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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 residue
curves are described. Through two well known industrial production processes (MTBE and methyl acetate), characteristics and advantages of the
residue curve maps are depicted in order to analyse and designreactive 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/pervaporation.
Some alternatives via reactive distillation are discussed.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

In the twenties of the last century Backhaus[2] carried out
xperiments combining distillation with reaction and developed
everal patents in order to manufacture esters. Since then, these
inds of processes have been intensively studied specially when
TBE and methyl acetate industrial production by reactive
istillation (RD) were implemented[17,1]. Through RD, it is
ossible to overcome reaction equilibrium limitations, minimise
ide-reactions, obtain high purity products and, by employing
he heat of reaction in situ, energy consumption is reduced.
owever, reactive distillation is not a universal solution;
very case should be studied theoretically and experimentally
5,7–9,11,14].

RD is complex because of the competition among equilibrium
rends, mass transfer between liquid and vapour phases, reaction
ate and diffusion inside catalyst, when there is a heterogeneous
eaction[19].

The thermodynamic behaviour of reactive distillation pro-
esses (three components or more) in chemical and physical
quilibrium (CPE) can be graphically illustrated byreactive

inary or conceptual design can be located[3,27] for developing
a more detailed and realistic design[16].

In this work, RRCM and conceptual design are shown
three production processes: MTBE,1 methyl acetate (MA) an
ethyl lactate (EL), all of them highly non-ideal reactive syst
The chemical kinetic effects over the RRCM have been inv
gated by other authors[20,25,26].

For binary (in component) reactive systems, other grap
design approaches have been implemented[10].

Based on the element concept, the approach used in this
was applied to RD for the first time by Pérez-Cisneros et a
[13]. This approach allows graphic representation of the rea
distillation processes in a simple way, its analysis and de
becoming easier. Additionally, the mathematic models look
distillation models without reaction.

2. Methodology

The methodology used in this work is supported by the
ment concept (atom, molecule or fragment of molecule) a
alternative to the usualmolar concept[12]. The amount of ele
esidue curves (RRC) whose complete composition space shapes
reactive residue curve map (RRCM). Based on this, a prelim-
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ment is not changed even though non-symmetric stoichiometric
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 elementsj in

moleculei
b vector of element amounts
bD total element in distillate
bj total element ofj (j = A, B, C for the cases studied)
bl total liquid element
bv total vapor element
bl
j elementj in liquid phase (j = A, B, C for the cases

studied)
bv
j elementj in vapor phase (j = A, B, C for the cases

studied)
Db rate of distillate element
Db,0 rate of distilled element whent = 0
F degrees of freedom
G(n) total Gibbs free energy
hl

b, hv
b element enthalpy for liquid and vapor phases

Hb liquid element holdup in the still
Hb,0 total liquid element in the still whent = 0
M number of elements
n total moles in the system
ni moles of the speciesi
NC number of components
NP number of phases
NR number of independent reactions
Q rate of heat transfer
S number of special restrictions
WD

j element fraction in distillate (j = A, B, C)

W l
j liquid element fraction (j = A, B, C)

Wv
j vapor element fraction (j = A, B, C)

xi liquid mol fraction (i = 1, 2,. . ., NC)

Greek letters
λj Lagrange multipliers
µi chemical potential for componenti
τ dimensionless time

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 freedom (F) 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 Eq.(2), when one reaction (NR = 1) occurs
in a ternary mixture (NC = 3) without stoichiometric restric-
t ents
( n be
c hiele
a ith-
o

thyl
a ; only
o s dis-
p ry
s

wn
i ents
A rep-
r cing
M

can
b ition

Table 1
Element definition (production of MTBE, MA and EL)

Reaction in components ents

C4H8 + CH4O↔C5H12O

IB + MOH↔MTBE

(CH)2O(H2O) + CH4O↔H2O + (CH)2O(CH4O)

AA + MOH↔water + MA

C3H6O3 + C2H6O↔H2O + C5H10O3

LA + EOH↔water + EL

IB: isobutene; MOH: methanol; 1-B: 1-butene; AA: acetic acid; MA: methyl ace
ion (S = 0), the system becomes binary in terms of elem
M = 2). Therefore, in these cases study and design ca
arried out through graphical procedures like McCabe-T
nd Ponchon-Savarit originally proposed for distillation w
ut reaction[6,15,16].

The reactive systems in order to produce MTBE, me
cetate and ethyl lactate are made up of four components
ne reaction takes place and no stoichiometric restriction i
layed; as a result, according to Eq.(2), they become terna
ystems in elements (M = 3).

An element definition fulfilling Gibbs’s phase rule is sho
n Table 1. It should be noticed for the first reaction that elem
, B and C are components while the product MTBE was

esented by combining AB. In contrast, reactions for produ
A and EL include a molecule fraction as element A.
The relationship between molar and element quantities

e seen through the formula matrix (or element compos

Elements Reaction in elem

A←C4H8 A + B↔AB

B←CH4O
C←1-butene (inert)

A← (CH)2O AC + B↔C + AB
B←CH4O
C←H2O

A←C3H4O2 AC + B↔C + AB
B↔C2H6O
C↔H2O

tate; LA: lactic acid; EOH: ethanol; EL: ethyl lactate.
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Table 2
Formula matrix

Element Component

IB (1) MOH (2) 1-B (3) MTBE (4)

MTBE production
A 1 0 0 1
B 0 1 0 1
C 0 0 1 0

AA (1) MOH (2) Water (3) MA (4)
Methyl acetate production

A 1 0 0 1
B 0 1 0 1
C 1 0 1 0

LA (1) EOH (2) Water (3) EL (4)
Ethyl lactate

A 1 0 0 1
B 0 1 0 1
C 1 0 1 0

matrix) inTable 2. For example, for EL production considering
equimolar mixture (1 mol) the results shown inTable 3could be
acquired defining:

Element fractionj =
[

Element Quantityj

Total Quantities of Elements

]
(3)

Therefore, for MTBE production each element fraction would
be:

W l
A =

x1+ x4

1+ x4
, W l

B =
x2+ x4

1+ x4
, W l

C =
x3

1+ x4
(4)

Based on a similar reasoning, for methyl acetate and ethyl lac-
tate production element fractions should be evaluated in the
same way because they have identical formula matrix. The cor-
responding equations would be:

W l
A =

x1+ x4

1+ x1+ x4
, W l

B =
x2+ x4

1+ x1+ x4
,

W l
C =

x1+ x3

1+ x1+ x4
(5)

2.2. Calculation of the residue curves

In one stage of reactive batch distillation the chemical reac-
tion takes place in liquid phase (residue) while vapour phase i
continuously removed. Due to volatility differences as well as
t ase

T
E

L
E
W
E

T

Fig. 1. Batch distillation with reaction in terms of elements.

change as time passes; in addition, residue is depleted espe-
cially in the more volatile component. A schematic description
of reactive batch distillation is shown inFig. 1.

Appendix Acontains description of differential equation sys-
tem(6)and(7)whose solution requires to know the vapour phase
element fractions (Wv

j ) corresponding to the specified composi-

tion (initial condition) for the mixture charged in the still (W l
j,0).

dW l
j

dτ
= W l

j −Wv
j = W l

j −WD
j , j = 1, 2, . . . , M,

τ = Db,0

Hb,0
t (6)

d(Hbh
l
b)

dτ
= −Hbh

v
b +

Hb,0

Db,0
Qin (7)

Assuming chemical and physical equilibrium (CPE) a reactive
bubble point calculation is carried out in order to cover that
requirement. The approach employed minimises the total Gibbs
free energy [Eq.(8)] assuming the multicomponent CPE as a
phase equilibrium problem for a mixture ofM elements (repre-
senting the problem). The mathematic general formulation is as
follows (see notation):

m

s

∑
β

E ces,
w on
i
i

ugh
t

he chemical reaction taking place, compositions of both ph

able 3
lement fraction calculation (EL production)

Moles Moles A Moles B Moles C

actic acid (1) 0.25 0.25 0 0.25
thanol (2) 0.25 0 0.25 0
ater (3) 0.25 0 0 0.25
thyl lactate (4) 0.25 0.25 0.25 0

otal 1 0.5 0.5 0.5
s

s

inG(n) =
NP∑
β=1

NC∑
i=1

n
β
i µ

β
i (8)

ubject to theM restrictions:

NP

=1

NC∑
i=1

Ajin
β
i − bj = 0, j = 1, 2, . . . , M (9)

q. (9) represents theM independent element mass balan
here the coefficientsAji symbolize the number of reacti

nvariant elementsj in moleculei as described inTable 2andbj

s the total number of gram-atoms of elementj in the system.
The solution of this equation system was carried out thro

he Lagrange multiplier formulation by Pérez-Cisneros[12]
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defining the corresponding Lagrangian function as:

L̂ =
NP∑
β=1

NC∑
i=1

n
β
i µ

β
i −

M∑
j=1

λj


 NP∑

β=1

NC∑
i=1

Ajin
β
i − bj


 (10)

and the necessary conditions for a stationary point as:

∂L̂

∂n
β
i

= µ
β
i −

M∑
j=1

Ajiλj = 0,

i = 1, 2, . . . , NC, β = 1, 2, . . . , NP (11)

∂L̂

∂λj

= −
NP∑
β=1

NC∑
i=1

Ajin
β
i + bj = 0, j = 1, 2, . . . , M (12)

Given that the equation system(11) and (12) has
NC×NP + 2M + 2 variables [NC×NP molar compositions
(nβ

i ), M element compositions (bj), M Lagrange multipliers
(λj), P andT], the corresponding degrees of freedom are:

F = NC× NP+ 2M + 2− (NC× NP+M) = M + 2 (13)

Therefore, using any thermodynamic model that provides chem-
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Fig. 2. Residue curve map. MTBE production.

Fig. 3. Residue curve map. MA production.

3. Residue curve map analysis

Figs. 2–4showreactive residue curve maps (RRCM) for the
non-ideal reactive systems proposed. It is suitable to observe

Fig. 4. Residue curve map. EL production.
cal potentials, givenP, T and all theW l
j (or b, the vecto

f element amounts) Eqs.(11) and(12) can be solved for th
C×NP +M unknowns. As a bubble point calculation in ph
quilibrium,T could be supposed as well as the check cond
f sum to unity of the vapour mole fractions is applied.

Founded the answer to the CPE calculation, Eqs.(6) and(7)
ould be solved in order to obtain the reactive residue curve
an be seen inAppendix A, in this equation a specific heati
trategy (or policy) has been proposed that enables to de
ew dimensionless time variable (τ), reducing by one the tot
umber of variables in the system and achieving an explicit

ionship betweenHb andτ.

b = Hb,0 exp(−τ) (14)

onsidering thatW l
j andWv

j should be in equilibrium at certa
andT, our equation system comprisesM + 2 equations [(6),

7)and(14)] and 2M + 5 variables (W l
j, W

v
j , P, T, τ, Hb andQin),

herefore, the degrees of freedom are:

= 2M + 5− (M + 2)= M + 3 (15)

s a result, givenW l
j, P, T andτ the problem could be solve

n alternative model would be obtained by omitting the en
alance. In this case, the system would compriseM equations
(6)] and 2M + 3 variables (W l

j, Wv
j , P, T andτ) remaining the

ame degrees of freedom. These results support the consi
f the model proposed. Finally, three issues should be notehl

b

ndhv
b rely on the variables coming from the solution for

quilibrium model, the stoichiometry does not need to be s
etric and, all the more, reaction stoichiometry is unnece

n this approach.
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in these figures that, consistently with the element definition in
Table 1, isobutene is symbolized by element A inFig. 1 while
element A represents no one component inFigs. 2 and 3but
an atom group as was set inTable 1. NRTL model and ideal
gas were considered for all of them (binary parameters and
thermodynamics constants were taken from Aspen-Plus 11.1
simulator).

3.1. General features of the reactive residue curve map

• A RRCM shows explicitly regions and separation boundaries,
being useful concepts to determine feasible options for reac-
tive distillation. The separation boundaries delimitate feasible
specification regions.
• The singular points on the RRCM correspond to reactive

azeotropes, non-reactive azeotropes and pure components as
shown by Ung and Doherty[21,22].
• The residue curves can converge to the singular points but

not always. Certain singular points could work like attracting
points (the residue curves are curved towards it with differ-
ent strength) and other aspinch points (the residue curves are
noticeably curved towards it but none of them exactly con-
verges to the point).
• Residue composition always changes towards increasing tem-

perature.
• of
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3.3. Methyl acetate production

Fig. 3 shows reactive residue curves above the sep-
aration boundary leaving from non-reactive azeotrope
(methanol/methyl acetate) to the reaction product, water (ele-
ment B). However, below the separation boundary, RRC tend
to the reagent acetic acid (point AC). Methanol (point B) and
methyl acetate (point AB) work as attracting points becoming
impossible to obtain pure methyl acetate as top product when
only reactive stages exist in the column. Separation boundary
(reactive residue curve departing from N to S) clearly describes
opportunity for acquiring highly pure water from the bottom
of a distillation column with only reactive stages. However,
according to lever rule (line S–F–N inFig. 3), an azeotrope
methanol/methyl acetate would be obtained from the top, which
could be separated through further extractive distillation, an
impractical choice due to the increase in energy, equipment and
hence costs.

By modelling and experiments, Agreda et al.[1] showed
acetic acid is a good extractive agent in order to decompose
the azeotrope methanol/methyl acetate. Therefore, by counter-
flow between acetic acid (reagent) and azeotrope inside column,
methyl acetate can be separated. Interesting and complete stud-
ies about MA production have been carried out by Pöpken et al.
[14] and Huss et al.[7].
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By using the lever rule, RRCM allows for implementation
conceptual design.

.2. MTBE production

Fig. 2shows two feasible regions for reactive distillation s
rated by a boundary due to reactive azeotrope displayed

o the 1-butene corner[18]. In the upper region, methanol co
osition (element B) prevails over isobutene (element A),
eagents; on the other hand, residue curves in this region ad
rom the non-reactive azeotrope (1-butene/methanol) to the
ethanol attracted by the singular point AB (MTBE). In op

ition, in the lower region (Fig. 2), there is higher isobuten
atio with respect to methanol and residue curves going
sobutene to methanol, but strongly attracted by MTBE (pinch
oint). As a result, pure MTBE cannot be attained in chem
nd physical equilibrium conditions (non-reactive stages w
e necessary).

Two extreme points inside a residue curve, for instanc
nd N inFig. 2, depict bottom and top products, respectiv

or a continuous distillation column with chemical react
appening in all its stages. Point S represents a rich mi

n MTBE and point N is located right on the non-reac
zeotrope.

In agreement with the lever rule, i.e. the total mass balanc
ntermediate point over the right line S–N such as F (isobu
s limit reagent) would be a feasible feed for this case.

Based on thetransformed composition variable concept, Ung
nd Doherty[22] elaborated for the first time areactive residue
urve map for MTBE production, while a conceptual des
ocated in the lower region was proposed by Ung and Doh
23].
e

ss
e

n

.4. Ethyl lactate production

Ethyl lactate is an environmentally benign solvent bec
t is biodegradable and non-toxic. Benedict et al.[4]
ave shown advantages to producing it through r

or/pervaporation combination. The following analysis dep
ome possibilities for using reactive distillation as
lternative.

Fig. 4 highlights the water role as attracting point as w
s an incomplete separation boundary exactly on the dia
iagonal. RRC in upper region move from neighborhoo

he point B (ethanol) to the pure ethyl lactate (point A
mass balance in this region as indicated by line AB–F

hows the possibility for acquiring high purity ethyl lact
hrough RD at the bottom while ethanol–water mixture co
e obtained at the top which would have to be purifie
ther equipment. A feed like F inFig. 4 includes an ethan
xcess.

Below the separation boundary, RRC start nearby eth
point B) addressing to the lactic acid (point AC) but be
ttracted by the ethyl lactate (point AB). To implement

n this region is not attractive because both products (bo
nd top) would be very impure. However, another oppo
ity could be over the diagonal. Line AB–F′–N′ in Fig. 4

ndicates that high purity ethyl lactate can be attained a
ottom while a multi-component mixture would leave at

op of the column. In this case an equimolar feed could
sed.

A further design work combining experiments and sim
ation will be necessary to reach a feasible design for
ystem.
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4. Conclusions

By applying a methodology supported on the element con-
cept, reactive batch distillation (one stage) in chemical and
physical equilibrium for three highly non-ideal systems has been
studied. Through an algorithm based onreactive bubble point
calculationreactive residue curves and residue curve maps were
elaborated. By defining the reactive system in terms of element
according to the Gibbs phase rule for reactive systems, the num-
ber of composition variables representing the system is reduced
and the graphical representation is simplified; therefore, com-
prehension of reactive distillation processes becomes relatively
straightforward. Additionally, the mathematic models have a
similar appearance to distillation models without reaction.

By considering two reactive distillation processes (MTBE
and methyl acetate production) studied by many authors and
successfully implemented industrially, a systematic description
has been developed regardingreactive residue curve map char-
acteristics and advantages. From this, an analysis was worked
out that allows for discerning feasible opportunities for carrying
out reactive distillation.

Finally, ethyl lactate production, a biodegradable and non-
toxic solvent that has been obtained by reactor/pervaporation
combination, was analysed using the studied tools. Some con-
ceptual alternatives for producing ethyl lactate via reactive dis-
tillation were depicted.
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E

w
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h

or

Db

Db,0
= Hb

Hb,0
(A.6)

A dimensionless time could be defined:

τ = Db,0

Hb,0
t (A.7)

whereHb,0: total liquid element in the still whent = 0; Db,0: rate
of distilled element whent = 0.

Considering(A.5) and(A.7) in (A.4):

dW l
j

dτ
= W l

j −Wv
j (A.8)

Substituting(A.6) and(A.7) in the energy balance (Eq.(A.3))
and ordering:

d(Hbh
l
b)

dτ
= −Hbh

v
b +

Hb,0

Db,0
Qin (A.9)

Eqs. (A.8) and (A.9) along with physical and chemical equi-
librium model described in Section2.2 form the equation sys-
tem for calculating reactive residue curves. Additionally, an
explicit relationship betweenHb and τ should be considered
(Eq.(A.10)).

Combining(A.6) with (A.2) and integrating we obtain:

H

( )

T e
f l
a
t

D

R

via

, U.S.

reac-

and
003)

tion,

is-

tion
55.
for
706.
aps

. 25

[ ction
00)
ppendix A. Model based on the element concept for
alculating reactive residue curves

lement balance :
d(HbW

l
j)

dt
= −DbW

v
j , j = 1, 2, . . . , M

(A.1)

otal element balance :
dHb

dt
= −Db (A.2)

nergy balance :
d(Hbh

l
b)

dt
= −Dbh

v
b +Qin (A.3)

hereHb: liquid element holdup in the still;Db: rate of distil-
ate element;hl

b andhv
b: element enthalpy for liquid and vap

hases;Q: rate of heat transfer.
Developing left side in(A.1) and combining with(A.2) we

ave:

Hb

Db

dW l
j

dt
= W l

j −Wv
j (A.4)

ssuming a heating strategy such that the rate of distillate
ent is decreased in constant proportion to the liquid ele
oldup in the still[24,26]:

Db

Hb

= Db,0

Hb,0
= Cte (A.5)
-
t

b = Hb,0 exp −Db,0

Hb,0
t = Hb,0 exp(−τ) (A.10)

o carry out the model solution,Db,0 should be evaluated in th
ollowing way. From(A.10) Db,0 could be known setting initia
nd final element holdup (Hb,0 andHb,f) for a reactive distillation

ime (tf ) wanted[24]:

b,0 = Hb,0

tf
ln

(
Hb,0

Hb,f

)
(A.11)
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