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Abstract: Suppression of osmotic distillation of water is important for the
commercial scale application of gas membranes. We have equalized the water
vapor pressure on either side of the membrane by increasing the temperature of
the stream with the lower water vapor pressure. The experimentally determined
temperature gradient is many times larger than predicted from water vapor
pressure—temperature data. The larger temperature gradient may be explained
by considering the heat flux across the membrane. The economic viability of
adjusting the temperature of the feed and strip streams to suppresses water vapor
transport depends on the additional energy costs involved.

Keywords: Direct contact membrane distillation, gas membranes, hollow fibres,
osmotic distillation

INTRODUCTION

Microporous hydrophobic membranes may be used to combine gas
absorption and stripping into one unit operation. “Gas membranes”
contain gas filled membrane pores while two gas liquid interfaces are sta-
bilized at either surface of the membrane (1-3). A gas membrane process
that has been described frequently in the literature is the removal of
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cyanide from wastewater (4—7). In this process the wastewater containing
cyanide flows on one side of a microporous membrane while the strip
solution containing sodium hydroxide flows on the other side. The
protonated form of cyanide (prussic acid, HCN) is a weak acid with a
pKa of 9.31. Providing the pH of the feed is below about 8.5, the major-
ity of the HCN will be present in the protonated form. Since HCN is
volatile it will vaporize, diffuse across the gas filled membrane pores
and into the strip solution. In the reactive strip solution it will react to
form NaCN:

HCN + NaOH — NaCN + H,O

Nondispersive gas absorption/gas stripping using microporous
membranes offers a number of advantages over conventional gas absorp-
tion/gas stripping (1). The gas and liquid flowrates can be varied over a
large range without complications due to flooding and loading. Further,
the interfacial area for mass transfer is determined by the membrane
porosity and is not affected by the gas or liquid flow rates. From a prac-
tical perspective, membrane devices are easily scalable and are modular
allowing for flexible operation.

A pilot scale facility for cyanide removal from four industrial waste-
water streams using gas membranes has been described by Shen et al. (6).
The removal efficiency for cyanide was 99%. The cyanide concentration
in wastewater could be reduced to less than 0.5mg/L. However, during
operation, it was observed that water passed from one side of the mem-
brane to the other. Shen et al. noted that the activity of the feed and strip
solutions depend on the concentration of dissolved solutes present. This
in turn leads to differences in the water vapor pressure on either side of
the membrane. Thus water vapor will transfer through the membrane
pores down the vapor pressure gradient via a process described in the lit-
erature as osmotic distillation.

Transfer of water vapor by osmotic distillation has two main draw-
backs for industrial scale operations. If water vapor transfers from the
feed to the strip solution, it will lead to dilution of the cyanide in the strip.
Since the economic viability of the process often depends on the recovery
of the cyanide, the inclusion of an additional step to concentrate the cya-
nide may be necessary, and could adversely affect the viability of the gas
membrane process. Further depending on the direction of water vapor
transport the feed or strip tanks will need to be overdesigned. Thus pre-
venting water vapor transfer due to osmotic distillation is of practical
significance.

In this study, we have investigated the effect of altering the tem-
peratures of the feed and strip solutions in order to suppress osmotic
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distillation. The feed and strip solutions consisted of DI water. Various
amounts of NaCl were added to the strip solution leading to water vapor
transport from the feed to the strip. The strip was then heated and the
feed held at 20°C in order to equalize the water vapor pressure on either
side of the membrane. Thus by establishing a temperature gradient across
the membrane that produces a water vapor pressure gradient in the oppo-
site direction to the gradient due to the different solute activities in the
feed and strip solutions, we suppress osmotic distillation of water vapor.

THEORY

Membrane distillation has many similarities to osmotic distillation. In
both processes water vapor is transferred through the membrane pores
due to a partial pressure gradient. There are various modes of operation
for membrane distillation. Figure 1 is a schematic representation of the
combined direct contact membrane distillation osmotic distillation pro-
cess investigated here. The water vapor pressure gradient in osmotic
distillation is derived from the difference in the solute concentration in
the feed and strip solutions. The applied temperature gradient results in
a partial pressure gradient in the opposite direction.

Here our concern is the transport of water vapor during gas
membrane processes. Since water vapor is the solvent, the mass transfer
resistances in the feed and strip solutions due to the presence of a

RIS
Y
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2z,

\ Strip with NaCl

MICROPOROUS HYDROPHOBIC
MEMBRANE

Figure 1. Schematic representation of combined direct contact membrane
distillation osmotic distillation system.
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concentration boundary layer will be negligible (7). Consequently the
overall mass transfer coefficient may be approximated by the membrane
mass transfer coefficient. Further, since mass transfer is reversible, the
membrane mass transfer coefficient is the same for water vapor transport
due to osmotic distillation and direct contact membrane distillation.

Since the water vapor flux for direct contact membrane distillation is
related to the temperature difference between the strip and feed solutions,
the energy flux between the two solutions will determine the required
temperature driving force to suppress osmotic distillation. Heat transfer
from the strip to the feed solution will occur by conduction through
the nonporous section of the membrane as well as through the membrane
pores (8). The overall energy flux is given by

1 — em)km + emk,
4= gu+ gy ==Ll g gy priomy

where, ¢ is the overall energy flux, ¢, is the energy flux due to heat con-
duction through the membrane, ¢, is the energy flux due to heat transfer
through the membrane pores, ¢, is the membrane porosity, / is the mem-
brane thickness, k,, and k, are the thermal conductivities of the
membrane material and the gas in the membrane pores, and 4, is the
membrane heat transfer coefficient. The temperatures 7 and T, represent
the temperature at the strip and feed membrane surfaces respectively.
Since we aim to suppress water vapor transport, there is no term in Equa-
tion (1) for the energy flux due to mass transport of water from the strip
to the feed solution. As indicated in Fig. 1, there will be a temperature
boundary layer at either surface of the membrane such that

q=hy(Tep — Ty) = hy(Ty — Tpp) (2)

where, h, and /i, are the heat transfer coefficients for the strip and feed
temperature boundary layers and T, and T}, are the bulk strip and feed
temperatures. The overall heat transfer coefficient, U, is given by

=—+—+— (3)
Thus,
q=U(Ty — Tp) (4)

These equations will be used when analyzing the experimental data.
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EXPERIMENTAL

Polypropylene hollow fiber modules were used in this study. Six hundred
hollow fibers were potted in a polycarbonate housing using an epoxy
(Guangming Resin Co. Ltd., Wuxi City, P. R. China). The polycarbonate
housing had an outside diameter of 2.5cm and a length of 25.6cm. The
packing density of the hollow fibres was 50%. The polypropylene hollow
fibers had an outside diameter of 426 pm, a wall thickness of 45 um, and
an average pore diameter of 0.05 um, a porosity of 30%, and an effective
length of 18 cm. The total membrane area of the module is 1445 cm?. All
chemicals were of analytical grade and used as received. Deionized water
was used throughout this study.

Figure 2 is a schematic representation of the experimental setup. The
feed was pumped on the shell while the strip solution was pumped inside
the lumen of the fibers. The feed and strip were pumped co-currently. As
shown in Fig. 2, the feed was recycled to the feed reservoir while the strip
was recycled to the strip reservoir. The feed and strip solutions consisted
of 500mL DI water. Feed and strip flow rates were 500mL min .
Various amounts of NaCl were added to the strip solution resulting in
a final concentration of 1.0, 2.0, 3.0, and 4.0 M. Initial experiments were
conducted with the feed and strip solution at the same temperature of
20°C. Consequently, water vapor transferred from the feed to the strip
solution. The water flux from the feed to the strip solution was
determined by placing the strip reservoir on a balance as shown in Fig. 2.

In a second series of experiments, the strip solution was heated while
the feed was maintained at 20°C. Four temperature probes (see Fig. 2)

Figure 2. Experimental set up. (1) feed reservoir, (2) feed pump, (3) feed water
bath (20°C), (4) membrane module, (5) strip water bath (20-40°C), (6) balance,
(7) strip reservoir, (8) glass tube for feed and strip, (9) digital thermometer T},
T,, ty, t, temperature sensors.
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were used to monitor the feed inlet and outlet and strip inlet and outlet
temperatures. The average of the inlet and outlet temperature of the feed
and strip were used in analyzing the results. The water vapor flux was
determined from the change in weight of the strip reservoir.

RESULTS AND DISCUSSION

The water vapor flux as a function of initial NaCl concentration in the
strip solution at 20°C is given in Fig. 3. As the concentration of NaCl
increases the water vapor flux increases. Figure 4 gives literature values
for the water vapor pressure at various temperatures and NaCl concen-
trations (9). At equal feed and strip temperatures, increasing the NaCl
concentration in the strip solution leads to a decrease in the water vapor
pressure. Hence, the water vapor flux increases with increasing NaCl con-
centration in the strip solution.

Figure 5 gives our experimental data for the variation of water vapor
flux with temperature at various NaCl concentrations in the strip. Nega-
tive fluxes indicate the transfer of water vapor from the feed to the strip
while positive fluxes indicate the transfer of water vapor from the strip
to the feed solution. In order to suppress osmotic distillation, the water
vapor pressure on both sides of the membrane must be the same.
Figure 4 gives literature values for the water vapor pressure. For a

I o
[\S) w

Water Vapour flux L m~hr'!
<)

0
0.0 1.0 2.0 3.0 4.0

NaCl Concentration, M

Figure 3. Variation of water flux with NaCl concentration in the strip for feed
and strip solutions at 20°C.
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Figure 4. Variation of water vapor pressure with temperature and NaCl
concentration.

4.0 M NaCl concentration (open circles in Fig. 4), a very small tempera-
ture increase of about 1.5°C is sufficient to obtain the same water vapor
pressure as DI water at 20°C. Thus for a strip containing 4.0 M NacCl, if
the feed temperature is 20°C a strip temperature of about 21.5°C should
be sufficient to equalize the feed and strip side water vapor pressures.
However experimentally, Fig. 5 indicates that a temperature difference
of about 14°C is required. Thus the required temperature difference is
much higher than the difference predicted based on the vapor pressures
of the strip and feed solutions.

In direct contact membrane distillation, there will be an energy flux
from the hot (here the strip) solution to the cold (here the feed) solution.

1

E o8 .
5 0.6 . a =i.0M
> 0.4 ° A2.0M
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= o2 . ° ®3.0M
2 a . ° ° o4.0M
g o o
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Strip temperature (°C)

Figure 5. Experimental water vapor flux at various NaCl concentrations and
temperatures.
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The overall heat transfer coefficient will be given by Eq. (3). The
Reynolds number for flow inside the fibers will depend on the tempera-
ture and salt concentration of the strip solution. Nevertheless, for strip
temperatures between 20°C and 40°C and NaCl concentrations between
0-4 M, the Reyonlds numbers are well below 100 indicating the laminar
flow. The entrance length required for a fully developed thermal bound-
ary layer may be approximated by (10).

1260 vx
0= \—— 5
37 v (5)

where, ¢ is the thickness of the boundary layer, v is the strip velocity, x is
the entrance flow length, and v the kinematic viscosity. For a flow rate of
500mL min~', vis 0.157m s~'. The entrance length will be greatest for
the lowest kinematic viscosity, i.e. strip solution with OM NaCl at
40°C. The kinematic viscosity for water at 40°C is 6.58 x 107’ m?s™"
(11). Solving Eq. (5) for the entrance length we find the maximum
entrance length to be 2.0 x 10~* m or about 0.2 mm. Equation (5) strictly
applies to the thickness of a boundary layer over a flat plate. Thus we use
this equation here to approximate the thickness of the boundary layer on
the lumen side of a porous tube. Nevertheless, the very small entrance
length obtained compared to the length of our hollow fibers suggest that
we can assume a fully developed thermal boundary. The lumen side heat
transfer coefficient for laminar flow with a fully developed thermal
boundary layer and constant surface temperature is

hd
I,

Nu === 3.66 (6)

where, Nu is the Nusselt number, k, is the thermal conductivity of the
strip solution, and d is the inside diameter of the fibers (12). Equation
(6) applies for the Graetz numbers less than 30 where the Graetz number
is defined as d®v/oL, o being the thermal diffusivity of water and L the
length of the hollow fibers. For the experimental conditions used here
it can be shown that the Graetz number is less than 1. Since the thermal
conductivity does not depend strongly on temperature or NaCl concen-
tration over the ranges considered here, we use the thermal conductivity
of water at 20°C, 0.606 W m ' K~' (11). Thus the strip side heat transfer
coefficient is 6600 W m 2 K.

The thermal conductivity of polypropylene is 0.138 W m~' K~! (11).
The thermal conductivity of water vapor is 0.016 W m~' K~! at 20°C and
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0.019W m ' K~!at 40°C (11). Using the average value over the tempera-
ture range 20-40°C, from Eq. (1) the heat transfer coefficient for the
membrane is 2260 W m 2 K.

For shell and tube hollow fiber modules Wickramsinghe et al. (13)
have shown that irregular spacing of the fibers can compromise the rate
of mass transfer. These investigators propose the following mass transfer
correlation for flow outside and parallel to the fibers.

Py 093
Sh_1'25<0L> Sc3 (7)
where, Sh the Sherwood number, d, equivalent diameter, L is the length
of the hollow fiber and Sc¢ the Schmidt number. Replacing the Sherwood
number by the Nusselt number and the Schmidt number by the Prandtl
number we use this correlation to estimate the heat transfer coefficient on
the shell side. We use Equation (7) as it was developed for hollow fiber
modules operating at similar conditions to the ones used here. Further
Wickramasinghe et al. (13) indicate that analogous heat transfer correla-
tions may be used to develop mass transfer correlations for hollow fiber
contactors. The equivalent diameter is 426 um, and the shell side fluid
velocity is 0.097m s~'. Using the kinematic viscosity of water at 20°C,
and a Prandtl number for water at 20°C of 7.09, the Nusselt number is
0.28. The shell side heat transfer coefficient is then 384 W m > K.

From Fig. 4 we estimate a 1.5°C temperature difference between the
inside and outside surface of the membrane is required in order to equal-
ize the water vapor pressure across the membrane. From Equation (1) the
energy flux is 1.5 x 2260 =3390 W m~2 From Eq. (3) the overall heat
transfer coefficient is 313 W m 2K ~!. From Equation (4) the temperature
difference between the bulk feed and strip solution is 10.8°C. From Fig. 5
the actual temperature difference is about 14°C in reasonable agreement
with our prediction.

Unlike membrane distillation, osmotic distillation is often considered
an isothermal process. Gostoli (14) however, points out the importance
of thermal effects in osmotic distillation. In a recent study Bélafi-Bakd
and Koroknai (15) have applied a temperature gradient between the feed
and strip solutions in order to enhance the rate of osmotic distillation for
fruit juice concentration. Alves and Coelhoso (16) studied mass and heat
transfer during osmotic distillation. They also highlight the importance of
temperature effects in osmotic distillation. For the experiments con-
ducted here in the absence of an applied temperature gradient, water
vapor will transfer from the feed to the strip solution. Vaporization of
the feed liquid and condensation of the water vapor at the membrane
strip interface, will lead to cooling of the feed liquid and heating of the
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strip liquid at the membrane surface. Creation of a temperature gradient
across the membrane could significantly alter the predicted flux due to
osmotic distillation.

In this work, unlike earlier studies, we intentionally impose a tem-
perature gradient across the membrane to suppress water vapor trans-
port. Our results indicate that the actual temperature gradient is much
higher than predicted due to the thermal boundary layers in the strip
and feed solutions. For cyanide removal, previous investigators have
shown that the feed and membrane mass transfer coefficients dominate.
The strip mass transfer coefficient is significantly larger than the feed and
membrane mass transfer coefficients due to the reaction of the HCN with
NaOH (7). Consequently enhancing the rate of mass transfer by increas-
ing the feed side mass transfer coefficient will reduce the temperature
difference required between the bulks feed and strip solutions.

In the analysis conducted here we have assumed that there is no mass
transfer of water vapor. In fact the establishment of a temperature gradi-
ent across the membrane will lead to natural convection of water vapor.
However, by carefully controlling the strip temperature it will be possible
to minimize transfer of water vapor.

Our results highlight the importance of thermal effects in osmotic
distillation which is frequently assumed to be an isothermal process.
The results also suggest the possible application of membranes as heat
exchangers. In fact Zarkadas and Sirkar (17) describe the feasibility of
polymeric hollow fiber heat exchangers for niche applications.

If suppression of osmotic distillation is required in a gas membrane
process, the analysis described here could be used to estimate the required
temperature gradient and hence the energy costs. Alternatively one could
add a non-volatile solute to the solution with the higher water vapor pres-
sure in order to equalize the osmolarity of the strip and feed solutions.
However, the addition of a non-volatile solute could lead to complica-
tions associated with membrane fouling and the recovery of the solute.
The method used to suppress osmotic distillation will depend on the
specific application.

Though cyanide removal using gas membranes has been described by
a number of previous investigators, for real feed streams water vapor
transport by osmotic distillation could affect the viability of the process.
While previous investigators (15) have shown that an applied tempera-
ture gradient can enhance transport due to osmotic distillation for fruit
juice concentration, we use an applied temperature gradient to suppress
water vapor transport by osmotic distillation. Our results indicate that
the required temperature gradient is much higher than predicted from
water vapor pressure data indicating the importance of temperature
effects in osmotic distillation.
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CONCLUSION

A major practical problem associated with gas membrane based separa-
tions is the transfer of the solvent, usually water, from one side of the
membrane to the other due to osmotic distillation. We are able to sup-
press osmotic distillation by imposing a temperature gradient that coun-
ters the water vapor pressure gradient created by the two different
osmolarities of the feed and strip solutions. The required temperature
gradient is larger than predicted by vapor pressure temperature data
due to the thermal boundary layers in the strip and feed solutions. Our
results highlight the importance of thermal effects in osmotic distillation.
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LIST OF SYMBOLS

d  inside diameter of hollow fibers

d, equivalent diameter: four times the cross section for flow divided by
the wetted perimeter

hy  heat transfer coefficient for the feed side temperature boundary
layer

h,, membrane heat transfer coefficient

hy  heat transfer coefficient for the strip side temperature boundary

layer

thermal conductivity of the membrane material

thermal conductivity of the gas in the membrane pores

thermal conductivity of strip solution

L membrane thickness

L length of hollow fibers

Nu Nusselt number

Pr Prandtl Number

q overall energy flux

¢, energy flux due to heat conduction through the membrane material

g, energy flux due to heat transfer through the pores

Sc¢ Schmidt number

Sh  Sherwood number

T, temperature at the membrane feed interface

T, temperature at the membrane strip interface

»ﬁwg
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Ty bulk feed temperature
Ty, bulk strip temperature
U  overall heat transfer coefficient
v velocity
x  entrance flow length
o thermal diffusivity
&, membrane porosity
0 thickness of the boundary layer
v kinematic viscosity
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