Chemical
Engineering
Journal

www.elsevier.com/locate/cej

Chemical Engineering Journal 117 (2006) 123—-129

Reactive residue curve maps
A new study case
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Abstract

Using a methodology based on the element concept instead of the usual molar concept, a calculation procedure and meaning of the reactive re
curves are described. Through two well known industrial production processes (MTBE and methyl acetate), characteristics and advantages o
residue curve maps are depicted in order to analyse and desigive distillation processes. Based on this, a new case is examined: esterification
of lactic acid and ethanol to ethyl lactate, a biodegradable and non-toxic solvent that has been studied and obtained by reaction/pervapora
Some alternatives via reactive distillation are discussed.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction inary or conceptual design can be locafg@7] for developing
a more detailed and realistic desigr6].
In the twenties of the last century Backhd@s carried out In this work, RRCM and conceptual design are shown for

experiments combining distillation with reaction and developedhree production processes: MTBHEnethyl acetate (MA) and
several patents in order to manufacture esters. Since then, thesthyl lactate (EL), all of them highly non-ideal reactive system.
kinds of processes have been intensively studied specially whéFhe chemical kinetic effects over the RRCM have been investi-
MTBE and methyl acetate industrial production by reactivegated by other authof20,25,26]

distillation (RD) were implementefll7,1]. Through RD, it is For binary (in component) reactive systems, other graphical
possible to overcome reaction equilibrium limitations, minimisedesign approaches have been implemefitéf

side-reactions, obtain high purity products and, by employing Based on the element concept, the approach used in this work
the heat of reaction in situ, energy consumption is reducedvas applied to RD for the first time byéRez-Cisneros et al.
However, reactive distillation is not a universal solution; [13]. This approach allows graphic representation of the reactive
every case should be studied theoretically and experimentallgistillation processes in a simple way, its analysis and design
[5,7-9,11,14] becoming easier. Additionally, the mathematic models look like

RD is complex because of the competition among equilibriundistillation models without reaction.
trends, mass transfer between liquid and vapour phases, reaction
rate and diffusion inside catalyst, when there is a heterogeneols Methodology
reaction[19].

The thermodynamic behaviour of reactive distillation pro- The methodology used in this work is supported by the ele-
cesses (three components or more) in chemical and physicalent concept (atom, molecule or fragment of molecule) as an
equilibrium (CPE) can be graphically illustrated byuctive  alternative to the usuatolar concepf12]. The amount of ele-
residue curves (RRC)whose complete composition space shap@ent is not changed even though non-symmetric stoichiometric
areactive residue curve map (RRCM). Based on this, a prelim-reactions take place. Therefore, since the elements are not con-

sumed by reactions, the differential equations describing the
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Nomenclature

A, B, C name of element

Aji number of reaction invariant elemenys in
moleculei

b vector of element amounts

P total element in distillate

b; total elementof (j = A, B, C for the cases studied

b{ total liquid element

bV total vapor element

b'j elemeny in liquid phase{= A, B, C for the cases
studied)

b‘jf elemeny in vapor phasejE A, B, C for the cases
studied)

Dy, rate of distillate element

Dpo rate of distilled element wherr 0

F degrees of freedom

G(n)  total Gibbs free energy

h'h hy,  element enthalpy for liquid and vapor phases

Hy, liquid element holdup in the still

Hpo total liquid element in the still wher=0

M number of elements

n total moles in the system

n; moles of the species

NC number of components

NP number of phases

NR number of independent reactions

0 rate of heat transfer

S number of special restrictions

WJD element fraction in distillatej € A, B, C)

wl liquid element fractionjE A, B, C)

Wf-’ vapor element fractiory € A, B, C)

X liquid mol fraction =1, 2,..., NC)

Greek letters

A Lagrange multipliers

i chemical potential for component

T dimensionless time

Table 1

Element definition (production of MTBE, MA and EL)

simple reactive distillation, a dynamics process represented in
the reactive residue curves, become analogous to those from
batch distillation without reaction. In addition, although the reac-
tive mixtures studied are made up of four components, according
to phase rule of Gibbs for reactive components, the degrees of
freedom are reduced to three.

2.1. Problem definition in terms of element

The phase rule of Gibbs for reactive components points out
the degrees of freedon¥) for the reactive system rely on
phase number (NP) and the minimum number of substances
(M) which should be present in order to attain a system with NC
species:

F=2—-NP+M 1)
M=NC—-—NR-S§ (2)

Specifically, M symbolizes the independent element number
making up the complete system. These can be atoms, molecules
or atom groups, but not necessarily the elements of the peri-
odic table. Given that in RD processes only vapour and liquid
coexist (NP = 2), the degrees of freedom are matched by element
number of the reactive system.

In agreement with Eq2), when one reaction (NR = 1) occurs
in a ternary mixture (NC=3) without stoichiometric restric-
tion (§=0), the system becomes binary in terms of elements
(M=2). Therefore, in these cases study and design can be
carried out through graphical procedures like McCabe-Thiele
and Ponchon-Savarit originally proposed for distillation with-
out reaction6,15,16]

The reactive systems in order to produce MTBE, methyl
acetate and ethyl lactate are made up of four components; only
one reaction takes place and no stoichiometric restriction is dis-
played; as a result, according to Eg), they become ternary
systems in elementsf= 3).

An element definition fulfilling Gibbs’s phase rule is shown
in Table 1 It should be noticed for the first reaction that elements
A, B and C are components while the product MTBE was rep-
resented by combining AB. In contrast, reactions for producing
MA and EL include a molecule fraction as element A.

The relationship between molar and element quantities can
be seen through the formula matrix (or element composition

Reaction in components Elements Reaction in elements
C4Hg + CH40 <> CsH120 A <« C4Hg A+B < AB
IB+MOH < MTBE B < CH4O
C < 1-butene (inert)
(CH)0(H20) + CH;0 < H»0 + (CH),O(CH40) A < (CH),0 AC+B<« C+AB
B < CH4O
AA + MOH <« water + MA C<«HyO
C3HgO3 + C2HgO <> H20 + CsH1003 A < C3H40, AC+B<« C+AB
LA+ EOH < water + EL B« CoHgO
C<« HO

IB: isobutene; MOH: methanol; 1-B: 1-butene; AA: acetic acid; MA: methyl acetate; LA: lactic acid; EOH: ethanol; EL: ethyl lactate.
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Table 2
Formula matrix

W, W°, H, D,
Element Component Depending on the time

IB (1) MOH (2) 1-B (3) MTBE (4) .
e O
MTBE production N
A 1 0 0 1
B 0 1 0 1
C 0 0 1 0 Chemical-Physical i
Equilibrium Dy=b"
AA (1) MOH (2) Water (3) MA (4) Wo= W
Methyl acetate production
A 1 0 0 1
B 0 1 0 1 ! 0
C 1 0 1 0 bommme =
Fig. 1. Batch distillation with reaction in terms of elements.
LA (1) EOH (2) Water (3) EL (4)
Ethyl lactate
A 1 0 0 1 h ; c i : :
B 0 1 0 change as time passes; in addition, residue is depleted espe-

C 1 0 1 0 cially in the more volatile component. A schematic description
of reactive batch distillation is shown Fig. 1

Appendix Acontains description of differential equation sys-
matrix) in Table 2 For example, for EL production considering tem(6)and(7)whose solution requires to know the vapour phase
equimolar mixture (1 mol) the results showrliable 3couldbe  element fractionsW}’) corresponding to the specified composi-

acquired defining: tion (initial condition) for the mixture charged in the stil{ ).

) Element Quantity
Element fractiory = . .Q Y Q@)  aw!
Total Quantities of Elements I —w—wY=w - wP j=12 M
d‘L' ] j ,l ] 9 bl 9t bl
Therefore, for MTBE production each element fraction would D
be: r= 50 (6)
X1+ xa X2+ xa X3 Hp.0
Wp = : b= . W= 4)
1+ x4 14 x4 14 x4

Based on a similar reasoning, for methyl acetate and ethyl Iacx;I(th'b) —CHRY 4 Hpo )
tate production element fractions should be evaluated in the gr 20 Dy.0 Qin

same way because they have identical formula matrix. The cor-

responding equations would be: Assuming chemical and physical equilibrium (CPE) a reactive

X1+ x Yot x bubble point calculation is carried out in order to cover that
W,'A = #, W'B = #, requirement. The approach employed minimises the total Gibbs
1+x1+x4 1+2x1+xs free energy [Eq(8)] assuming the multicomponent CPE as a
wh— Mt + X3 ) phase equilibrium problem for a mixture &f elements (repre-
14+ x1+xa senting the problem). The mathematic general formulation is as
follows (see notation):
2.2. Calculation of the residue curves
NP NC
: _ B B

In one stage of reactive batch distillation the chemical reacNG () = ZZ’% Hi (8)
tion takes place in liquid phase (residue) while vapour phase is p=1i=1
contlnuoqsly remqved. D_ue to volatility d|ﬁ§rences as well assubject to the\/ restrictions:
the chemical reaction taking place, compositions of both phases

NP NC
Table 3 SN 4l —pj=0, j=12...M 9)
Element fraction calculation (EL production) p=1i=1
Moles Moles A Moles B Moles C .

N Eq. (9) represents th&/ independent element mass balances,
Lactic acid (1) 0.25 0.25 0 0.25 where the coefficientsi; symbolize the number of reaction
Ethanol (2) 0.25 0 0.25 0 . ant el tsin moleculei as d ived ifable 2andb.
Water (3) 095 0 0 025 invariant elemen t5in moleculei as describe liftable 2andb;

Ethyl lactate (4) 0.25 0.25 0.25 0 is the total number of gram-atoms of elemgint the system.
Total 1 0.5 0.5 05 The solution of this equation system was carried out through

the Lagrange multiplier formulation byéPez-Cisnerog12]
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defining the corresponding Lagrangian function as: B Element Reaction: A + B = AB (G= Inen)
Methanol 1.0 (P=1100 kPa)
NP NC M NP NC 413.76 °K 0.9
7 B, B B ]
RS DTS D D9 VT8 BT
p=1li=1 j=1 p=1li=1 0.71 Pinch Point
" . . 0.6 / AB
and the necessary conditions for a stationary point as: o 05] MTBE
=z 7l N 426.04 °K
~ M 0.4+
oL 1
72“?_2‘41")‘1:0’ 03
on; J=1 Azeotrope N 024 / .
(non-Reactive) J
i=12...,NC, g=1,2,...,NP (12) 347.24 °K ;
0.0 i
1-Butene C o.c\ 02 0.4 06 08 1.0
349.32 °K Reactive WIA A (Isobutene
Azeotrope 348.68 oK}
of NP NC
— B . P Fig. 2. Residue curve map. MTBE production.
o =2 D A +bj=0, j=12...M  (12) 9 P P
J p=1i=1

Element Reaction: AC + B=C + AB
Given that the equation systen{ll) and (12) has B (P=101.325kPa)

NC x NP +2M +2 variables [NCx NP molar compositions gﬂgla; S+I< 107 Non-Reactive Azeotrope
(n?), M element compositionsh(), M Lagrange multipliers 9 e L eetae
(A7), P andT], the corresponding degrees of freedom are: 0.8  a26.73°K
0.7
F=NCxNP+2M +2—(NCxNP+M)=M+2 (13) 0.6 N AB
1 Methyl-Acetate
Therefore, using any thermodynamic model that provides chem: _gm R B gl C 330.09 °K
ical potentials, givenP, T and all theW} (or b, the vector 041 P
of element amounts) Egél1l) and(12) can be solved for the 0.3- A
NC x NP +M unknowns. As a bubble point calculation in phase 0.2 %0&@"’
equilibrium, T could be supposed as well as the check condition o1l 3
of sum to unity of the vapour mole fractions is applied. 17
Founded the answer to the CPE calculation, Egjsand(7) Water G 80 01 02 03 04 05 08 07 08 08 10
could be solved in order to obtain the reactive residue curves. As 373.15°K AC i A
can be seen ikppendix A in this equation a specific heating Acetic Acid 391.05 K W
strategy (or policy) has been proposed that enables to define a Fig. 3. Residue curve map. MA production.
new dimensionless time variable)( reducing by one the total
number of variables in the system and achieving an explicit rela- . .
tionship betwee, andx. 3. Residue curve map analysis
Hp = Hp 0 exp(=1) (14) Figs. 2—4showreactive residue curve maps (RRCM) for the

non-ideal reactive systems proposed. It is suitable to observe
Considering thaW}- andW}’ should be in equilibrium at certain
P andT, our equation system comprisgét+ 2 equations(p),

: - Element Reaction: AC + B=AB +C
(7)and(14) and 24 + 5 variables W}, WY, P, T, t, H, andQin), el 0T e 101,325 kP
therefore, the degrees of freedom are: 451 e .
© 08

F=2M+5—-(M+2)=M+3 (15)
. 427.65 K
As a result, giverW', P, T andz the problem could be solved. \\, -~ F AB= Ethyl-Lactate
An alternative model would be obtained by omitting the energy =, 1 - | S
balance. In this case, the system would comp#sequations N\
[(6)] and 2V + 3 variables W'/ W‘I’ P, T andt) remaining the
same degrees of freedom. These results support the consistenc

Lo -
of the model proposed. Finally, three issues should be nbted: 573.15% | X S
andlh_z rely on the variables coming from the solution for the %00_0 01 02 03 04 05 06 07 o8 oo 1o
equilibrium model, the stoichiometry does not need to be sym- Water AC I A

ACwl
metric and, all the more, reaction stoichiometry is unnecessary Lactic Acid

in this approach. Fig. 4. Residue curve map. EL production.
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in these figures that, consistently with the element definition irs.3. Merhyl acetate production

Table 1 isobutene is symbolized by element ARig. 1 while

element A represents no one componenFigs. 2 and 3but Fig. 3 shows reactive residue curves above the sep-
an atom group as was set Tlable 1 NRTL model and ideal aration boundary leaving from non-reactive azeotrope
gas were considered for all of them (binary parameters an(methanol/methyl acetate) to the reaction product, water (ele-
thermodynamics constants were taken from Aspen-Plus 11rent B). However, below the separation boundary, RRC tend

simulator). to the reagent acetic acid (point AC). Methanol (point B) and
methyl acetate (point AB) work as attracting points becoming
3.1. General features of the reactive residue curve map impossible to obtain pure methyl acetate as top product when

only reactive stages exist in the column. Separation boundary
e ARRCM shows explicitly regions and separation boundaries(reactive residue curve departing from N to S) clearly describes
being useful concepts to determine feasible options for reagpportunity for acquiring highly pure water from the bottom
tive distillation. The separation boundaries delimitate feasibledf a distillation column with only reactive stages. However,
specification regions. according to lever rule (line S—-F-N iRig. 3), an azeotrope
e The singular points on the RRCM correspond to reactivenethanol/methyl acetate would be obtained from the top, which
azeotropes, non-reactive azeotropes and pure componentseild be separated through further extractive distillation, an
shown by Ung and Doherf21,22] impractical choice due to the increase in energy, equipment and
e The residue curves can converge to the singular points bitence costs.
not always. Certain singular points could work like attracting By modelling and experiments, Agreda et Hl] showed
points (the residue curves are curved towards it with differ-acetic acid is a good extractive agent in order to decompose
ent strength) and other ag:ch points (the residue curves are the azeotrope methanol/methyl acetate. Therefore, by counter-
noticeably curved towards it but none of them exactly con-flow between acetic acid (reagent) and azeotrope inside column,

verges to the point). methyl acetate can be separated. Interesting and complete stud-
¢ Residue composition always changes towards increasing teriés about MA production have been carried out Bpken et al.
perature. [14] and Huss et al.7].
e By using the lever rule, RRCM allows for implementation of
conceptual design. 3.4. Ethyl lactate production
3.2. MTBE production Ethyl lactate is an environmentally benign solvent because

it is biodegradable and non-toxic. Benedict et &i]

Fig. 2shows two feasible regions for reactive distillation sep-have shown advantages to producing it through reac-
arated by a boundary due to reactive azeotrope displayed closar/pervaporation combination. The following analysis depicts
to the 1-butene corngt8]. In the upper region, methanol com- some possibilities for using reactive distillation as an
position (element B) prevails over isobutene (element A), bottalternative.
reagents; on the other hand, residue curves in this region addressFig. 4 highlights the water role as attracting point as well
from the non-reactive azeotrope (1-butene/methanol) to the puies an incomplete separation boundary exactly on the diagram
methanol attracted by the singular point AB (MTBE). In oppo-diagonal. RRC in upper region move from neighborhood of
sition, in the lower regionKig. 2), there is higher isobutene the point B (ethanol) to the pure ethyl lactate (point AB).
ratio with respect to methanol and residue curves going from\ mass balance in this region as indicated by line AB—F-N
isobutene to methanol, but strongly attracted by MTBEd:  shows the possibility for acquiring high purity ethyl lactate
point). As a result, pure MTBE cannot be attained in chemicathrough RD at the bottom while ethanol-water mixture could
and physical equilibrium conditions (non-reactive stages woulde obtained at the top which would have to be purified in
be necessary). other equipment. A feed like F iRig. 4 includes an ethanol

Two extreme points inside a residue curve, for instance, &xcess.
and N inFig. 2 depict bottom and top products, respectively, Below the separation boundary, RRC start nearby ethanol
for a continuous distillation column with chemical reaction (point B) addressing to the lactic acid (point AC) but being
happening in all its stages. Point S represents a rich mixturattracted by the ethyl lactate (point AB). To implement RD
in MTBE and point N is located right on the non-reactive in this region is not attractive because both products (bottom
azeotrope. and top) would be very impure. However, another opportu-

Inagreementwith the leverrule, i.e. the total mass balance, amty could be over the diagonal. Line AB~fW’ in Fig. 4
intermediate point over the right line S—N such as F (isobuten@ndicates that high purity ethyl lactate can be attained at the
as limit reagent) would be a feasible feed for this case. bottom while a multi-component mixture would leave at the

Based on theansformed composition variable concept,Ung  top of the column. In this case an equimolar feed could be
and Dohertyf22] elaborated for the first timemactive residue  used.
curve map for MTBE production, while a conceptual design A further design work combining experiments and simu-
located in the lower region was proposed by Ung and Dohertyation will be necessary to reach a feasible design for this
[23]. system.
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4. Conclusions or

D,

By applying a methodology supported on the element con-ib
cept, reactive batch distillation (one stage) in chemical an b0
physical equilibrium for three highly non-ideal systems has bee dimensionless time could be defined:
studied. Through an algorithm based ®acrive bubble point Dp.0
calculationveactive residue curves and residue curve maps werd — mt (A7)
elaborated. By defining the reactive system in terms of element ’ o ] ]
according to the Gibbs phase rule for reactive systems, the nunithereH) o: total liquid element in the still wher= 0; Dy, : rate
ber of composition variables representing the system is reducedf distilled element when=0.
and the graphical representation is simplified; therefore, com- ConsideringA.5) and(A.7) in (A.4):
prehension of reactive distillation processes becomes relativelyy;/1
straightforward. Additionally, the mathematic models have a—2. = W}- —
similar appearance to distillation models without reaction. T

By considering two reactive distillation processes (MTBE Substituting(A.6) and(A.7) in the energy balance (E¢A.3))
and methyl acetate production) studied by many authors an@nd ordering:
successfully implemented industrially, a systematic description |

. . . d(Hphy)

has been developed regarditegctive residue curve map char- bl _ —Hphy,
acteristics and advantages. From this, an analysis was worked de
out that allows for discerning feasible opportunities for carryingegs. (A.8) and (A.9) along with physical and chemical equi-
out reactive distillation. librium model described in Sectich2 form the equation sys-

Finally, ethyl lactate production, a biodegradable and nontem for calculating reactive residue curves. Additionally, an
toxic solvent that has been obtained by reactor/pervaporatiogxplicit relationship betweei;, and r should be considered
combination, was analysed using the studied tools. Some cofEq. (A.10)).

ceptual alternatives for producing ethyl lactate via reactive dis- Combining(A.6) with (A.2) and integrating we obtain:
tillation were depicted.

Hj,

= A6
Hyo (A-6)

WY (A.8)

Hpo
+ %Qm

(A.9)

D
Hp = Hp o exp (—Hb’ot) = Hp0 exp(1) (A.10)
Appendix A. Model based on the element concept for b0

calcu]ating reactive residue curves To carry out the model Solutiomb‘o should be evaluated in the

following way. From(A.10) Dy, o could be known setting initial
and final element holdupd, o andH,, ¢) for a reactive distillation
time () wanted[24]:

Element balance : d(HbW}) =-D,WY, j=12 M H, H,

: & = bWi, J=12..., Dyo = b,0 In ( b,O) (A.11)

(A1) f Hp 1
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