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Theoretical Assessment of Dilute Acetone Removal
from Aqueous Streams by Membrane Distillation

FAHMI ABU AL-RUB, FAWZI A. BANAT *
and MOHAMMAD SHANNAG

DEPARTMENT OF CHEMICAL ENGINEERING

JORDAN UNIVERSITY OF SCIENCE AND TECHNOLOGY
IRBID, 22110 JORDAN

ABSTRACT

Theremoval of dilute acetone from aqueous streams by air-gap membrane distilla-
tionistheoretically assessed. A combined heat and mass transfer model that includes
temperature and concentration polarization effects as well as temperature and con-
centration variation along the module length is employed to predict the flux and se-
lectivity of acetone under the rel evant process operating conditions. Three masstrans-
fer solutions are heeded in the model: the exact Stefan—Maxwell, the approximate
Stefan—-Maxwell, and the Fickian binary solution. Although, behaviorally, the three
solutions exhibit the same trends, quantitatively some differences exist between the
Fickian-based solution on the one hand and the Stefan—Maxwell solutions on the other
hand. The exact and approximate solutions of the Stefan-Maxwell equation showed
a similar capability in predicting the process achievement under all process condi-
tions. Predictions showed that acetone selectivity and flux were strongly dependent
on feed conditions and air-gap width.

INTRODUCTION

Fermentation of molasses and other sugar sources was the basis of acetone
production when acetone was used for the manufacture of explosive cordite
(1). The fermented solvents tend to inhibit microorganism productivity with
increasing concentration. For example, the inhibition effect of acetone starts
at concentrations beyond 0.5 wt% acetone (2). Therefore, the efficiency of the

* To whom correspondence should be addressed. E-mail: banatf @just.edu.jo

2817

Copyright © 1999 by Marcel Dekker, Inc. www.dekker.com



Downl oaded At: 11:05 25 January 2011

ORDER | _=*_[Il REPRINTS

2818 ABU AL-RUB, BANAT, AND SHANNAG

fermentation process can be improved by a continuous removal of the product
from fermentation broth while keeping the microorganismsinside.

Several methods have been examined for the continual removal of the in-
hibitory products from the fermentation broth such asreverse osmosis (3), dis-
tillation (4), pervaporation (5-7), and membrane distillation (8). The separa-
tion process chosen should minimize thermal, chemical, and mechanical
stresses upon the microorganisms. The pervaporation process achievesthisre-
guirement and gives high selectivities, but the permeate fluxes are very low.
Larrayoz and Puigjaner (5) studied pervaporation of the acetone-water mix-
ture using silicon rubber membranes. At a process temperature of 37°C and a
feed concentration of 1.7 to 2.0 wt% acetone, a mass flux of 0.00442 to
0.00088 g/(m?-h) and an acetone selectivity of 34 to 39 were observed. Mat-
sumura and Kataoka (6) studied the pervaporation of dilute agueous butanol
and acetone solutions through oleyl alcohol liquid membranes. For the ace-
tone-water mixture, a total flux of 0.04 kg/(m?-h) and an acetone selectivity
of 160 were observed at afeed concentration of 1 wt% acetone and a temper-
ature of 30°C. Since the permeate fluxes were very low in all pervaporation
tests, very large contact areas would be required for the continual removal of
the inhibitory products.

In membrane distillation the high mechanical, thermal, or chemical stresses
often exerted upon the microorganisms by such competitive processes as re-
verse osmosis, distillation, and solvent extraction can be avoided. Also, mod-
erate permeate fluxes and selectivities are obtained. Membrane distillation is
a combination of thermal and membrane processes in which a hydrophobic
porous membrane separates the warmed feed solution from a cooling media.
The temperature difference between the two sides of the membrane creates a
partial pressure gradient which isresponsiblefor the transmembrane flux. Air-
gap membranedistillation (AGMD), the processin which an additional air gap
is interposed between the membrane and the condensation surface, is usually
recommended for separating surface-active components from water (9).

To the authors' knowledge, the only reported work on dilute acetone re-
moval from agueous solutions by membrane distillation is by Banat (8). Ba-
nat tested only PV DF membranes with a pore size of 0.45 pum. He found that
although spontaneous wetting of PV DF membranes outside the cell occurred
at afeed concentration exceeding 23 wt% acetone, membrane wetting inside
the cell occurred at a lower feed concentration and was strongly dependent
upon the feed flow rate. It was also found that PV DF membranes performance
degenerated significantly as a function of time and that the experimental re-
sults were dramatically affected by membrane deterioration.

In this paper a comprehensive mathematical model that includes all neces-
sary heat, mass, and vapor liquid equilibrium relationsis used to examine the-
oretically the possible use of AGMD in the removal of dilute acetone from
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TABLE 1
Air Gap Module Specifications

Module length 10m
Module width 0.5m
Type of membrane Flat sheet (Millipore)
Membrane material Polyvinyldene fluoride (PVDF)
Pore diameter 0.45 um
Membrane thickness 0.11 mm
Membrane porosity 0.75
Membrane tortuosity 2.0
Cooling plate materia Stainless steel
Cooling plate thickness 2.0mm

agueous streams. The gas-phase acetone-water—air molecular interactions are
described by both binary (Fickian) and multicomponent (Stefan—Maxwell)
eguations. Two solutions of the Stefan—Maxwell equation are considered: the
exact matrix solution developed by Krishna and Standart (10, 11) and the ap-
proximate solution developed by Krishna and Wesselingh (12). The conso-
nances and differences among the three solutions are discussed along with the
process performances under different operating conditions. The predicted re-
sults are presented in terms of acetone selectivity and average permeate flux.
The simulation results are obtained for aflat-sheet membrane module with the
specifications listed in Table 1.

THEORY

Speciestransfer in AGMD occursin aseguence of four steps. movement of
the volatile components from the feed bulk to the membrane surface, evapo-
ration at the membrane liquid—gas interface, diffusion through the air-filled
pores and the additional air gap, and condensation on a cooling plate. Since
the volatility and diffusion rate differ from one component to another, the
component which permeates faster would have a lower concentration at the
liquid—-membrane interface than in the feed bulk. This phenomenonisreferred
to as concentration polarization (13). Along with the concentration gradient in
the boundary layer adjacent to the membrane surface, a temperature gradient
also exists. The difference between the feed bulk temperature and the mem-
brane-liquid interface temperature is referred to as temperature polarization
(14). Both temperature and concentration polarization are unavoidable phe-
nomenain membrane distillation processes.

Knowledge of the liquid temperature and concentration at the
membrane-liquid interface and the condensate—gas interface is necessary to
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2820 ABU AL-RUB, BANAT, AND SHANNAG

calculate the vapor composition. According to Banat and Simandl (15), the
significance of concentration polarization increases when the target compo-
nent that preferentially permeates through the membraneis present in the feed
at low concentrations. Performing a mass balance on athin film in the warm
feed solution at steady state givesthe concentration at the membrane interface
(13, 16)

Xim = Xip — (Xip — Xib) exthI:itW] (1)

Asderived elsewhere (17), the temperature at the membrane-liquid interface,
Tm, and at the condensate-gas interface, Ty, is

Tm=Tb—h%((Tb c)+zm) @
NiA |
T=Tet 1 ((Tb To) + —Zh* & ) &)
where
1

U= (4)

1 1 1

Py T he T h

The calculations of the heat transfer coefficients in the hot region, hy, in the
cold region, h,, and in the air gap, h*, are detailed elsewhere (17).

The vapor compositions at the evaporating film and condensing film inter-
faces can be calculated from the phase equilibrium:

_yixiPi(T)
yi - P y

The mole fraction of the inert gas at the interface is calculated from the sum
of the mole fractions relation:

=1,2..,n—1 (5)

n—1
Yn=1- _ Yi (6)
&
Wilson's model is used to calculate y; and Antoine's equation is used to cal-
culate the saturation vapor pressure, P (18).

Thetemperature, composition, and molar flow rate of the feed solution vary
along the feed flow path. The temperature variation occurs as a result of heat
loss through conduction and heat supplied for vaporizing the volatile compo-
nents at the membrane—gas-iquid interface. The variation in composition
along the flow path is due to the difference in permeation rates of the trans-
ferring components. The temperature of the coolant fluid which flows coun-
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tercurrently also varies along the flow path; this is because of the heat gained
from the condensing species and the heat transferred by conduction.

Since the molar fluxes are strongly dependent on temperature which varies
along the flow path, the flow path isdivided into aseries of segments (seeFig.
1). The variation of molar flow rate, m{, from one segment to another is cal-
culated from a simple mass balance:

(Mf)s+1 = (Mf)s — NiwAL (7)

The minus sign indicates that the material isleaving the evaporating film. The
variation of bulk feed temperature along the module length is described by

AL
(mﬁsﬂ [(mﬁb)s— & ] ®)

where m! is the molar flow rate of the liquid feed mixture, Cp; is the liquid
phase specific heat, Ty, is the bulk feed temperature, and q is the total energy
flux. The minus sign indicates that heat is|eaving the feed stream.

Since condensation occurs on an impermeable plate, the flow rate of the
cooling water is constant over the flow path. The temperature of the coolant
increases once it passes up because heat istransferred from the hot solution to-

(Tb) s+1 =

feed solution cooling plate
e
KN Tt tr |
S segment
rtogen| n
[ S——— 1111

cooling water

solution

FIG.1 Segmented air-gap module.
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2822 ABU AL-RUB, BANAT, AND SHANNAG
ward the cooling fluid. The variation of the coolant temperature is described
by

gwAL
meCpc

(Tc)s+1 = (Tc)s - (9)
The minus sign indicates that the coolant liquid and the feed stream are flow-
ing countercurrently. The variation of the condensate flow, m¢, can be calcu-
lated from

(M) s+1 = (M)s + NJWAL (10)

For steady-state transfer N* flux must equal the flux N; in the vapor phase.
Therefore, the average composition of speciesi in the permeate, Xip, is deter-
mined by the ratio of the component flux rates as

S

> (N,

=1
Xp="s ,n (11)

>(3M)

For an acetone-water feed mixture, acetone and water vapors pass through
the air-filled pores of the membrane and the additional air gap prior to con-
densation. Therefore, the processis necessarily multicomponent, involving an
interaction between three components. water, acetone, and air. Multicompo-
nent separation problems can be solved either by using the Stefan—Maxwell
equation or by using the Fickian binary-type equation. The exact solution of
the Stefan—Maxwell equation as developed by Krishna and Standart (10, 11)
initsgeneral matrix formis

(N) = & == [BIEn] Kyl (Y — ¥o) (12)

Notethat € in EQ. (12) correctsfor the effective membrane surface area. The
details of the matrix form solution can be found elsewhere (10). The major
problem in using the Stefan—-Maxwell equations is that the fluxes of species
aregivenimplicitly (19). Solving theresulting nonlinear differential equations
istedious (19). To make use of the Stefan—Maxwell equations more accessi-
ble, Wesselingh and Krishna (12) suggested the use of the difference approx-
imation method which, asthey claimed, can provide an accuracy adequate for
many engineering applications. The matrix form solution of the difference ap-
proximate technique as suggested by Wesselingh and Krishna (12) is

(N) = e[H]*(Ay) (13)
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where the coefficients of the matrix [H] are defined by

_ _RT < Yiav
=1
j#i
o RT Viav
Hi="5 T (15)

whereyy; o, 1S the average mole fraction of speciesi. Equation (13) represents
aset of linear algebraic equations which can be solved with less mathematical
computations than Eq. (12). The mathematical complexities of the Stefan—
Maxwell equations have led many investigatorsto use simpler constitutive re-
lations (binary-type relations). The Fickian approach assumes that the rate of
diffusion of species i depends only on its concentration gradient. Conse-
guently, coupling interactions between the diffusing species, which may oc-
cur, are neglected. Therefore, the molar fluxes are given by

_ &PDj, 1_yip)
N = RTer+b) 'n<1— Yim

After calculating the flux from each segment, the average fluxes may now be
estimated as

(16)

JOL N, wdL

Ni,av = (17)

foLde

where dL isthe differential segment length.

An iterative computer program was written to calculate the flux and selec-
tivity of the concerned components. The multidimensional Newton—Raphson
technique (20) was adopted as an iterative solution procedure to solve the re-
sulting combined heat and mass transfer equations. Asthe feed stream and the
coolant liquid are flowing countercurrently, the temperature variation along
the module length must also be solved iteratively in order to match the speci-
fied inlet conditions.

RESULTS AND DISCUSSION

Acetone removal from water via the AGMD process is discussed here in
terms of flux and selectivity. Selectivity isthe preferential passage of acetone,
which can be defined as

_ XiplXwp
Qiw = Xib/XWb (18)
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2824 ABU AL-RUB, BANAT, AND SHANNAG

Higher selectivities lead to a more efficient process if combined with high
permeate fluxes. In this section the effect of module length on temperature and
concentration variation is discussed along with the effect of the following op-
erating conditions. feed concentration, feed turbulence, feed temperature,
coolant turbulence, coolant temperature, and air-gap width.

Temperature and Concentration Variation along the
Module Length

The variation of hot-side and cold-side temperatures along the air-gap
module is shown in Fig. 2. Here, the temperature difference is defined as
| Tin — T |, where T isthe temperature at a certain module length and T;,, isthe
inlet temperature. As shown, the temperature difference of both sides in-
creases along the module length. Thisis attributed to the fact that the heat re-
quired for the evaporation process of a speciesis supplied from the bulk feed
solution while the condensation of diffused speciesreleases heat that transfers
through the cooling plate to the cold-side stream. From Fig. 2 it is seen that in-

0.8 T T I 1

0.0 - .l T T | T T T T T

0.0 0.2 04 0.6 0.8 1.0
Length (m)

FIG.2 Effect of modulelength on temperature difference (Xain = 0.15wt%, T, = 20°C, Re,,
= Re; = 1800, b = 0.35 cm).
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24 T T T T

AX,*10°

0.0 0.2 0.4 0.6 0.8 1.0
Length (m)

FIG. 3 Effect of module length on concentration difference (Xain = 0.15 wt%, T¢i, = 20°C,
Re,, = Re, = 1800, b = 0.35 cm).

creasing the inlet feed temperature increases the temperature difference. This
Is due to the increase of the mass transfer driving force with a feed-side tem-
perature increase. Hence, high evaporation and condensation rates are
achieved. For example, at 70°C inlet feed temperature, the cold-side temper-
atureincreases by 0.75°C while the feed temperature decreases by 0.23°C. For
a 0.23°C feed temperature difference, the vapor pressure of water decreases
by 2 mmHg, while for acetone it decreases by 8 mmHg. At the cold side, a
0.75°C temperature increase corresponds to a vapor pressure difference of be-
tween 1 and 6 mmHg. Therefore, for short modules, it is safe to neglect tem-
perature variation along the module length.

The effect of inlet feed temperature on concentration variation along the
module length is shown in Fig. 3. As shown, the concentration difference in-
creases as the feed temperature increases. Thisis mainly attributed to the in-
crease of flux due to temperature increase. However, as noted, the variation in
concentration is marginal.
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2826 ABU AL-RUB, BANAT, AND SHANNAG

Effect of Operating Variables on Permeate Flux
and Selectivity

In this section the effect of key operating variables on permeate flux and
acetone selectivity is examined.

Effect of Acetone Feed Concentration

Figure 4 shows the effect of acetone concentration on flux and selectivity.
It is clear that the flux of acetone increases in approximately alinear relation
with feed composition while the water flux is nearly constant. This depen-
dency is areflection of the vapor—liquid equilibrium relations. It can also be
seen that as the acetone concentration increases, the selectivity first increases,
reaches a maximum, and then decreases dlightly. Increasing the concentration
of acetone in the feed mixture steadily increases its concentration in the per-
meated flux. The presence of a “maximum” in Fig. 4 stems only from the
mathematical definition of selectivity (Eq. 18). A similar behavior was no-
ticed by Gostoli and Sarti (9) in separating ethanol from a dilute ethanol-wa-
ter mixture. They noticed that ethanol selectivity was highly sensitive to the
feed composition, and they concluded that the membrane distillation process

Flux *10* ( kg/m’ s)
Selectivity

—-- Approximate ]
— 7T 2
0.08 0.16 0.24

wt% acetone

FIG. 4 Effect of feed concentration on the flux and selectivity of acetone (T, = 50°C, T, =
20°C, Re,, = Re, = 1800, b = 0.35 cm).
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5 T T T —

Diffusivity*10° (m* /s)

0 T T T T ' T T T T 17 T T T T —I T T T T l T T L
0 20 40 60 80 100
Temperature ( °C)

FIG.5 Effect of temperature on vapor-phase diffusivities.

Isethanol selectivefor alow ethanol content in the feed but becomes water se-
lective for a high ethanol content.

The predicted curves of the Fickian, exact, and approximate Stefan—M ax-
well methods are shown in Fig. 4. It is clear that the results of the difference
approximate method are the same as the results of the exact method. Thisis
attributable to two reasons:

» Thegap spaceis mainly composed of trapped air sinceits solubility in the
condensate film isnegligible. Therefore, the air component will be present
in alarge excess and the two other component, acetone and water, will be
present in small amounts.

* The approximate method takes all possible coupling interactions into ac-
count, the same as for the exact Stefan—Maxwell method.

Asshown in Fig. 4, the flux of water and acetone predicted by the Fickian
method is greater and less, respectively, than the corresponding predicted val-
ues by the Stefan—Maxwell methods. This behavior is reflected in the pre-
dicted selectivity. The acetone selectivity predicted by the Stefan—Maxwell
approaches is greater than that predicted by the Fickian method. To explain
this, consider the binary diffusivities shown in Fig. 5: The diffusivity of the
acetone-water vapor mixture is greater than the acetone—air diffusivity and
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2828 ABU AL-RUB, BANAT, AND SHANNAG

less than the water—air diffusivity. In the Fickian approach, only the ace-
tone—air and water—air diffusivities are needed. The flux of both acetone and
water is independent of the acetone—water interactions in the Fickian ap-
proach, while the acetone—water interactions play an important role in flux
prediction when using the Stefan—-Maxwell methods.

Effect of Hot Feed Temperature

Figure 6 shows the effect of hot-side temperature on the predicted flux of
acetone at constant feed concentration. It is clear that the flux increases expo-
nentially with temperature increase. This is attributed to the exponential de-
pendency of acetone vapor pressure on temperature. Shownin Fig. 6 isthe ef-
fect of feed temperature on acetone selectivity. According to the simulation
results, the preferential passage of the volatile component increases until a
maximum is reached. After that, more heating of the feed solution leads to a
worsening in process performance. The “nonintuitive” selectivity maximum
results from the negative effect of flux increase on concentration and temper-
ature polarization. The impact of mass flux increase associated with tempera-
ture rise on the phenomenon of concentration polarization can be elucidated
from Eq. (1). According to Eqg. (1), when the flux is very low, the concentra-
tions of acetone at the membrane interface and in the liquid bulk will be ap-

10 | T T 8

- 6
S z
£ Z
: :
5 2

5
= 4
, —— = Approximate
0 T T T T I T T T L] I T T T T ‘ L] T T T 2
30 40 50 60 70

Temperature ( °C)

FIG.6 Effect of feed temperature on the flux and selectivity of acetone (Xa = 0.15wt%, T, =
20°C, Re,, = Re. = 1800, b = 0.35 cm).
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proximately the same. However, if the flux is increased, the concentration
drop at the membrane interface will consequently be increased. Moreover, the
flux increase with temperature rise requires more heat of vaporization. Be-
cause heat is withdrawn from the feed to vaporize the permeate, a higher flux
Increases the temperature polarization effect. Therefore, the progressive in-
crease of the effects of temperature and concentration polarization with atem-
perature rise is the cause of a selectivity decrease.

As shown in Fig. 6, the difference approximate Stefan—Maxwell method
provides the same results as the exact method. The Fickian approach performs
well if the feed temperature is low while its results differ noticeably from the
exact results at high temperatures. Thisis due to neglecting the diffusional in-
teractions of acetone-water whose effects are more pronounced at high tem-
peratures. The effect of acetone—water interactions appears through the cross
mass transfer coefficients. These cross coefficients are functions of binary dif-
fusivitiesand vapor composition. Thelow flux masstransfer coefficientswere
corrected to be applicable for finite flux. These correction coefficients are
function of molar flux, binary diffusivities, diffusion path length, and average
temperature. Since binary diffusivities, vapor composition, and molar flux in-
crease with increasing feed temperature, the magnitude of the crossfinite mass
transfer coefficients also increase. Thisleadsto alarge difference between the
“Fickian” and the “exact” curves at high feed temperatures.

Effect of Cold-Side Temperature

Figures 7 and 8 show the effect of the coolant temperature on flux and se-
lectivity. Asshownin Fig. 7, the flux decreases steadily with cooling temper-
ature increase. With amolar fluxes decrease, the correction factor for low flux
mass transfer coefficients also decreases. Therefore, as the coolant tempera-
ture increases, the fluxes predicted by the Stefan—Maxwell approaches be-
come closer to the corresponding values predicted by the noninteracting Fick-
lan approach. The increase in the acetone vapor pressure with temperature is
greater than that of water. Therefore, the decrease in the mass transfer driving
force of acetoneis greater than that of water. Thisisreflected by the decrease
in acetone selectivity seenin Fig. 8.

Effect of Hydrodynamic Conditions

Theratio between the concentration of the more volatile component at theva
por—iquidinterface and in the bulk feed can be maximized in different ways (8);
one of them isby increasing the masstransfer coefficient. The masstransfer co-
efficient depends strongly on the hydrodynamics of the system. In this section,
both feed and coolant turbulence were varied at fixed hot- and cold-side tem-
peraturesin order to reduce both concentration and temperature polarizations.
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FIG. 7 Effect of coolant temperature on flux (X, = 0.15wt%, T, = 50°C, Re,, = Re. = 1800,

b = 0.35cm).

Selectivity

— Exact
4 —— — Approximate N
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FIG.8 Effect of coolant temperature on selectivity (Xa = 0.15wt%, Ty, = 50°C, Re,, = Re, =

1800, b = 0.35 cm).
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500 1000 1500 2000
Re

FIG.9 Effect of feed Reynolds number on flux (Xa = 0.15wt%, Ty, = 50°C, T, = 20°C, Re;
= 1800, b = 0.35 cm).

The effect of hydrodynamic conditions on flux and selectivity at the feed
side of amembraneisgivenin Figs. 9 and 10. It can be observed in both fig-
ures that the flux and selectivity decrease when the Reynolds number de-
creases. This is due to a decrease of the mass transfer coefficient with a
Reynolds number decrease.

When the coolant turbulence increases, the effect of temperature polariza-
tion decreases, and as a consequence the selectivity and the flux increase as
shown in Fig. 11. However, since the vapor pressure changes slightly at low
temperature levels, theflux and selectivity are more strongly influenced by the
Reynolds number at the feed side than by the Reynolds number at the cold
side.

The contribution of hydrodynamic conditions in raising acetone-water in-
teractionsisvery small. Thisis due to the small change of diffusivities, vapor
composition, and average temperature with the hydrodynamic conditions.
Therefore, nearly constant differences between the Stefan—Maxwell predic-
tions and the corresponding Fickian prediction were noticed.

Effect of Air-Gap Width

The predicted effect of air-gap width on flux and selectivity isshowninFig.
12. The permeate flux isinversely proportional to the gap width. By increas-
ing the air-gap width, the acetone and water fluxes predicted by the Stefan—
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FIG. 10 Effect of feed Reynolds number on selectivity (Xa = 0.15 wt%, T, = 50°C, T, =
20°C, Re; = 1800, b = 0.35 cm).

FIG. 11 Effect of coolant Reynolds number on the flux and selectivity of acetone (X = 0.15
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wt%, Tp = 50°C, T, = 20°C, Re,, = 1800, b = 0.35 cm).
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FIG. 12 Effect of air-gap width on the flux and selectivity of acetone (Xa = 0.15 wt%, Ty, =
50°C, T, = 20°C, Rey, = Re, = 1800).

Maxwell methods move closer to the Fickian predictions. This is due to the
decreasein correction factorsfor zero flux masstransfer coefficients. Itisalso
predicted that increasing the air-gap width will increase the selectivity. Thisis
mainly due to the reduced effect of flux on concentration and temperature po-
larizations. However, since the process is judged on both flux and selectivity,
selectivity increase at the expense of flux decreaseis not necessarily aprocess
improvement.

CONCLUSIONS

A comprehensive theoretical model was developed and numerically solved
to predict the performance of air-gap membrane distillation in the removal of
dilute acetone concentrations from aqueous streams. The exact and approxi-
mate Stefan—Maxwell equation solutions along with the binary Fickian solu-
tion were considered in the model. The model takes into account temperature
and concentration variations a ong the diffusion and flow paths. An effort was
made to highlight the effects of the various process operating key parameters
on acetone flux and selectivity. The approximate and exact solution of the Ste-
fan—Maxwell equation showed similar capabilities in predicting the process
performance, abeit less computational efforts were required in the approxi-
mate technique. The Fickian solution showed the same trends as did the Ste-
fan—Maxwell solutions; however, some quantitative differences exists among
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them. The acetone flux and selectivity were more dependent on the feed-side
temperature and hydrodynamic conditions than on the cold-side conditions.
The location of optimum acetone selectivity was dependent on feed tempera-
ture and composition. Therise in acetone selectivity achieved by widening the
air-gap width was offset by acetone flux reduction. The model thus provides
insight into the significance of gaseous molecular interactions and could be
used for further process development.

NOTATION
b air-gap thickness (m)
c molar concentration (mol/m?®)
Cp specific heat (Jmol-K)
D vapor-phase diffusivity (m?/s)
[E] matrix of high flux correction factors
h heat transfer coefficient (W/m?-K)
[H] matrix defined by Egs. (13) and (14)
k mass transfer coefficient (m/s)
[ky] matrix of zero flux mass transfer coefficients (m/s)
L membrane length (m)
m molar flow rate (mol/s)
N molar flux (mol/m?-s)
(N) molar flux column matrix
P total pressure (Pa)
p° vapor pressure (Pa)
q heat flux (W/m?)
R universal gas constant (J/mol-K)
T absolute temperature (K)
U overall heat transfer coefficient (W/m?-K)
w membrane width (m)
X mole fraction in the liquid phase
X mass fraction in the liquid phase
y mole fraction in the vapor phase
Greek Symbols
« selectivity
[B] matrix in Eq. (11)
v activity coefficient
d membrane thickness (m)
€ porosity
A latent heat of vaporization (J/mol)
T tortuosity
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Subscripts and Superscripts

av average

b bulk

C cooling plate

f feed

h hot region

L, kn indexes denoting component number

m membrane

p cooling plate side

S segment index

t total

W water

X liquid phase

* air-gap region
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