¢! Desalination and Water Treatment
¢ www.deswater.com

doi: 10.1080/19443994.2012.728069

1944-3994/1944-3986 © 2013 Balaban Desalination Publications. All rights reserved

51 (2013) 2394-2401
February

Taylor & Francis
Taylor &Francis Group

Design directions for ethyl lactate synthesis in a pervaporation

membrane reactor

Héctor Fabio Collazos, Javier Fontalvo, Miguel Angel Gémez-Garcia™*

Grupo de Investigacion en Aplicacion de Nuevas Tecnologias, Laboratorio de Intensificacion de Procesos y
Sistemas Hibridos, Departamento de Ingenieria Quimica, Facultad de Ingenieria y Arquitectura, Universidad
Nacional de Colombia— Sede Manizales, Cra 27 No. 64-60, Apartado Aereo 127, Manizales, Colombia

Email: magomez@unal.edu.co

Received 25 November 2011; Accepted 1 July 2012

ABSTRACT

Pervaporation membrane reactors (PVMR) can improve conversion of equilibrium reactions
like esterification. However, it is important to select proper operating conditions for reaching
a high conversion. Here, a systematic approach for studying the performance of a PVMR is
presented. Three different tools, based on thermodynamic analysis, residue curves and
design charts, were used to analyze the maximum conversion, the axial component concen-
tration profile and the effect of selectivity and permeance on conversion in a PVMR for the
esterification of lactic acid with ethanol to produce ethyl lactate. An operating window has
been found and high conversions can be reached for the range —5<log (P.) < 4 and log
(D,r) > 3. However, there is a strong dependence of selectivity on the operating window.
Conversion increases with temperature in a PVMR; however, the optimal operating tempera-
ture differs from where the highest conversion is reached.
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1. Introduction

Ethyl lactate, also known as lactic acid ethyl ester,
is a monobasic ester commonly used as a solvent. This
compound is considered biodegradable and can be
used as a water rinsible degreaser. Its importance is
associated with the fact that toxic industrial solvents
could be replaced by environmentally friendly solvents
made with ethyl lactate. It is formed by esterification
of lactic acid with ethanol. In general, esterification
reactions usually suffer from chemical equilibrium lim-
itations. In conventional processes, those reactions are
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accomplished on different reaction and separation unit
operations, and recirculation of the unconverted reac-
tants to the reactor is performed in order to improve
the conversion. In recent years, multifunctional reac-
tors have attracted growing interest in both industrial
and academic sectors. Pervaporation membrane reac-
tors (PVMR) appear as an attractive alternative [1,2].
They combine chemical reaction and separation by
pervaporation in a single unit. In a PVMR, the driving
force for mass transfer across the membrane is the
difference of component partial pressure between both
phases (retentate and permeate).

Three PVMR configurations have been studied for
ethyl lactate synthesis: (i) batch reactor, where the
esterification reaction takes place, followed by a
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membrane for water removal, and recycle of the reten-
tate to the reactor [3,4], (ii) membrane inside a batch
reactor [5], and (iii) a continuous integrated mem-
brane reactor [6]. However, little has been reported
about methodologies for the systematic analysis and
design of a PVMR.

This work presents three different tools to analyze
the maximum conversion, the axial component concen-
tration profile, and the effect of selectivity and perme-
ance on conversion in a continuous PVMR for the
esterification of lactic acid with ethanol to produce
ethyl lactate. The used tools are a thermodynamic anal-
ysis [7], residue curves [8], and design charts [9],
respectively. An operating window in order to obtain
high conversions is identified using the proposed tools.

2. Thermodynamic analysis

By using a PVMR is possible to shift the product
concentration at equilibrium to higher values. Concen-
tration of reactants and products change along the
PVMR until an equilibrium is reached, where there is
no reaction and permeation through the membrane.
These concentrations at equilibrium are calculated by
solving simultaneously the chemical reaction equilib-
rium (Eq. (1)) and a null driving force equation (Eq.
(2)) for every compound across the membrane. Conse-
quently, mass balances are required for the retentate
side, where the reaction takes place, and the permeate
side of the membrane. Such mole balances are
presented in Table 1. Mole balances on the permeate

Table 1
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side take into account sweep of an inert gas, which is
fed only to the permeate side. This sweep gas reduces
the concentration and partial pressure of every
compound in the permeate.

Concentrations of every compound at equilibrium
can be calculated by solving Eq. (1), for the equilib-
rium constant, and Eq. (2) for the null driving force
through the membrane [10]), in this case, the three
compounds that permeate the membrane (ethanol,
ethyl lactate and water) with the mole fractions are
presented in the last column of Table 1.

NC
Keq = H u:‘x (1)
i=1

X, PP = YipiPp (2)

In Eq. (2), the driving force is the difference in
partial pressure between retentate and permeate of
each component. Thus, for the case under study, a total
of 4 equations were solved by a multlvarlable Newton-—
Raphson method using MatLab® . Activity and fugac-
ity coefficients were calculated using UNIFAC [11] and
Peng Robinson equation of state [12], respectively. The
equilibrium constant for the esterification of lactic acid
with ethanol was fitted using experimental data, as
function of temperature [13], to obtain:

Keq = 19.35 exp <¥> (3)

Stoichiometric table with the mole balance for esterification of lactic acid with ethanol in a PVMR

Side Substance In Change Out Molar fraction out

Reaction  Lactic acid  t#ipap —X11iLA0 (1 —Xi)rirao a H)m(id’)fjgr@)
Ethanol OpmhiLA 0 (—=X1 — ®2)riLap (Opm — X1 — ®2)riLap %
Ethyl lactate 0 (X1 — @3)riLA 0 (X1 — ®3)riLag Mﬂsﬁ)%%
Water 0 (X1 — Dg)tiLap (X1 — Dy)rirao %
Total (1 + Ope)riLa, (=0 — B3 — Dy)tipag (14 Ogn — B2 — D3 — Dy)rippp 1

Permeate Sweep gas RsriLa 0 Rstivao (sthljriswrr%)
Ethanol 0 Dyrira o Darivag m
Ethyl lactate 0 @stipa0 DsriLa TR e
Water 0 Dyrira o Qyripa 0 R e T
Total Rstirao (@2 + D3+ Dy)ricapy  (Rs + Do + D3 + Dy)ripa 1

Overall balance (14 Ogm + Rs)tiLapg O

(1 + Open + Ro)tirap -
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In Fig. 1, ethyl lactate conversion is shown as
function of temperature. For a conventional tubular
reactor (TR), conversion increases with temperature,
due to the endothermic behavior of this reaction. How-
ever, in a PVMR, conversions are higher than that in a
TR and the ratio between conversion in a PVMR and
that in a TR increases with temperature. Due to the
higher amount of water and ethyl lactate transported
through the membrane at higher temperatures, conver-
sion of lactic acid increases. The driving force for
transport of water and ethyl lactate not only improves
at higher temperatures, but also improves at higher
sweep gas flows and lower permeate pressures. By
introducing a sweep gas, molar concentrations of each
component in the permeate side decreases and, conse-
quently, its driving force of mass transport through
the membrane rises. Thus, acid lactic conversion
increases with temperature, higher sweep gas ratios
and lower permeate pressures (results not shown).

It will be desirable to operate a PVMR where
conversion is maximum, which is reached at high
temperatures. However, Fig. 1 shows that at high
temperatures and conversions, lactic acid concentra-
tions are higher, while ethyl lactate concentrations are
lower. Thus, at high temperatures, the high concentra-
tion of lactic acid will increase the separation costs of
the mixture downstream the PVMR. There is a temper-
ature where ethyl lactate concentration is maximum
(335K) and where separation costs of the retentate
stream could be reduced. However, it will be necessary
to perform an economical evaluation in order to iden-
tify an optimal operating temperature for the PVMR.

On the other hand, Fig. 2 shows the molar frac-
tions calculated for the permeate stream at several
temperatures that correspond to those evaluated for
the retentate stream showed in Fig. 1. Also, the per-
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Fig. 1. Conversion of lactic acid and retentate molar
fractions at equilibrium in a PVMR, as function of
temperature. Ogg, =1, Pp=0.1bar, and without sweep.
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Fig. 2. Ethanol, ethyl lactate, and water molar fraction in
the permeate at equilibrium in a PVMR and the permeated
total molar flow per mole fed (lactic acid and ethanol) to
the PVMR as function temperature. Ogs,=1, Pp=0.1bar,
and without sweep.

meated total molar flow per mole fed (lactic acid and
ethanol) to the PVMR is shown. Water molar fractions
are relatively constant and change approximately
between 0.45 and 0.50, while ethanol molar fraction
decreases with temperature between 0.1 and 0.4. Ethyl
lactate molar fraction is higher at higher temperatures
and changes between 0.1 and 0.4, approximately.
Considering that water concentration is approximately
constant, separation costs downstream the PVMR
could be low if the PVMR is operated at low or high
temperature where ethyl lactate or ethanol molar frac-
tions are low, respectively. Also, keeping in mind the
previous analysis of Fig. 1, that takes into account the
retentate molar fraction, it is important to develop an
economical evaluation of the separation costs down-
stream the PVMR to identify an optimal operating
temperature for the PVMR. This optimal temperature
will not necessarily correspond to that of the maxi-
mum conversion.

The permeated total molar flow increases with
temperature, as shown in Fig. 2, so not only at a high
temperature there is a higher ethyl lactate concentra-
tion, but also a higher total amount of it. At equilib-
rium and at high temperatures, the ester concentration
in the permeate side is even higher than that in the
retentate. Thus, if a more selective membrane is used
for the PVMR, the ethyl lactate concentration and its
molar flow will be reduced in the permeate side,
while it is increased in the retentate side, reducing
treatment costs downstream.

3. Residue curves for a PVMR

In general, residue curves describe the change in
composition of the retentate as function of the length of
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the reactor in continuous processes or as a function of
time for batch processes [8]. The PVMR considered in
this study essentially consists of a shell and tube con-
figuration, with catalyst pellets (Ambertlyst 15—wet
ion exchange resin) located inside the membrane tube
as presented in Fig. 3.

The experimental device for ethyl lactate synthesis
consists of a commercial hydrophilic membrane sup-
plied by Pervatech BV (the Netherlands) [13]. That
membrane has a modified silica (methyl silica) selec-
tive layer coated onto gamma alumina. The separation
layer is applied inside of an asymmetric ceramic tube
that has an outer diameter of 10 mm, an inner diameter
of 7mm, and a length of 50cm. It has an effective
membrane area per tube of about 110 cm? (five tubular
membranes were used, giving an effective area of
about 550 cm?) [13]. The mathematical model devel-
oped to describe the behavior of the PVMR is based on
isothermal, plug flow assumptions with negligible
pressure drop. Neither concentration nor temperature
polarization effects where considered. Although, a spe-
cific configuration was used as a base case, the results
presented below can be applied for other types of
membrane reactors. The driving force for permeation
is the pressure gradient created either by a pressure
difference between the feed and the permeate sides or
by the use of a sweep gas on the permeate side
(Fig. 3). Thus, it is possible to define the following
balances in the retentate:

d(in) N Am
dz = —IIT + Atscatv,k% (4)
% = —]TT + AiecatvTkR (5)

By applying the chain rule on Eq. (4), substituting
Eq. (5) and rearranging terms, is possible to obtain for
each component:

d(x;) Ji 1 ret
? = (xi — ]—T> + Dam(v,» — vsz») ]T b

(6a)
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Fig. 3. Schematic diagram of a pervaporation membrane
reactor with catalyst in the feed side (retentate).
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where the following dimensionless parameters are
introduced:

A

zt = ]TLFmdz (6b)
AiéeatkL

Dam = ]T‘SC:A dz (6¢c)

where D,, is the Damkohler number based on
membrane flux. The component and total fluxes
through the membrane can be evaluated by:

Ji = pi(xiy: PP — yiPy)

Jo=>

The permeance of each component (p;), mol/
(m®sPa), as function of composition and temperature
is [6]:

(7a)

(7b)

-22.6 x 10°
Pen = 2.36 x 1072 exp <T> (8a)
pa =0 (8b)
—10.42 x 103
peL = 1.99 x 10 ® exp <RT> (8¢)
pw = 3.278 x 10" exp(18.64x,,)
5037x,, — 32,326
X exp( RT > (8d)

In Egs. (4), (5) and (6a), the dimensionless reaction
rate R is:

<a i aEL”W)
EthALA —
Keq

R= 7] (9)
(1 + Kemagm + Kwaw)

Table 2 presents the reaction rate constant (k) and
the adsorption and equilibrium constants of Eq. (9)
used in this study [13].

Residue curves are obtained by the integration of
Eq. (6) with the fluxes and dimensionless reaction rate
given by Egs. (7) and (9), respectively. The residue
curve maps obtained for esterification of lactic acid
with ethanol are presented in Fig. 4 for six values of
D,m. The value of D,,, is high for low levels of perme-
ation through the membrane; the opposite occurs for
very high permeation. Thus, two limits can be identi-
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Table 2

Kinetic parameters for the ethyl lactate synthesis [13]
Temperature (K) k mol/(gmin) Kw Kgen Keq
293.15 0.035 1582 4.16 3.34
323.15 0.225 1577  3.71 3.93

fied: (i) for very large D,m, reaction proceeds without
any component removal by the membrane and
concentration of every compound evolves like in a
conventional reactor, the maximum molar fraction of
ethyl lactate is around 0.56, and (ii) when D,,, =0, a
maximum molar fraction of ethyl lactate can be
achieved (ca. 0.79), which is 41% higher than that in a
conventional esterification reactor. This molar fraction
corresponds to the maximum ethyl lactate concentra-
tion that can be achieved in a PVMR at 323.15K. Also,
residue curves start on the component with the high-
est permeance, which is water, move to the compo-
nent of intermediate permeance, which are ethyl
lactate or ethanol depending on composition, and end
on the component with the lowest permeance, being
lactic acid. Pure water and lactic acid appear as unsta-
ble and stable nodes, respectively. Pure ethanol or
ethyl lactate could be considered as saddle points. For
the range 0.01 <D,, <1, the ethyl lactate concentration
is high and water transport across the membrane is
higher than the water production. However, a sudden
change in ethyl lactate concentration is detected when
kinetics and transport driving forces are compared.
Then, when the transport across the membrane
becomes the determining step, the reactive system
behavior appears to be like that of a conventional
tubular reactor. No changes are detected for D,y > 10.

4. Analysis of the PVMR performance in terms of
permeance and selectivity

Permeance is the tendency of a given component
to move across the membrane matrix, a high value of
permeance produces a high rate of mass transfer. On
the other hand, the selectivity is the tendency of a
given component to be transported through the
membrane more easily than other component that is
taken as a reference. Eq. (4) can be easily reorganized
in a dimensionless form in order to include perme-
ance and selectivity to obtain the following [9].

For the shell side (retentate):

ﬂ_\/ﬁ Yo pto Y o\1
&~ NV M\SY T TSP,

+ Vi%DaR

(10)
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For the tubes side (permeate):

u\/M— Yp opto v o\1
VM \SY p ~ YR

where the dimensionless numbers P, and D,r are
defined as follows:

av;
dé

(11)

FLAAO
Po=———
¢ ZERINTLPW (12)
DaR _ AtgcatkrefL (13)
Frao

In Damkohler number D,r, Eq. (13) is based on
the lactic acid feed flow to the PVMR, while in D,,,,
Eq. (6c) is based on the total flux through the
membrane. i was already defined in Eq. (9) and the
selectivity parameter, o;, is defined according to the
Graham law as follows:

o P Mw
Z pw\ M;

If lactic acid is the limit reactant, conversion in the
PVMR can be calculated as:

(14)

(Yia +YP0)

X=1-
(YiA,o + YiA,o)

(15)

A design chart can be generated by integrating Eq.
(10), for a constant value of conversion (Eq. (15)), as
function of D,r and P, (Fig. 5).

Three distinctive sections can be identified in the
design chart of Fig. 5. In section A, at low values of
D,r the reaction is slow and the conversion is domi-
nated by the kinetics, the permeation rate through the
membrane does not significantly affect the conversion
value. In section B, conversion shows very little
changes with D,g and Pe. In section C, for larger val-
ues of D,r the reaction rate is high and the selective
permeation of the products through the membrane
becomes important (low values of P,.) shifting the
equilibrium concentration to higher conversions. The
size of section C depends on membrane selectivity
(not presented here) increasing lactic acid conversion
for a given D,r and P, at higher selectivities. High
conversions can be reached for log (P.) between —5
and 4 and log (D,gr) >3 for a selectivity of 1.

Fig. 6 presents the PVMR conversion as function
of P. number and membrane selectivity (ethanol/
water) for a fixed D,g=10. High conversions can be
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Fig. 4. Residue curves for lactic acid esterification with ethanol at three values of Dy, T=323.15, P,=1atm, and r,=0.

reached at low values of P.. On the other hand, at
high values of P,, the lower residence time in the reac-
tor causes a decrease in the exit conversion. For a spe-
cific selectivity, there are two values of P. that can
attain the same conversion. At a low P,, water perme-

ation becomes important shifting conversion to higher
values. While for a higher P, the ethanol permeance

decreases in order to keep a specific selectivity, thus

the ethanol concentration in the retentate remains high
increasing conversion.
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Fig. 6. Contour of exit conversion in a PVMR as a function
of P, and Knudsen selectivity.

5. Conclusions

Three different tools, based on thermodynamic
analysis, residue curves and design charts, are
presented to determine the maximum conversion, the
axial component concentration profile, and the effect
of selectivity and permeance on conversion in a
continuous pervaporation membrane reactor (PVMR)

for the esterification of lactic acid with ethanol to
produce ethyl lactate. An operating window has been
found and high conversions can be reached for log(P.)
between —5 and 4 and log(D,r) higher than 3.
However, the operating window highly depends on
selectivity. At higher operating temperatures of the
PVMR, higher conversions can be reached, but higher
lactic acid concentrations in the retentate are also
found. Consequently, the optimal operating tempera-
ture differs from that for the highest conversion and
has to be calculated from an economic analysis. A
systematic approach for studying a PVMR was
presented. These tools can be applied to other PVMRs
where an equilibrium reaction takes place.
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Symbols
A — membrane area per unit membrane modules

volume, m?/m°®

A¢ — sectional area, m?
a; — activity coefficient of component i, —
Dam Damkohler number based on membrane flux, —
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D,k — Damkohler number based on reactor lactic acid
feed flow, —

F — total molar flow rate, mols™!

F; — molar flow rate of species i in the retentate side,
mol;s™!

Ji — molar flux of component i through membrane,
mol;/(m? s)

Jr — total molar flux through membrane, mol/ (m? s)

k — forward reaction rate constant, mol/(g min)

k, — rate constant at inlet condition, mol/(g min)

K;  — adsorption constant of component i, —

Keq — equilibrium constant, —

L — reactor length, m

M; — molecular weight of component i, (g/mol);

Nt — number of tubes

n; — Mol of component i, mol;

P, — Peclet number, —

pt  — saturated vapor pressure of component i, bar

pi — permeability of species i, mol/(m?*s Pa)

P,  — pressure ratio (shell pressure/tube pressure), —

Pr  — total pressure of system, bar

7, ~ — transmembrane pressure ratio (permeate
pressure/retentate pressure), —

R — dimensionless reaction rate on residue curves
equation, —

R — Universal gas constant or sweep ratio, J/(mol K)
or —

R — inner radius of shell, m

R, — outer radius of tube, m

Ry — sweeping gas ratio, —

T — temperature, K

Uu; — permselectivity of component i respect to the
faster transport component, —

X — liquid phase mole fraction of component i, —

X; — conversion of component i, —

Vi — vapor phase mole fraction of component i, —

Y; — dimensionless mole flow rate of species i, —

z* — dimensionless length, —

Greek symbols

o — selectivity of species i to water, —
Vi — activity coefficient, —

tat — catalyst loading density, —

0; — feed mol ratio, —

¢; — ratio of the amount permeated through the
membrane of component i to the lactic acid flow
fed to the PVMR

14 — dimensionless axial distance, —

Peat — catalyst density, kg/m’

Vi ~— Stoichiometric coefficient of species i on the j

reaction, —
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V; — Stoichiometric coefficient of component i, —
Vr — total mole change of reaction, —
¢; — Fugacity coefficient, —
Superscripts

I — properties on the tube side

o — properties on the shell side
Subscripts

eq — equilibrium

Eth — ethanol

EL — ethyl lactate

LA — lactic acid

\ — water

ref — at reactor inlet conditions
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