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Abstract

Using high concentration NaCl aqueous solutions, direct contact membrane distillation (DCMD) experiments
are implemented in this work where water fluxes are measured at different feed/permeation temperatures, feed
concentrations and flow rates. The results under the experimental conditions show that (1) water fluxes decrease as
concentrations of NaCl solutions increase; (2) when concentrations of NaCl solutions are above 25%, water fluxes
decrease sharply; (3) when concentrations of NaCl solutions are up to saturation, water fluxes gradually approach
steady levels. Variations of membrane-fouling resistance are found to result in the above observations. Analysis
also shows that concentrations of NaCl solutions, operation temperatures and flow rates can affect the speed of
membrane fouling. Among them, the concentration is the most important factor. In this work, a new model is also
proposed which takes membrane resistance, concentration polarization resistance and membrane fouling resistance
all into consideration. Model predictions show good agreement with the experimental results.
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1. Introduction logy has been developing quickly in the past
decades. Because of its low energy consumption,
accessible running conditions and simple mainte-
nance, membrane distillation (MD) or reverse
osmosis (RO) has become one of the cheapest
*Corresponding author. technologies for seawater desalination. The

With increasing demands for fresh water
around the world, seawater desalination techno-
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coefficient of water recovery is often addressed
by the energy consumption per ton fresh water. If
the coefficient is high, the energy consumption is
low. Nowadays, the typical coefficient of water
recovery is 30~40% for RO seawater desalination
technology. Therefore, improving the coefficient
of water recovery is a key issue for studying the
RO technology. However, it is also known that if
the coefficient of water recovery is improved,
osmotic pressure of seawater will rise. As a result,
the scale will be formed on the membrane surface
and the permeate flux will fall. Currently, there
are some methods to improve the coefficient of
water recovery using RO, e.g., (1) improving
operating pressure; (2) improving operation temp-
erature; (3) adding pre-treatment equipment.
These methods can improve operating charges
significantly.

Membrane distillation (MD) is an evaporation
process of feed volatile components through por-
ous hydrophobic membrane. For DCMD configu-
ration, the surfaces of the membrane are in direct
contact with two liquid phases, hot liquid and cold
liquid, kept at different temperatures. Inside the
pores, only a gaseous phase is present, through
which vapor is transported as long as a partial pres-
sure difference is maintained. The evaporation
takes place at the feed-membrane interface. The
vapor flows through the membrane pores and con-
denses at the permeate-membrane interface. This
process is the same as conventional distillation
processes, i.e., evaporation-transportation-con-
densation. The driving forces for the separation
are represented by the partial pressure gradient
for the evaporating species, maintained by a suit-
able temperature difference between the evapora-
tion and condensation surfaces.

The main advantages of membrane distillation
over conventional separation processes are [1]:
(1)Complete separation (in theory) of ions,

macromolecules, colloids, cells etc.,

(2) Lower operating temperatures and pressures,
(3)Lower membrane mechanical intensity
demand.

The direct contact membrane distillation
(DCMD) configuration, which is simple to operate
and requires the least equipment, is best suited
for applications in which the major permeate com-
ponent is water, such as desalination or the concen-
trations of aqueous solutions [2—4]. In the litera-
ture, the heat and mass transfer mechanisms were
studied widely for low concentration solutions [5].
However, membrane distillation mechanism for
high concentration solution has not been reported
in the literature due to its complexity. The com-
plexity may caused by changes of many operating
parameters, such as decrease of the feed vapor
pressure, increase of the feed viscosity and pene-
trate pressure, which decreases evaporation effici-
ency.

In this work, direct contact membrane distilla-
tion mechanism for high concentration NaCl
solutions is studied. Based on this studying, the
coefficients of water recovery are improved and
energy consumption per ton fresh water is reduced,
which provides a reference for DCMD producing
fresh water from seawater.

2. Theory

DCMD uses a porous, hydrophobic membrane
with liquids in direct contact with both surfaces
of the membrane. The driving force is a tempera-
ture-induced vapor pressure difference caused by
having a hot feed and a cold permeate. Fig. 1
illustrates the heat transfer process. Heat is first
transferred from the heated feed solution of
uniform temperature 7', across the heat boundary
layer to the membrane surface at a rate Q . At the
surface of the membrane, liquid is vaporized, and
heat is transferred across the membrane at a rate
NAH. Additionally, heat is conducted through the
membrane material and the vapor that fills the
pores at a rate (k, /3) (Tﬁnf 1; ). Total heat transfer
across the membrane includes conduction and
evaporation. Conduction is treated as a heat loss
mechanism as no corresponding mass transfer
takes place. Finally, as vapor condenses at the
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Fig. 1. The heat transfer process of DCMD.

liquid—vapor interface, heat is removed from the
cold-side membrane surface through the heat
boundary layer at a rate hp (Tpm -7 ). Boundary
layers next to the membrane can contribute sub-
stantially to the overall heat transfer resistance.
Heat transfer across the boundary layers is often
the rate-limiting step for mass transfer in MD,
because such a large quantity of heat must be sup-
plied to surface of the membrane to vaporize the
liquid.

253
Q,=h, (Tpm_Tp> 3)
According to conservation of energy:

The relations of AH and temperature and con-
centration of NaCl solution are studied, res-
pectively. Concentration of NaCl solution hardly
affects AH. The effect of temperature on AH must
be considered.

AH=AH, +C, (T-T,) (5)

AH, =22584+C,(373.15-T,,)

pm

(6)

where C,=1900 J/kgK, by substitution of Eq. (6)
into (5) and rearranging;:
AH=AH’+C,(T-2T,,) (7

where AH° =2967.385 kl/kg.

Eq. (2) can be converted to

dr

QO,=NAH —k,— .
O, =h(T,-T,) )] dx
By combining Eqs (1), (3), (4) and (7) and re-
k arranging, the temperatures of the layers adjacent
0, =NAH +€’”(T = Ly ) 2) to the membrane can be obtained as:
k, 0 h, k
1—exp| -NC, =2 | |(h,T, =NAH* )+ NC,| T, +-~T, || 2—exp| -NC, -~
r o ) ' h, )
fm km km
h,|1=exp| =NC, -2 ||+ NC, {1+ 2—exp _NCPE
. N ®)
{l—exp[—NCp é” ﬂ(hpr +NAH0)+NCP [T, +h”Tp]
1

pm =

h
h, {1 - exp(—NCp ké"ﬂ +NC, {2 + h—p —exp (_NCP kg ﬂ
!
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Our DCMD experiments kept the same general
pressure on both the feed and the permeate, so
Poiseuille flow can be ignored. For 0~100°C, the
mean free molecular path of the gaseous water
molecules is about 0.2 um as same as the pore
diameter of experiments membrane, and vapor
diffusion coefficient D, of molecular diffusion
model and D, , of Knudsen diffusion model are
in the same order of magnitude, so in the apertures,
collisions between molecule — molecule and
molecule — aperture wall must be considered.
That is to say, DCMD mass transfer process is an
intergradation diffusion, which includes Knudsen
diffusion and molecular diffusion. In most cases,
the models suggest that the flux (V) may be written
as a linear function of the transmembrane vapor
pressure difference.

TR(0+R ()R, (1) )
and
1 7TRT, N w0Y, RT,, (10)

R,(t) €M,D,, &M,PD,,

where R () is the membrane resistance, R (¢) is
the concentration polarization resistance, R /(t) is
the membrane fouling resistance, Y, is the loga-
rithm mean pressure of air. Knudsen diffusion co-
efficient D, and molecular diffusion coefficient

D, are calculated by:

0.5
T
Dy, =97r (M—] (11

w

0.5
0.001437"7 (ulj

D = M, M,
wa 13 17372
P|:(VW) +(VA) ]
1.75 (12)
:1.19><10_4T

where v _=13.1 cm*/mol, v, = 19.7 cm*/mol, P =
101.35 kPa.

For high concentration feed, when concentra-
tions of the layers adjacent to the membrane are
calculated, concentration polarization must be
considered. In desalination, the solutes are re-
tained by the membrane and accumulate on the
membrane surface. Therefore, the feed membrane
surface concentration will gradually increase.
Such a concentration buildup will generate a dif-
fusive flow back to the bulk of the feed. When
steady-state conditions are established, the con-
vective solute flow to the membrane surface will
be balanced by the solute flux through the mem-
brane plus the diffusive flow from the membrane
surface back to the bulk (Fig. 2). When solute
rejection is assumed as 100%, mathematically, this
phenomenon can be descried as

qﬂ: exp[i] (13)
c k.p

i

Eq. (13) shows that the concentration polariza-
tion is related to flux, mass transfer coefficient,
feed density and feed concentration. When vapor
transfer across membrane is the rate-limiting step
for mass transfer in MD, flux mainly depends on
membrane resistance. When mass transfer across
the boundary layers is the rate-limiting step for

boundary laver membrane

Feed

Fermeate

Fig. 2. Feed concentration distribution.
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mass transfer in MD, flux mainly relies on the
concentration polarization resistance. Mass trans-
fer coefficient can be affected by many factors,
which include flow rate, viscosity and density of
feed, solute diffusion coefficient, convective sol-
ute transfer coefficient and characteristic length.
However viscosity and density of feed, solute dif-
fusion coefficient and convective solute transfer
coefticient are directly related to the concentration
and temperature of feed. So main factors that affect
mass transfer coefficient are concentration, temp-
erature and flow rate. That is to say, R (1) =/ (v, ¢ 2
7). Because decrease of feed concentration, in-
crease of flow rate and feed temperature can en-
hance flux and reduce concentration polarization
resistance, concentration polarization resistance
is expressed as follows

R (1)=4 f;;y (14)
v

where x, y and z are determined by experiments
and A4 is a constant. The mass transfer correlation
can be written by [8].

(1) For laminar flow: Graetz—Leveque equation

d 1/3
Sh=1.86(Re SCT”] (15)

(2) For turbulent flow: Dittus—Boelter equation.

Sh =0.023Re*® Sc* (16)

The spacer was filled in the flow channel, so
V'is calculated by

V=2 (17)

s

4e
d,= : 18
" 2/hy, +(1-€,)S {19

vsp

Svsp:4/df (19)
nd;
g =l-— L (20)
21,h,sin®

Vapor pressure of pure water is given by An-
toine’s equation

3841
P° =exp| 23.238 ———— 21
p[ T—45j @l
Vapor pressure of feed is given by
P=P(1-x)(1-0.5x—10x") (22)

Heat transfer coefficients can be calculated by
heat transfer correlation. Substituting heat transfer
coefficients into (8) leads to temperatures in the
layers adjacent to the membrane, with which vapor
pressure can be obtained in Eq. (22). Finally, flux
can be given by using Eq. (9).

3. Experimental

These experiments were carried out in the
School of Chemical Engineering and Industrial
Chemistry at the University New South Wales.
The flow chart is shown in Fig. 3. The instruments
involved in the experiments were: constant temp-
erature heater, MUSTERFLEX double-barreled
creeping motion pump, 1-7013/D A/D transducer,
Melter-Toledo electric balance and refrigeration.

The membrane module which was the key of
DCMD was made from Perspex (polymerized
methylmethacrylate) with a flow channel 40 mm
wide, 100 mm long, and 2.5 mm high. The effec-
tive membrane area was 0.004 m?. In all experi-
ments the membrane module was placed in the
horizontal position. Pure water was used as the
cold liquid. Pure water and high concentration
NaCl solution was used as the feed, respectively.
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Table 1

Information of the membranes and spacers employed in experiments

Membrane Name Material Producer Pore size, um  Heat conduction Thickness, Porosity
coefficient, W-m "K' pm
GVSP PVDF Millipore 0.22 0.14 120 0.75
GVHP PVDF Millipore 0.20 0.14 125 0.80
Spacer hSpX103, m dx 103, m [,X 103, m Porosity, & Svsps m’ dyx 103, m Angle, 0
1.15 0.55 2.8 0.852 7273 1.21 90
temperatures were regressed numerically. For our
— experiments, A =4.05x10", x=3.5,y=145,z=
) 0.56.
5
4. Results and discussion
DCMD mechanism for pure water and dilute
) solution has been intensively studied by many re-
o - searchers [3,8]. In this paper, we focused on study

Fig. 3. Experimental flow chart (1 hot water bath, 2 com-
puter, 3 A/D transducer, 4 flowmeter, 5 pump, 6 electric
balance, 7 tank for permeate, 8 cold water bath, 9 flow
meter).

The membrane structure parameters are listed in
Table 1.

The feed solution was heated and maintained
at the required temperatures in a constant temp-
erature heater. The pump produced the same flow
rates for both the feed and the permeate flows.
After a long period of running, membrane maybe
was fouled, which would affect the flux and rejec-
tion. Therefore, the membrane was used under
10 h for experiments, the membrane fouling resist-
ance R f(t) could be ignored.

The parameters of Eq. (16), 4, x, y and z, are
determined by experiments. We changed one
factor and fixed other factors for DCMD experi-
ments with PVDF membranes. Then the relations
of concentration polarization resistance and con-
centrations of NaCl solutions, flow rates and feed

of DCMD mechanism for high concentration
NaCl solution. To contrast with that, the model
was first tested in pure water experiments. In
Figs. 4 and 5, fluxes are shown with respect to
the bulk temperature for pure water at the same
operational condition for GVHP and GVSP mem-
branes, respectively. In these cases, concentration
polarization resistance and membrane-fouling
resistance could be ignored for a short runtime.
The model-predicted mass flux is close to the
measured mass fluxes. The differences between
the calculated and measured mass fluxes vary less
than 5%.

The flux increases slightly when the recircu-
lation rate increases for NaCl solution (Figs. 6,
7). The intention of using the higher re-circulation
rate was to increase the heat transfer coefficient
and thus reduce the effect of temperature polariza-
tion and concentration polarization. This means
that the temperatures at the membrane surface
approximate more closely that of the bulk streams,
and thus the transmembrane temperature dif-
ference is larger. This produces a larger driving
force and consequently enhances the flux. The
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Fig. 4. Flux vs. feed temperature for
pure water experiment, GVSP, flow
rate: 0.145 m/s, Tp: 19.7°C.

Fig. 5. Flux vs. feed temperature for
pure water experiment, GVHP, flow
rate: 0.145 m/s, Tp: 19.7°C.

Fig. 6. Effect of flow rate on flux,
GVHP, concentration of NaCl: 17.76%,
flow rate: 0.145 m/s, Tp: 20.5°C, T/]:
43.2°C, 7_’/2: 68°C.
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effect of feed flow rate on water flux is less than
that of the feed temperature.

Fig. 8 shows the relationship between the flux
and the feed bulk temperature for NaCl solution.
In this experiment, flow rates, concentrations of
NaCl solution and the permeate temperatures were
0.145 m/s, 17.76% and 20.5°C, respectively.
These experiments were conducted with a GVHP
membrane and a shorter runtime. An increase in
flux was observed when the feed temperature was
raised from 40°C to 80°C. This can be attributed
to several factors: increase of vapor pressure due

to the feed temperature, reduction of concentration
polarization resistance and increase of temperature
polarization. The results from this figure show the
relation of the concentration polarization resist-
ance and the feed temperature. Similarly, Fig. 9
shows water fluxes measured at different the
permeate temperatures, when flow rates, concen-
trations of NaCl solution and the permeate tempe-
ratures were 0.145 m/s, 17.76% and 66°C, res-
pectively. The water flux increased slightly as the
permeate temperatures decreased. For GVSP
membrane, the same rule applies (see Figs. 10, 11).

0.01
¢ measured
0.008 — theoretical
N'\E 0.006
en
=
£ 0.004
= Fig. 10. Effect of feed temperature on
flux, GVSP, concentration of NaCl:
0.002 | 24.68%, flow rate: 0.145 m/s, Tp:
20.5°C.
0
35 45 55 65 75
Feed temperature [°C]
0.01
¢ measured
— theoretical
— 0.009 | .
= Y‘
ey
o
>
=
= 0.008
0.007 Fig. 11. Effect of permeate temperatur
’ 5 0 s 20 on flux, GVSP, concentration of NaCl:
24.68%, flow rate: 0.145 m/s, Tp:

Permeate temperature [°C]

68.6°C.
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For high concentration NaCl solution, water
fluxes vary with the feed concentration according
to inverse “S” shape (see Figs.12, 13), this is the
most important difference between high con-
centration NaCl solution and dilute NaCl solution.
It is clearly seen that the variation of flux with
time can be divided into three states: sub-steady,
pre-steady and steady states. In the sub-steady
state, the flux drops slightly with time. After
reaching pre-steady state, the flux begins to
decline significantly for 30 min until it reaches
the steady state. For different operation conditions,
the steady state fluxes are different, such as

1.33x10° kg/m?%s for Fig. 12, 5.8x10* kg/m?/s
for Fig. 13. And we found that the concentration
of the starting point of pre-steady state was about
26% for our experiments. When the NaCl solution
is saturated, the water flux reaches the steady state.
However, in the high concentration NaCl solution
DCMD experiments, it is difficult to predict the
water flux by using any existing models, such as
Knudsen diffusion model, molecular diffusion
model and Poiseuille flow model. The differences
between the calculated and measured mass fluxes
varied less than 10% for sub-steady state; while
for pre-steady state and steady state, the dif-
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Q
2
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S 0.009 | g
i 1155
= =S
E 0.006 [ . . 2
s} ] 0
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%o ® o ®rw ; i
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0 100 200 300 400 500 600 ? ’
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0.008 30
(M m
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don 125
o
0.006 gguem =, 6
& o
- . 120 8
2 0.005 - B
g =3
2 0004 t . 115 2
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- h u' 1f11lx K R
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P

Time [min]

20.6°C.
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ferences are rather large. The reasons are as
follows.

When the concentration of NaCl solution is
far from saturation, the mass transfer coefficient
is calculated with bulk solution data. While con-
centration of NaCl solution is about 26%, the
membrane surface concentration has reached
saturation. Therefore the solution of the boundary
layer differs greatly from the bulk solution such
that the concentration polarization resistance and
membrane fouling resistance increase sharply. In
the experiments, we could find any crystal on the
membrane surface (Fig. 14). For analyzing mem-
brane fouling resistance (Fig. 12), stir firstly was
stopped when runtime was 405 min. Immediately
a large amount of crystals formed on the interface
of'the feed and air on the hot tank wall while fluxes
went up simultaneously. When runtime was
480 min, 500 ml pure water was injected into the
hot tank. But no flux change was observed. Taking
out the membrane, we found that the membrane
had been fouled severely. This indicates that
membrane-fouling resistance is the major factor
at steady state.

el

2 = - | -
-—-—-...'..,:-Ln_. e e, Sk e s kit o ]

(a) brand-new membrane

Fig. 14. SEM of new membrane and used membrane.

5. Conclusions

A model was set up by DCMD experiments
for high concentration NaCl solution. The dif-
ference of the calculated and measured mass flux
was less than 10%. For high concentration NaCl
solution, Water fluxes were observed to increase
with increase of feed temperature and flow rate
and decrease of permeate temperature and concen-
tration of NaCl solution. When concentration of
NaCl solution was close to saturation, water fluxes
began to decrease sharply. After the concentration
of NaCl solution was saturated, water fluxes
approached a steady state gradually. Variation of
membrane-fouling resistance accounts for the
observation above. So for high concentration salt
solution DCMD experiments, membrane fouling
must be regarded highly.
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Symbols

d, — Hydraulic radius, m

h — Convective heat transfer coefficient,
W.m—Z.K—l

AH — Latent heat of water, J-kg!

k — Heat conduction coefficient, W-m™-K-!

k, — Mass transfer coefficient, m s

M — Molecular weight, g mol!

N — Mass flux across membrane, kg'm s

Nu — Nusselt number

p° — Vapor pressure, Pa

Pr  — Prandtl number

Q  — Heat flux, W-m?

r — Radius of the membrane pore size, m

Re — Reynolds number

Sc¢  — Schmidt number

Sh  — Sherwood number

T — Temperature, K

Greek

o — Membrane thickness, m

€ — Porosity

u — Viscosity, Pa‘s

p — Solution density, kg m™

T — Membrane tortuosity

Subscripts

f — The bulk of the feed

fm  — Membrane surface of the feed

p — The bulk of the permeate

pm  — Membrane surface of the permeate
m — Membrane

W — Water

A — Air

av  — Average
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