but they needed a larger
value in their experiments to expel the methamminfthe top vapor and achieve the expected chlarofor
purity in the distillate. Those authors also inigetied then range between 0.4 and 0.9. The reflux range,
for which exists a minimum feasible value in cortr@cto the still path from an initial load comptien

(see”™), was set between 1 and 10.
Optimization variables and ranges are shown in&@8Ubr all cases.

Insert Table 3

Case | is the basic one, with constant reflux pediecn Tasks T3dy3) and T5 Rys). Case |l proposes a
two piece wise reflux policyR; 15 and R, 15) for methanol production Task T5. Case Il progoagtwo
piece wise reflux policy di 13 and a> 13) for chloroform production Task T3. Case IV progssa two
piece wise reflux policyds 13 and a2 13) for chloroform production Task T3 and a two piegse reflux
policy (Ry1s and R, 15) for methanol production Task T5. Case V propasaw/o piece wise entrainer
flowrate Fe/Vit2-13and Fe/Vo19 and a two piece wise reflux policyr(ts and a»13) for chloroform
production Task T3. Case VI proposes a two piesewhtrainer flowrateF¢/Vy ro-rzandFe/Vo 19 and a

two piece wise reflux policyR; s and R, 15) for methanol production Task T5. Case VIl conssd&vo
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piece wise policies for the three optimization ghtes: Fg/Vi 1213 and Fe/Va 19, (0113 and az 13) and

(RirsandRy,s).

3.3.3.  Optimization methods

Based on the literature survey above and on our experience, we solve the optimization problem by
using a Genetic Algorithm stochastic method, abédlain Matlab global optimization toolbo$’.
Preliminary sensitivity analysis was performed floe key parameters of genetic algorithm such as the
initial population, the selection rate and the rtiotarate. Results are summarized in Table 4 fer th
reference. As expected, stricter values for thigainpopulation, selection rate and mutation raterease

the evaluation number of objective function thapisportional to the computational time for obtami
similar optimal value of the selected optimizatiariables Fe/V, a andRys) and the objective function.
Therefore, the initial population is set at 50, Hedection rate is 0.8 and the mutation rate i& 0the
remaining of the paper (last column in Table 4)eSé parameters provided a good compromise between
performance of genetic algorithm and computationeti The genetic algorithm works as follows:
individuals of the initial population characteritee manipulated variables and they are sent to the
simplified model also coded in Matlabhen the genetic algorithm retrieves the resultpuired to
evaluate the objective function and constraintseach individual. The optimization is stopped if no

improvement of the penalized objective functioadhieved after 10 generations.

The constraints are introduced into the objectivecfion by penalty terms. The optimization problem

aims then at finding the minimum of the followiRgofityenaizeapenalized Profit function:

P Ofit ygpaizeq = PY OFit + Z(Pk x (gk)2)+ Z(Qk x (h, )2) (18)
with Pk(X):{OO .if g (x)=0 and Qk(X):{Oo .if h(x)<0
P’ if g.(x)Z0 Q. ifh(x)>0
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andP® andQy° are weighting factors equal to the non penalizetttion value divided by the squared
tolerances on the constraints. The tolerance onettwvery yield constraints is 1%. Therefore, aaijufe

to reach the constrained value of 90% molar regoisepenalized by 1/(0.01)2 in the profit function.

4. Results

Table 5 displays the optimal values f&iEAV)r2-13, 013 andRys for all cases, along with the duration of
each Task and the switch time when the piece-wde&ypfor optimized variables is defined. The
objective function of the optimized solution withet simplified model O&, and computed with the
optimized parameters by rigorous simulationR@&re also reported along with the total operatinget
Table 6 displays holdup, compositions and recosevigth the optimized parameter values used in
simulation with the simple model and with the riggs simulation model for each case. Figure 3 shows
the still path of Task T3, T4 and T5 computed byhbmodels as well, along with selected liquid

composition profiles in the column.

Insert Table 5
Insert Table 6
Insert figure 3
General remarks arise from the analysis of Taldadb6 and Figure 3:

- The optimization with the simplified model alwaystches the recovery constraints in chloroform and
methanol for all cases and, therefore, did not [mm¢éhe objective function value relevant for eacise.
The product purities are achieved as well becawsg are used as Task ending events for Task T3 and

T5.

- Concerning the decanter filling Task T2, resalts almost identical for all cases, despite difieFe/V
values (see Table 6). Duration equals 8 min anditia& composition is almost identical (Figure Zhat
analysis prompted us to use the final amount amaposition into the still and into the decanter ask
T2 as initial conditions for the rigorous simulatiin both vessels as can be seen in Figure 3sdt al

enabled easy comparison of the simplified and agesmodels for Tasks T3 to T5.
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- In most cases, the operating time of each Taskpoted by rigorous simulation is smaller than that
obtained by simplified simulation. But the recovertgld for chloroform and water is higher by rigaso
simulation. The likely reason could be that thergpebalance is taken into account in the rigorous
simulation. Liquid profiles computed by simplifiedodeling and rigorous simulation are displayed in
Figure 3 for several boiler compositions. They latke, hinting at the low incidence of the inclusiof
energy balance. A closer look shows that the enploigt of the liquid profile at the column topn{xy) is
located closer to the water apex in the case ofoigs simulation mainly when the half time of Tasls
overtaken. It implies a different decanter spliicand withdrawal of chloroform is carried out @nch
higher entrainer reflux, providing a better recgvsiield and distillate purity for this component.
Conversely, the recovery yield for methanol is $endbr rigorous simulation, in particular for case Il
and VI where methanol is more diluted into thel sl the beginning of Task 5 with methanol

composition around 0.87, 0.83 and 0.83 respectiig=gxina 13 in Figure 3).

- Off-cut operation step T4 is not necessary inrigerous simulations because the chloroform cdnten
into the still is already below the composition@O01 required to proceed to Task 5, as the locaifo

Shexir allows already good recovery of chloroform.

- For all cases in Figure 3, the still path movesards the water — methanol edge during Task &, in
direction imposed by the summation of the entraieeding vecto+E and the distillate withdrawal
vector -D. Good agreement is obtained between the simplifiediel results (continuous lines) and
rigorous simulation results (symbols). After thé-aift Task 4, the composition is indistinguishatvtam

the water — methanol edge and methanol productask B proceeds along that triangle edge.

- Coupling of the simplified model with a genetitgaithm allows a good estimation of optimal
operating conditions with less computational effamtd time than trial and error. It can thereforeubed
as a first approach for the optimal analysis oermieneous batch extractive distillation and tierther

corroboration can be performed by using rigoroosutation.
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Insert figure 4
- In all cases, the computed valueQ@Pgsis higher tharOPsy (Table 5). However, figure 4 shows that

they share the same trend. Case VIl involving twemstant piece-wise policy for all optimization
variables gives the optimal profit compared to weest case | (+41.8% and +30.1%, respectively). The
second best option is case IV. Howev@Rgs of case IV and VII are almost identical within @2
although the simplified model shows a greater difiee of 5.5%). That happens because the cost
function naturally favors chloroform and methanales €¢; andc, in Table 2) and the simplified model
case VIl shows higher chloroform and methanol tbase IV whereas the rigorous model shows similar

recoveries (Table 6).

- The cost associated to the make-up of fresh wateegligible in the total cost of the processause

the high recovery of water into the still at thel@f the process and the lowest prigésee Table 2)

4.1. Analysis of the basic case with constant parameter values
The simplest operating mode, represented by ca#th kconstant variables value, shows the lowestitpro
as expected because it has the longest operatmggas well as not so good chloroform and methanol
recovery yields. Hence, total time almost reach@shds, which may not be easy to implement for
operation in most European countries subjected ttmw & hrs working shifts. The optimal entrainenflo
rateFg/V equals 1.75, quite above tH&AV)minim = 1.0 which again confirm the experimental obstova
that a significant entrainer flowrate is neededathieve high purity chloroform, namely 0.99. As
discussed, a high chloroform recovery is connetiigtie ability to keep the overhead vapor compasiti
near the binary heteroazeotrope which is favoradsla split ratio to produce high purity chlorofarithe
optimal solution shows that it is achieved by us@geflux policy that returnsgr=0.881 of the
chloroform-rich phase from the decanter, correspando an effective average reflux of 7.55 during
Task 3 (Table 5). With such a reflux, Task T3 isigh consuming operation time and a large amount of
entrainer had to be fed, namely 106 moles (Tahld&t)he end of Task T3, very little chloroformlet,

as the recovery shows (Table 6 and Figure3).
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For reasons discussed before, rigorous simulasiatairted from the composition after Task 2 andvsho
qualitatively the same features than the simplifieatlel simulation (table 6). For case I, the stogné of
Task T3 is the optimized total time, namely 189 .miihen, the rigorous model simulation leads to a
better chloroform purity and the chloroform recgrat the end of Task T3 is greater by several perce
Those features prevent from simulating an off-c¢otet because the chloroform molar composition is
already below 0.001 in the still, and methanol pidbn Task T5 can proceed immediately after Task 3
with the optimized reflux value and a stop evemtasemethanol purity equal to 0.99. The energyrzaa
effect, taken into account in the rigorous simolatihas sped the light component, methanol remawal
T5 time is reduced by 48 min. However, methanoddpabion result is mitigated because the methanol
recovery is almost 5% below the simple model recpvdote in Figure 3 that the still compositiontia¢
beginning of Task 5 is located closer to water eserdnd the stipulated recovery of methanol was not

achievable by rigorous simulation using the lowedtie ofRrs constant policy.

4.2. Analysis of piece-wise parameter value cases
Case Il considers a two value reflux policy duringthanol recovery. The total time is reduced by 36%
boosting the profit by 22%. The effect is most mnomced for Task 5 where a smaller average reflux
valuesRrs enable to operate in lesser time (41% comparechse ). The greatest recovery yield of
methanol is provided by this case because of thhesi reflux ratio after the switch time in Task 5
compared to cases IV, VI and VII. For Task 3, theaker a3 value leads to a smaller average reflux and
T3 time is reduced by 32%, while keeping chlorofaenovery above 91% molar. That helps reducing
the still content at 80 moles at the end of TasR4 less than for case |. The increase of thesboil
content during batch extractive distillation is oofeits major drawbacks of the process and theainit
charge can be included as an optimization varigteder to accomplish a geometrical constrairdatesl
to the maximum capacity of the sfifl. The selectivity and the molar volume of the entashould be

considered as criteria during the entrainer selacti
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Case lll considers two reflux values during T3 tigb a two piece-wiserrs value operation but a
constant reflux policyRrs is retained for Task 5. The tww values correspond to significantly smaller
average refluxes (table 5) comparedat@onstant policy (cases I, Il and VI). Operatinglat reflux
enables to withdraw chloroform distillate fastedalr8 time is reduced by 60%, also maintaining tile s
content at the end of Task 3 below 55 moles, alri0%b less than case I. This has been already dotice
from the feasibility analysis of Van Kaam et @who recommended to start Task T3 at low reflux for
diminishing operation time, then to increase it & to prevent the still composition to enter the
unfeasibility region and to accomplish the recovgeld constraint. Regarding Task T5, time is much
longer than case |, because of the highest refilxeRys reaching almost 9. Recovery yield of methanol
overpass the set minimum value and it was alsal&id for rigorous simulation. Those factors explai

why this case is positioned as second worst alieena Figure 4.

Case IV combines botlr; and Rrs two values operation under constar/\F. The intervals ofars
(0.5551 - 0.8318) anBys (3.3001 - 6.6360) contain the smallest two valumsmared to the others two
piece-wise policy, case lll, V, VI and VII. As exgied the benefits observed for cases Il and Il sgm
As a consequence, the overall profit is +34% graatn case | whereas the operation time is redbged
43%. The liquid content into the boiler is the set@mallest one, only increasing 2.7 times thaainit
charge. Recovery of chloroform and methanol ard fwdfilled and case IV remains the second best

profitable alternative behind case VII.

Case V investigates a two entrainer flowrate vdfgh/ operation with a two piece-wisers value
operation as in case Il but reflux rafys is kept constant. Compared to case lll, profglightly higher
(6.3%) and parameter values are close. Time iscestifor Task 5 but increased for Task 3 along wieh
still content. Recovery is higher for Task 3 buvéw for Task 5. Case V has an intermediate position

the profit trend displayed in Figure 4.

Case VI confirms the poor interest of running a temrainer flowrate valué&g/V operation under
constantarswhile maintaining a clear interest for running atveflux Rys operation. Compared to case Il
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(two reflux Rrs operation), the advantagesR are similar in Task 5 with a 38.4% reduction oftirbe.
The twoFg/V values bring no improvement because the shift éiap@at the last minute of T3 operation.
The longer T3 operation occurs because of a greataralue. That enables a better chloroform recovery
(+4.1%) than case Il, which is the main reasortlier+5% boost in profit. That boost is not sigrafi¢,
especially as the rigorous simulation predicts.a%0profit drop. The methanol recovery yield obéain
from rigorous simulation fails to reach the fixednstraint, as compared to case Il, reflux rdig is

smaller after the switch time in Task 5.

Case VIl is the best alternative among all studi@ses (Figure 4). Compared to case VI, it shows an
important improvement of the profit when bdte/V and a3 follows two piece-wise policy at the same
time. The profit increases by +41.8% and total timeeduced by 43.8% compared to case |. Notice tha
optimal values foFg/V and Rs are very similar to case VI but the switch time Fg/V now takes place

in the middle of the duration of Task 3. The twg values operation is responsible for the smaller T3
duration and the increase in profit. Comparinghte $econd best case IV, the middle value Y Fof
case VIl is very close to the constapf\FFcomputed for case IV. Again, the lower secontliedor a3
reduces the T3 duration and improves profit, togethith higher recovery yields for chloroform and

methanol.

However, practical implementation of the optimatgmaeter will favor second best case IV over thd bes
case VII because variation of the entrainer flowe ren case VIl may not be easy to control on an

industrial column. According to the rigorous sintida results, both cases give similar profit.

4.3. Analysis of the parameter influences
Now, considering all cases, Figure 4 clearly shoat the most efficient parameter to play with for
increasing the profit i&rs. It can be deduced comparing the cases | vsINsIlV and V vs VII wherein
the definition of two piece-wise constant policy frs improves the objective function by 14%, 15.2%

and 14.6%, respectively for each couple of cases.
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Those four cases I, IV, VI and VII exhibit the bgsofits (see Figure 4) and HEBD run within lekart
7 hrs, a much suitable scheduling in European cmsnthan the remaining three cases |, Il and V all

above 9 hrs.

Second in influence comes parametes, the portion of the chloroform-rich phase thatefluxed to the
column along the entrainer-rich phase becausealiices significantly the operating time for chlonwofo
withdrawal. Influence obtrr3 can be evaluated by comparison of cases | vl Mg IV and VI vs VII. For

each couple of case, a two piece-wise constantypfiir ars enables to increase the profit by 5.7%, 6.9%

and 7.05% respectively.

Third, the entrainer flowratEg/V has the lowest influence on profit as shows a @impn of cases Il vs
VI, Il vs V and IV vs VII, only improving the praf by 3.6%, 3.7% and 4.3, respectively for eachpteu
of cases. For the rigorous model simulation theebenf piece wiseFg/V policy is even not convincing
at all: case V has a bett@Pgs profit than case lll, case VI has a slightly lovegre than case Il and case

VIl and IV are almost identical.

Overall, one would suggest keepiRg/V constant near 1.8. Concerniagz andRrs, a two piece-wise
value operation is recommended, respectively fducang Task 3 time and still content and for redgci
Task 5 time, while keeping the high purity and remy on both products chloroform and methanol.
These recommendations match with the optimal opgratrategy illustrated by case IV, simpler to run

in industrial practice than case VII.

5. Conclusion

Heterogeneous extractive batch distillation of ¢théoroform — methanol minimum boiling temperature
azeotropic mixture has been studied with water last@rogeneous entrainer. The ternary diagram gelon
to the 2.1-2b class and requires a minimum entrdio@rate to be feasible. With the continuous fegd

of water, the unstable ternary heteroazeotropeptaced by the saddle binary heteroazeotrope water
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chloroform in the vapor overhead. Condensationhef Yapor enables to remove the chloroform-rich
phase and obtain better than 0.99 molar purityrofdom. The water-rich phase is totally refluxedhe
column, along with a portiorr of the chloroform-rich phase in order to improvéocoform recovery as
was suggested in the literatidre Unlike to homogeneous extractive distillatiore tieflux at the column
top implies that a portiomr of the distillate chloroform-rich phase is reflaxalong with the water-rich
phase in order to assure both high purity and reigoley maintaining longer the top vapor closerhe t

heteroazeotrope.

The column behavior is first modeled with a siniplif tray by tray model based on constant molar
overflow and zero tray holdup hypotheses. Codedatiab and coupled with the genetic algorithm from
Matlab global optimization toolbox, it allows inggmting seven cases with different parameter pasic
including constant and piece-wise policies. Themiation parameters are the usual entrainer fltavra
Fe/V and reflux policyRys for the methanol production, and for the firsteitme portionars of distillate-
rich phase refluxed to the column along with adl &ntrainer-rich phase during the chloroform praoidac
Task. The optimization aims at maximizing a prédiction, with recovery yields constraints introddc

as penalties and purity target used as Task eradiegt.

All optimized solutions achieve higher than 90%malkecovery yields and purity higher than 0.99 for
both products chloroform and methanol. Results as® confirmed by rigorous simulation and in
agreement with earlier experimeritsdemonstrating the good performance of couplingpéfied model

and genetic algorithm as first approach.

Regarding the operation policy, the two piece-wpseameter values policies for all three parameters
increases profit by 41.8% and total time is redubgd43.8% compared to the constant single value
parameter case. The most efficient parameter towith for increasing the profit iBys, the reflux during

the methanol production Task, reducing significatitle total operation time. Second in influence eem
parameteinys, the portion of the chloroform-rich phase thataBuxed to the column along the entrainer-

rich phase because it halves the operating timettoroform withdrawal. Finally the entrainer floate
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Fe/V has the least influence. Therefore keegha)/ constant near 1.8 and using two piece-wise value

operationsarz andRys is recommended to achieve the best profit.

28



Literature Cited

(1) Wozny and Repke on pressure swing batch distillation which should also be included (e.g. Chemical
Engineering Research and Design, Volume 85, Issue 4, 2007, Pages 492-501

(2) Modla G.; Lang P. Feasibility of new pressure swing batch distillation methods, Chem. Eng. Sci., 2008, 63(11),
2856-2874.

(3) Modla G.; Lang P. Feasibility of separation of ternary mixtures by pressure swing batch distillation, Chem.
Eng. Sci., 2010, 65(2), 870-881.

(4) Van Dongen, D.B.; Doherty, M.F. On the Dynamics of Distillation Process - VI. Batch Distillation. Chem. Eng.
Sci. 1985, 40, 2087-2093.

(5) Bernot, C.; Doherty, M.; Malone, M.F. Patterns of Composition Change in Multicomponent Batch Distillation.
Chem. Eng. Sci. 1990 45, 1207-1221.

(6) Bernot, C.; Doherty, M.F.; Malone, M.F. Feasibility and Separation Sequencing in Multicomponent Batch
Distillation. Chem. Eng. Sci. 1991, 46, 1311-1326.

(7) Rodriguez-Donis, |.; Gerbaud, V.; Joulia, X. Entrainer Selection Rules for the Separation of Azeotropic and
Close Boiling Point Mixtures by Homogeneous Batch Distillation. Ind. Chem. Eng. Res. 2001, 40(12), 2729-
2741.

(8) Yatim, H.; Moszkowicz, P.; Otterbein M.; Lang, P. Dynamic Simulation of a Batch Extractive Distillation
Process. Comput. Chem. Eng. 1993, 17, S57-S62.

(9) Lang, P.; Yatim, H.; Moszkowicz, P.; Otterbein, M. Batch Extractive Distillation under Constant Reflux Ratio.
Comput. Chem. Eng. 1994, 18, 1057-1069.

(10) Lelkes, Z.; Lang, P.; Benadda, B.; Moszkowicz, P. Feasibility of Extractive Distillation in a Batch Rectifier.
AIChE J. 1998, 44, 810-822.

(11) Lelkes, Z.; Rev, E.; Steger, C.; Fonyo, Z. Batch extractive distillation of maximal azeotrope with middle boiling
entrainer. AIChE J. 2002, 48(11), 2524-2536.

(12) Lelkes, Z.; Rev, E.; Steger, C.; Varga, V.; Fonyo, Z.; Horvath, L. Batch Extractive Distillation with Intermediate
Boiling Entrainer. Proceedings ESCAPE-13. (Eds. Kraslawski, A. and Turunen, 1.) 197-202, 2003.

(13) Rev, E.; Lelkes, Z.; Varga, V.; Steger, C.; Fonyo, Z. Separation of a Minimum-Boiling Azeotrope in a Batch
Extractive Rectifier with an Intermediate-Boiling Entrainer. Ind. Eng. Chem. Res. 2003, 42(1), 162-174.

(14) steger, C.; Varga, V.; Horvath, L.; Rev, E.; Fonyo, Z.; Meyer, M.; Lelkes, Z. Feasibility of Extractive Distillation
Process Variants in Batch Rectifier Column. Chem. Eng. Process. 2005, 44, 1237-1256.

(15) Yao, J.Y.; Lin, S.-Y.; Chien, I.L. Operation and control of batch extractive distillation for the separation of
mixtures with minimum-boiling azeotrope. J. Chin. Insitute of Chem. Eng., 2007, 38(5-6), 371-383.

(16) Hunek, J.; Gal, S.; Posel, F.; Glavic, P. Separation of an Azeotropic Mixture by Reverse Extractive Distillation.
AIChE J. 1989, 35(7), 1207-1210.

(17) Varga, V.; Rev, E.; Gerbaud, V.; Lelkes, Z.; Fonyo, Z.; Joulia, X. Batch Extractive Distillation with Light
Entrainer. Chem. Biochem. Eng. Q. 2006, 20(1), 1-24.

(18) Rodriguez-Donis, |.; Gerbaud, V.; Joulia, X. Heterogeneous Entrainer Selection Rules for the Separation of
Azeotropic and Close Boiling Point Mixtures by Heterogeneous Batch Distillation. Ind. Chem. Eng. Res. 2001,
40(22), 4935-4950.

(19) Rodriguez-Donis, I.; Gerbaud, V.; Joulia, X. Feasibility of Heterogeneous Batch Distillation. AIChE Journal,
2002, 48, 1168-1178.

(20) Skouras, S.; Kiva, V.; Skogestad, S. Feasible Separations and Entrainer Selection Rules for Heteroazeotropic
Batch Distillation. Chem. Eng. Sci. 2005, 60(11), 2895-2909.

(21) Lang, P.; Modla, G. Generalised method for the determination of heterogeneous batch distillation regions.
Chem. Eng. Sci., 2006, 61(13), 4262-4270.

(22) Denes, F.; Lang, P.; Modla, G.; Joulia, X. New double column system for heteroazeotropic batch distillation.
Comp. Chem. Eng., 2009, 33(10), 1631-1643.

29



(23) Rodriguez-Donis, I.; Acosta-Esquijarosa, J., Gerbaud, V.; Joulia, X. Heterogeneous Batch Extractive
Distillation of Minimum Boiling Azeotropic Mixtures. AIChE Journal, 2003, 49(12), 3074-3083.

(24) Szanyi, A.; Mizsey, P.; Fonyo, Z. Novel hybrid separation processes for solvent recovery based on positioning
the extractive heterogeneous-azeotropic distillation. Chem.. eng. Proc.: Process Intensification, 2004, 43(3),
327-338.

(25) Van Kaam, R.; Rodriguez-Donis, |.; Gerbaud, V. Heterogeneous Extractive Batch Distillation of Chloroform -
Methanol — Water: Feasibility and Experiments. Chem. Eng. Sci., 2008, 63, 78-94.

(26) Rodriguez-Donis, I.; Papp, K.; Gerbaud, V.; Joulia, X.; Rev, E.; Lelkes, Z. Column Configurations of
Continuous Heterogeneous Extractive Distillation. AIChE Journal, 2007, 53(8), 1982-1993.

(27) Kiva, V.N.; Hilmen, E.K.; Skogestad, S. Azeotropic Phase Equilibrium Diagrams: A Survey. Chem. Eng. Sci.
2003, 58, 1903-1953.

(28) Skouras, S.; Skogestad, S.; Kiva, V. Analysis and control of heteroazeotropic batch distillation. AIChE Journal,
2005, 51(4), 1144-1157.

(29) Frits, E.R; Lelkes, Z.; Fonyo, Z.; Rev, E.; Markot, M.Cs. Finding Limiting Flows of Batch Extractive Distillation
with Interval Arithmetics. AIChE J. 2006, 52(9), 3100-3108.

(30) Rodriguez-Donis, I.; Gerbaud, V.; Joulia, X. Thermodynamic Insights on the Feasibility of Homogeneous
Batch Extractive Distillation. 1. Azeotropic Mixtures with Heavy Entrainer. Ind. Eng. Chem. Res., 2009, 48(7),
3544-3559.

(31) Rodriguez-Donis, I.; Gerbaud, V.; Joulia, X. Thermodynamic Insights on the Feasibility of Homogeneous
Batch Extractive Distillation. 2. Low-Relative-Volatility Binary Mixtures with a Heavy Entrainer. Ind. Eng. Chem.
Res., 2009, 48(7), 3560-3572.

(32) Pommier, S.; Massebeuf, S.; Kotai, B. ; Lang, P.; Baudouin, O. ; Floquet, P.; Gerbaud, V. Heterogeneous
Batch Distillation. Real System Optimization. Chem. Eng. Proc., 2008, 47(3), 408-419.

(33) Mujtaba, I.M. Batch Distillation. Design and Operation. Series on chemical engineering. Vol. 3. Imperial
College Press. London, 396 p, 2004.

(34) Fernhloz, G.; Engells, S.; Kreul, L.U.; Gorak, A. Optimal Operation of a Semi-Batch Reactive Distillation
Column. Comp. Chem. Eng., 2000 24(2-7), 1569-1575.

(35) Furlonge, H.l.; Pantelides, C.C.; Sorensen, E. Optimal Operation of Multivessel Batch Distillation Columns.
AIChE Journal, 1999, 45(4), 781-801.

(36) Bonny, L.; Floquet, P.; Domenech, S.; Pibouleau, L. Optimal Strategies for Batch Distillation Campaign of
Different Mixtures. Chem. Eng. Proc., 1996, 35, 349-361.

(37) Ruiz Ahon, V.; Luiz De Medeiros, J. Optimal programming of ideal and extractive batch distillation: Single
vessel operations. Comp. Chem. Eng. 2001, 25(7-8), 1115-1140.

(38) Low, K.H.; Sgrensen, E. Optimal operation of extractive distillation in different batch configurations. AIChE
Journal 2002 48 (5), 1034-1050.

(39) Low, K.H.; Sgrensen, E. Simultaneous optimal configuration, design and operation of batch distillation AIChE
Journal, 2005, 51(6), 1700-1713.

(40) Fraga, E.S.; Senos Matias, T.R. Synthesis and Optimization of a Nonideal Distillation System Using a Parallel
Genetic Algorithm. Comp. Chem. Eng., 1996, 20S, S79-S84.

(41) Milani, S.M. Optimization of solvent feed rate for maximum recovery of high purity top product in batch
extractive distillation Chemical Engineering Research and Design , 1999, 77 (5), 469-470.

(42) Mujtaba, I.M., Optimization of Batch Extractive Distillation processes for separating close boiling and
azeotropic mixtures. Chem. Eng. Res. Des. 1999, 77(7), 588-596.

(43) Frits, E.R.; Markét, M.C.; Lelkes, Z.; Fonyd, Z.; Csendes, T.; Rév, E. Use of an interval global optimization tool
for exploring feasibility of batch extractive distillation. Journal of Global Optimization, 2007, 38(2), 297-313.

(44) Sorensen, E.; Skogestad, S. Comparison of Regular and Inverted Batch Distillation. Chem. Eng. Sci., 1996,
51(22), 4949-4962.

(45) Noda, M.; Kato, A.; Chida, T.; Hasebe, S.; Hashimoto, I. Optimal Structure and On-Line Optimal Operation of
Batch Distillation Column. Comp. Chem. Eng., 2001, 25(1), 109-117.

30



(46) Mujtaba, I.M.; Macchietto, S.. Simultaneous Optimization of Design and Operation of Multicomponent Batch
Distillation Column - Single and Multiple Separation Duties. J. Proc. Cont., 1996, 6(1), 27-36.

(47) Hanke, M.; Li, P. Simulated Annealing for the Optimization of Batch Distillation Processes. Comp. Chem.
Eng., 2000, 24, 11-18.

(48) Farhat, S.; Pibouleau, L. ; Floquet, P. ; Domenech, S. Politiques de Taux de Reflux Optimal pour la Distillation
Discontinue de Mélanges Binaires. Réc. Prog. Gén. Proc., 1989, 3(9), 435-440.

(49) Kim, Y.H. Optimal Design and Operation of a Multi-Product Batch Distillation Column Using Dynamic Model.
Chem. Eng. Proc., 1999, 38(1), 61-72.

(50) Frey, T.; Bauer, M.H.; Stichimair J. MINLP-Optimization of Complex Column Configurations for Azeotropic
Mixtures. Comp. Chem. Eng., 1997, 21S, S217-S222.

(51) Novak, Z.; Kravanja, Z.; Grossmann, |.E. Simultaneous Synthesis of Distillation Sequences in Overall Process
Schemes Using an Improved MINLP Approach. Comp. Chem. Eng., 1996, 20(12), 1425-1440.

(52) Coward, I. The Time-Optimal Problem in Binary Batch Distillation. Chem. Eng. Sci., 1967, 22(4), 503-516.

(53) Farhat, S.; Czernicki, M.; Pibouleau, L.; Domenech, S. Optimization of Multiple-Fraction Batch Distillation by
Nonlinear Programming. AIChE Journal, 1990, 36(9), 1349-1360.

(54) Betlem, B.H.L.; Krinjsen, H.C.; Huijnen, H. Optimal Batch Distillation Control Based on Specific Measures.
Chem. Eng. J., 1998, 71(2), 111-126.

(55) Bonny, L.; Floquet, P.; Domenech, S.; Pibouleau, L. Strategies for Slop Cut Recycling in Multicomponent
Batch Distillation. Chem. Eng. Proc., 1994, 33(1), 23-31.

(56) Jang, S.S. Dynamic Optimization of Multicomponent Batch Distillation Processes Using Continuous and
Discontinuous Collocation Polynomial Policies. Chem. Eng. J., 1993, 51(2), 83-92.

(57) Kao, C. Performance of Several Nonlinear Programming Software Packages on Microcomputers. Comp. Ops.
Res., 1998, 25(10), 807-816.

(58) Mukherjee, S.; Dahule, R.K.; Tambe, S.S.; Ravetkar, D.D.; Kulkarni, B.D. Consider Genetic Algorithms to
Optimize Batch Distillation. Hydrocarbon Proc., 2001, 80(9), 59-66.

(59) Fraga, E.S.; Zilinskas, A. Evaluation of Hybrid Optimization Methods for the Optimal Design of Heat Integrated
Distillation Sequences. Adv. Eng. Soft., 2003, 34(2) (73-86.

(60) Ulas, S.; Diwekar, U. Integrating Product and Process Design with Optimal Control: A Case Study of Solvent
Recycling, Chem. Eng. Sci., 2006, 61, 2001-2009.

(61) Simulis®thermodynamics and Batch Column, 2007, ProSim S.A. http://www.prosim.net
(62) Batch Column®, 1993, ProSim S.A. http://www.prosim.net
(63) Matlab® Global optimization toolbox, 2004, MathWorks Inc. http://www.mathworks.fr/

31



Table Caption

Table 1. Thermodynamic model parameters

Table 2. Economical cost functions taken into aotauthe objective function
Table 3. Optimization variables, ranges and comgga

Table 4. Parameter sensitivity analysis on the @#mzation results

Table 5. Summary of optimization results

Table 6. Comparison of simulation from the optimalution parameter values, using simple and rigerou

model

Figure Caption

Figure 1. Chloroform (A) — Methanol (B) — Water (€sidue curve map (class 2.1-2b)
Figure 2. Batch rectifying column configuration fugterogeneous extractive distillation.
Figure 3. Comparison of still path computed bysmeplified model and rigorous simulation.

Figure 4. Profit ranking of optimized cases.

32



Table 1. Thermodynamic model parameters

Vapor — Liquid — Liquid equilibrium and Liquid — L iquid equilibrium

. . Aj Aji
Binary Coefficients for NRTL model f
y [cal/mol] [cal/mol] ai
chloroform — methanol 2736.86 -1244.030 0.0950
chloroform - water 3303.40 3533.100 0.2000
methanol - water -253.80 845.206 0.2994
Table 2. Economical cost functions taken into aotauthe objective function
cost function  object value basis
C1 Chloroform +3.82 $.mof"  Chloroform in product
C Methanol +0.59 $.mol*  Methanol in product
Cs Water -0.007 $.mot  (fresh — recovered) water
Ca Overall operating cost 0.0161 $.mift Total time
Cs Offcut < 0 see text Lost chloroform and methanol

Table 3. Optimization variables, ranges and comgga

Case Optimized variablg,sk and [range]

I Fe/V12-13[1.4-2.0]; o753 [0.40-0.95];Rr5 [1.0-10.0]

I Fe/Vra.13[1.4-2.0]; ar5 [0.40-0.95] iRy 15[1.0-5.0] ; Ry 15[5.0-10.0]

1l Fe/Vra.13[1.4-2.0]; @113 [0.40-0.70] ;% 13[0.70-0.95] :Rys [1.0-10.0]

\Y Fe/Vra.13[1.4-2.0]; @1.713[0.40-0.70] ;@75 [0.70-0.95] ;Ry 15[1.0-5.0] ;Ry.15[5.0-10.0]

Y% Fe/Vi 12.13[1.4-1.7]; Fe/V2 13 [1.7-2.0]; 0 13 [0.40-0.70] ;.13 [0.70- 0.95] Rrs [1.0-10.0]
\ Fe/V112-13[1.4-1.7];Fe/V2 13[1.7-2.0]; a3 [0.40-0.95] ;R; 15[1.0-5.0] ;Rz 15 [5.0-10.0]
Vil Fe/Vi12.13[1.4-1.7];Fe/V213[1.7-2.0]; |; @1.13[0.40-0.70] ;05,13 [0.70-0.95];

R1,T5 [10-50] ;RZ,TS [50-100]

33



Table 4. Parameter Sensibility analysis on the tieaiorithm optimization results

Parameter varied Reference Initial Initial Selection Mutation  Final
Set Population Population rate rate set

Initial population 100 10 50 100 100 50
Mutation rate 0.05 0.05 0.05 0.05 0.01 0.01
Selection rate 0.5 0.5 0.5 0.8 0.5 0.8
a 0.8817 0.701 0.8812 0.8826 0.8814 0.8815
Fe/lV 1.721 1.674 1.711 1.763 1.755 1.755
Rrs 7.548 6.893 7.361 7.578 7.7891 7.8507
Obijective function ($) 15.681 10.267 15.220 15.142 15.26 15.38
Recovery yield 92.71 90.04 92.12 92.56 91.98 92.7
Chloroform (%)
Recovery .yield 90.93 88.14 90.02 90.91 90.4 90.7
Methanol (%)
Obijective function 1282 160 882 813 985 762

evaluation number



Table 5. Summary of optimization results

Task T1+T2 T3 CHCI3 removal T4 T5 CH;OH Full process
removal
. . . . Total
case FE/VTZ Duration( FE/VT3 aTs3 (mean Duration | Duration Rrs Dl(Jrrrﬁ::()m dur(e)itiiion OPSM OPRS

min) RTS)* (min) (min)

(min)

I 1.7550 8 1.7550 0.8815(7.55) 189.0 11 7.8507 .90 598.0 15.38| 18.23

3.4520 180.0
Il 1.8543 8 1.8543 0.8312 (5.07) 127.0 14 85570 500 379.0] 18.76| 22.34

0.6109 (1.69) 40.1

- 490. 2/216.67| 19.92
0.8485 (5.74) 36.1| °© | 89896 4900)  582216.67 19.9

[l 1.8027 8 1.8027

0.5551 (1.39) 30.1 9 3.3001 190.0 3222 2069 2367

v 1.8101 1.8101
810 8 810 0.8318 (5.07) 64.1 6.6360 40.0

1.6710 0.6158 (1.72) 41.0

Vv 1.671 2200  440. 47/017.72| 20.
710 8 | | 8530 0.8867 (7.94) 53.0| ° 8.2200 4400 24710 0.33
1.6982 144.2 3.5299 190.0
VI 16982 8 | /o0 0.8501(5.82) " | 8 o502 s0o | 4013 19.74| 2214
1.7001 0.5681 (1.43) 32.1 3.5308 210
Vil 1.7001 8 14 9530 0.8050 (4.26) 40.1| * 7.6490 40 334.2) 218l 23.61

* for Task T3,Rrs depends omrs (see equ. 8)



Table 6. Comparison of simulation from the optimalution parameter values, using simple and rigoraadel

Case | Case Case I Case IV Case V Case VI F /VCas? ;/ IIIV )
Simul_ation USin_g the F/Veo ot Oea: R FelVrats; ars; Ruts |FelViars Gits Gors |FelVrors Gurs Gors | FeVirars FelVors | FelVirors FelVors Z, T 2;3 E 2T
optimal solution £ TS TS TS Rots Rrs Rits Ro1s 113 213 Res ar3 Rits Rots LT LT LTS
parameter values Y Y Y ' ’ ' ' Ros
Simple |Rigoroug Simple |Rigorous Simple |Rigorous Simple |Rigorous Simple |Rigoroug Simple |Rigorous Simple |Rigorous
model model model model model model model model model model model model model model
T1+T2 filling time (min) 8 N.A. 8 N.A. 8 N.A. 8 N.A 8 N.A. 8 N.A. 8 N.A
Xdec CHCL 0.9938 | Seetextl 0.9928| Seetext 0.9925| See text] 0.9928| See text] 0.9908| See textl 0.9926| See text| 0.9927| See text
CHOH 0.0020 0.0039 0.0040 0.0038 0.0030 0.0040 0.0040
HO 0.0042 0.0033 0.0035 0.0034 0.0062 0.0034 0.0033
T3 total time (min) 189.0 189.0 127.0 119.0 76.2 68.0 94.2 67.0 94.0 77.0 145.3 135.0 72.2 63
T3 switch time (min) - - - - 40.1 41.0 30.1 30.0 41.0 41.0 144.2 0.0 32.1 32
tank | (mol) 5.05 5.22 4.97 5.36 5.17 5.36 5.14 65.3 5.27 5.36 5.19 5.37 5.29 5.36
Xptank CHCk 0.9904 | 0.9931 | 0.9912 | 0.9900 | 0.9902 | 0.9900 | 0.9918 | 0.9900 | 0.9910 | 0.9900 | 0.9914 | 0.9900 | 0.9916 | 0.9900
CH;OH 0.0056 | 0.0061| 0.0047 | 0.0053| 0.0055 | 0.0053 | 0.0046 | 0.0053 | 0.0045 | 0.0053 | 0.0044 | 0.0053 | 0.0044 | 0.0053
H,O 0.0040 | 0.0008 | 0.0041 | 0.0047 | 0.0043 | 0.0047 | 0.0036 | 0.0047 | 0.0045 | 0.0047 | 0.0046 | 0.0047 | 0.0040 | 0.0047
CHClI; recovery (%) 92.7 96.7 91.3 99.3 94.8 99.3 945 .399 96.7 99.3 95.4 99.4 97.1 99.3
Final still content (mol) 106.0 105.6 80.8 76.6 54.| 50.0 53.7 50.3 59.0 53.5 82.7 78.6 49.8 48,1
T4 off-cut time (min) 11 none 14 none 8 nong 9 none 5 none 8 none 4 none
T4 off cut distillate (mol)] 0.489 0.622 0.356 0.400 0.222 0.274 0.1778
Xoftcut CHCh 0.6940 0.6880 0.6910 0.6930 0.6890 0.6938 0.6930
CH;OH 0.2020 0.2070 0.2030 0.2020 0.2070 0.2021 0.2020
H,O 0.1040 0.1050 0.1060 0.1050 0.1040 0.1041 0.1050
T5 total time (min) 390 342 230 212 490 438 230 190 440 399 240 211 250 202
T5 switch time (min) - - 180 158 - - 190 172 - - 190 161 210 186
tank Il content (mol) 12.27 11.63 13.1 12.25 12.6 2.90 12.5 12.49 12.2 12.74 12.4 12.90 12.84 12{45
Xptanki CHCk 0.0000 | 0.0000 | 0.0000 | 0.0000| 0.0000 | 0.0000| 0.0000 | 0.0000| 0.0000 | 0.0000| 0.0000 | 0.0000 | 0.0000 | 0.0000
CH;OH 0.9901 | 0.9900 | 0.9905 | 0.9900 | 0.9918 | 0.9900 | 0.9920 | 0.9900 | 0.9919 | 0.9900 | 0.9916 | 0.9900 | 0.9918 | 0.9900
H,O 0.0099 | 0.0100 | 0.0095 | 0.0100| 0.0082 | 0.0100| 0.0080 | 0.0100| 0.0081 | 0.0100| 0.0084 | 0.0100| 0.0082 | 0.0100
CH3OH recovery (%) 90.7 85.8 96.9 90.3 93.6 95/1 92)6 92.1 90.7 94.3 92.3 88.5 96.6 92.9
Final still content (mol) 94.4 94.0 68.8 64.3 41.3 37.1 41.6 37.8 46.7 40.7 71.1 66.6 37.3 355
H,0 still composition 0.9867| 0.9851  0.9932 0.9859 70D | 0.9914| 0.9762| 0.9808 0.9738 0.9897 0.9853 0.9810.9663 | 0.9829
H,O recovery (%) 99.1 99.2 98.7 99.1 97.1 98/4 960 8.69 98.3 98.6 98.4 99.1 97.8 98.3
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Figure 1. Chloroform (A) — Methanol (B) — Water (fesidue curve map (class 2.1-2b)
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Figure 2. Batch rectifying column configuration fugterogeneous extractive distillation.
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Figure 3. Comparison of still path computed byshmeplified model and rigorous simulation.
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Figure 4. Profit ranking of optimized cases.
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