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Direct Contact Membrane Distillation of Sugar
Aqueous Solutions
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FACULTAD DE CIENCIAS FISICAS

UNIVERSIDAD COMPLUTENSE

28040 MADRID, SPAIN

ABSTRACT

Results are given from direct contact membrane distillation, using tangential flows
to the membrane, with sugar aqueous solutions. Several effects on the distillation pro-
cess are examined: flow rate through the cell, nature of the feed solutions, initial con-
centrations of the feed solutions, average temperature, and temperature difference. On
the basis of enthalpy flux conservation in the different regions, various systems of
equations are proposed for the estimation of the interfacial temperatures. Based on the
known temperatures of the liquid—vapor interfaces, the experimental distillate fluxes
for several sets are fitted to the gas stagnant film diffusion model to obtain the effec-
tive diffusion coefficients of the water vapor—air mixtubg;, and the results are an-
alyzed.

Key Words. Membrane distillation; Porous hydrophobic mem-
brane; Direct contact; Temperature polarization; Gas stagnant film
diffusion model

INTRODUCTION

Membrane distillation (MD) is a process of separation through hydropho-
bic porous membranes driven by a temperature difference. In direct contact
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membrane distillation (DCMD), the subject of this paper, hot temperature
aqueous solution (feed) is brought into contact with one side of the membrane
and cold distilled water (permeate) into contact with the other, so that the wa-
ter vapor pressure is different at each side of the membrane. This pressure dif-
ference drives the water vapor through the membrane pores, and then the va-
por condenses in contact with the distilled water on the other side. This
process is commercially interesting in widely different fields: desalination,
separation of volatile and nonvolatile solutes, and the concentration of liquid
foods such as milk, fruit juices, etc. It offers the advantage of working at at-
mospheric pressure and room temperature, and the possibility of using
geothermal, wave, or solar energy, or low temperature gradients available in
industrial plants.

The hydrophobic nature of the membrane prevents the penetration of liquid
water into the pores unless a higher pressure than the so-called liquid entry
pressure of water (LEPw) is applied. Liquid vapor menisci are formed at the
pore entrances, and these menisci act as liquid—vapor interfaces. The main re-
qguirement in this process is that the membrane should not be wetted, thus the
pores must be small enough to prevent liquid penetration through the mem-
brane under MD operating conditions. Their typical pore sizes must range
from 100 A to 1um, the surface tension of the liquid must be high, and the
surface energy of the membrane must be low.

Most published studies have dealt with the effect of various parameters on
the transport phenomenon: the applied temperature difference, the average
temperature, the temperature polarization in the different systems, and the
flow rate through the cell. In the case of solutions other than pure liquids, other
parameters have been studied, such as the concentration difference, the aver-
age concentration, etc. (1-4). This paper presents a systematic study of the ef-
fect on membrane distillation, using tangential flows to the membrane, of the
following parameters: the flow rate through the cell, the nature of the feed so-
lution, the initial concentration of the feed, the average temperature, and the
temperature difference. Equations have been developed to estimate the lig-
uid—vapor interface temperatures. The experimental distillate fluxes are fitted
to the equation of the gas stagnant film diffusion model.

THEORY

Temperature Polarization Models

Temperatures measured in bulk solutions in contact with a membrane are
not the same as those in the liquid—vapor interface which are not accessible ex-
perimentally. A method had to be found to estimate these from the measurable
bulk temperatures. This was done from enthalpy flux conservation.

MaRcEL DEKKER, INC. ﬂ
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The total enthalpy flux is made up of the conduction heat flux and the en-
thalpy flux due to diffusion (5). Thus, by solving the implied second-order dif-
ferential equation which satisfies the conditidis T, fory = 0, andT = T,
fory = y,, the temperature profile in this case is:

-1

=T, +
T T opChyaN

(exp[Coy/K — 1) (1)

wherek is the thermal conductivityT is the temperature, is the variable
along which the enthalpy is transferred, &l = Nc,, with N the mass flux
density andt, the specific heat at constant pressure. The following function is
often called the “Ackermann correction” for mass transfer (5):
Coy1
k
exp[Coy:/Kl — 1

If the heat flux by conduction is obtained from Eq. (1)yfer O, then by a
second-order approximation and adding the enthalpy flux accompanying mass
transfer, the total enthalpy flux assumes a simple form in that limit (6):

II\IiEnO gH -1 = hl (Tl — T2) + NCp (% (Tl + T2) - To) (2)

whereh; is the heat transfer coefficient which may be writtekAs, To is

the reference temperature, and the other quantities have already been defined.
The enthalpy flux in the other regions can be calculated in the same way

(Fig. 1) by considering the phase transition enthalpies where ever they occur.

Thus the following equations are obtained:

T, +T
hi (T1 — T2) + NG (% - To)

=N [CpL (T2 — To)+ AHy (T2) + %va (Ts — Tz)] + % (T2 —T3)
(3)
hl (Tl — T2) + NCpL (Tl —; T2 — To)

T3+ T
=hy (Ts — Ta)+ NCpL( 32 4_To)

whereh; andh, are the heat transfer coefficients from the feed bulk solution

to the membrane surface and from the other membrane surface to the bulk so-
lution on the distillation side, respectivelly;, T,, T3, andT, are the tempera-

tures in the feed bulk solution, at the hot surface of the membrane, on the other
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Membrane

Cold distillate

m

—

Hot solution

FIG. 1 Temperature profile in membrane distillation.

membrane surface, and in the cold bulk solution, respect@glyndC,, are

the specific heats at constant pressure of the distillate in the liquid and in the
gas phases, respectively{kg/n?-s) is the mass flux densitxH,(T>) is the

water evaporation enthalpy at temperaflyged is the membrane thickness;
andk, is the thermal conductivity of the membrane, which may be expressed
as

Km = Skgas+ (1 — &)Kkmatrix (4)

wheree is the void volume fraction, ardasandkmawix are the thermal con-
ductivities of the gases in the pores and of the membrane matrix, respectively.
By using Eqgs. (3) together with the known heat transfer coefficients, the

temperatures in the liquid—vapor interfaces of the membrane can be estimated.

Under our experimental conditions and in the most unfavorable case, the
terms ofNG,AT are, at most, of the order of 7% of the tefdadH, andhAT,
so they can be considered negligible compared with the other terms. There-
fore, Egs. (3) may be written

hi (T — T2) = NAH, + % (To — Ty)

()
hy (T1 — T2) = hy (Tas — Ty)

The temperatures calculated with Egs. (3) and Egs. (5) differ very little under
our experimental conditions.

MaRcEL DEKKER, INC.
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From the last two equations we get

AT, — NAhHV
AThn=T, — T = K (6)
1+ —
oh
whereAT, = T, — T,and
1_1 1
hh h (7)

The temperature polarization coefficientjs the fraction of the total ther-
mal driving force ATy, used to generate the mass transfer driving far€g,
Ideally, the temperature polarization coefficient should be close to unity. It is
defined as follows:

ATy, To—Ts

AIm _ T b, ®)

Mass Transfer Equations

Mass transfer is driven by the vapor pressure difference of the solution on
either side of the membrane. The mass flux dehsityay be written as

N = C (Pw2 — Pua) 9)

whereC is a mass transfer coefficient for the system, whose form depends on
the model used to describe the transport mechanism (7, 8). Resistance to mass
transfer comes from both the membrane structure and the possible presence of
air trapped inside the membrane pores. Resistance due to the membrane struc-
ture (in the absence of air) may be described by the Knudsen diffusion model,
by surface diffusion, and/or by the Poisseuille flux model. Resistance due to
air trapped inside the membrane may be described by the gas stagnant film dif-
fusion model and by the thermal diffusion model.

As the interfacial pressures cannot be directly measured, they must be ex-
pressed as a function of temperature. If we restrict the study to dilute solutions
(assuming that the pressure on the feed side of the membrane is equal to the
saturation pressure of pure water at the temperature of the membrane surface;
in any case, an estimation of the difference in pressures when the correction
due to the presence of a solute is considered is at most of the order of 3%), to
small ranges of temperature (because in the Taylor expanski®, ahyAT
terms of second order and higher are considered negligible), and if we use the

MAaRrcEeL DEkkER, INc. ﬂ
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Clausius—Clapeyron equation faiR(,/dT),, substitution from Eg. (6) into
Eq. (9) gives

AT, 1 Km 1 1
—NAHV_E(“ﬁ)(AH (dP’JV) )*F (10)

where Py, is the water vapor equilibrium pressure, at®f,/dT must be
evaluated at the mean temperature betw&gmnd Ts. This equation,
formerly obtained by Schofield et al. (9), may be used for analysis of the
experimental results. Therefore, a graph aff,/NAH, plotted
against 1AH,(dP},/dT),, should yield a straight line with a slope equal

to (1/C)(1 + kn/dh) and an intercept i/ assuming that the thermal
conductivity and thickness of the membrane can be estimated. The
hi (i = 1, 2) coefficients are known by assuming that the Nusselt number is
given by the empirical correlation due to Sieder and Tate for dimensionless
numbers (10):

hD D 1/3(u)0.14
Nu=——= 1.86( RePr— — 11
u K ( e rL> e (11)

where Nu, Re, and Pr are the Nusselt, Reynolds, and Prandt numbers, respec-
tively; D is the equivalent diameter of the flow channel (ki3 the thermal
conductivity;L is the tube length; and is the viscosity. In Eqg. (11) the fluid
properties are evaluated at the bulk solution temperature except for the quan-
tity ws, which is the dynamic viscosity and is evaluated at the temperature of
the channel surface.

Equation (11) is an empirical correlation for short tubes and forced convec-
tion, i.e., for tubes shorter than the thermal and velocity entry lengths in lam-
inar flow (combined entry length). This correlation has been recommended for
values of (RePrL/D)Y (w/we)®1* =2, uniformT, and 0.48< Pr < 16,700,
0.044< (/) < 9.75.

Under our experimental conditions the above criteria are satisfied, so EqQ.

(11) is suitable using the hydraulic diameter for our duct, at least to a first ap-
proximation.
From the definition ofh in Eq. (7), the following equation is obtained:
1_1(;, M
ho hy (1 + hz) (12)

sinceh in this expression is known from the fit to Eq. (10), and by estimating
h,/h, (assuming that both are given by the correlation in Eq. 11), it is possible
to estimateh,, h,, and the constant of proportionality in Eq. (11) for our

MAaRrcEeL DEkkER, INc. ﬂ
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experimental device. In our device the cells are not symmetrical (see
Experimental Section), and the linear velocity through the cell on the cold side
Is different from that on the warm side, lIsoandh, cannot be assumed to be
equal.

Similarly, the following empirical correlation was given by McAdams (12)
as suitable in laminar flow for fully developed hydrodynamic conditions
(parabolic velocity profile) and for values \fc,/KL > 10:

hD _ 1.75(

ch 1/3
e =175

kL (13)
whereW s the mass flowg, is the specific heat at constant pressure, and the
other quantities have been defined. This correlation is not suitable for our use
because the parabolic velocity profile has not been determined. However, it
can be used for comparison with the Sieder and Tate correlation. As in the pre-
vious case, the constant of proportionality in this correlation can also be de-
termined for our device from Eq. (12).

Gas Stagnant Film Diffusion Model

Once the temperatures at the liquid—vapor interfaces are known, it is possi-
ble to calculate the theoretical fluxes by using the gas stagnant film diffusion
model (13). Udriot (14), who compared values of @heoefficient obtained
for membranes of the same material but with different pore sizes, found that
the values were practically the same for all the membranes. This suggests that
vapor transfer through a membrane is by ordinary or continuous diffusion,
since this is the only mechanism in which, theoreticélli, not dependent on
pore size. In this model the molar flux density through the membrane may be
written as

N = PD¢s | 1— Xa3 _ PDe¢e In P — Pas
m RT 0 RT 0 P — Paz

whereN,, is the molar flux densityP is the total pressur® is the gas con-
stant;T, is the average thermodynamic temperatdiisethe membrane thick-
ness;Xa2, Xaz, Pa2, andPaz are the water vapor mole fractions and partial
pressures at the first and second ends of the pore, respectively;@the
effective diffusion coefficient, defined as

1-— Xa2 (14)

DABS
Det = X

whereD g is the diffusion coefficient of the water vapor—air mixtures the
void volume fraction, ang is the membrane tortuosity factor.

(15)
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EXPERIMENTAL

The experimental setup in a vertical configuration is shown in Fig. 2. The
solutions were contained in two controlled temperature double-wall reser-
voirs. These solutions were circulated by two variable flow peristaltic pumps.
Two flowmeters were used for continuous recording of the flow rate through
the cell. A digital pressure gauge registered the pressure at the feed entry into
the cell. Heat exchangers between the thermostats and the reservoirs improved
the temperature control. Temperatures were measured in the cell, in the frame,
and in the cooling plates using Pt-100 thermometers.

The feeds were aqueous solutions of sucrose, glucose, or fructose. Distilled
water was used on the cold side except where another indication is given. The
membranes were made of 0426 PTFE with PP support (PTS20) (supplied
by Gore), and of 0.4pm PVDF (PV45) (supplied by Millipore).

Experiments were made using direct contact membrane distillation with the
cell placed upright, as in Fig. 2, with two membranes at either side of the
frame, as well as with the cell placed horizontally and with a single membrane.
Two different cells were used for measurements in the vertical configuration

Feed p
ermeate
Concentrate
Y :
yho v Cold |
thermostat ”, ¢ thermostat
[;’— >, s 4 Flow
— meter “'2‘3 S—
A 1 Cell Thermometer \
A Oeinte | o V
Pressure Y
Pump gauge
Exch . Flow
xenange meter ~ Fump
|
Exchanger

FIG. 2 Schematic representation of membrane distillation apparatus at vertical configura-
tion. Membrane dimensions: length11.958x 102 m and width= 5.964x 10~2m. Two
membranes.

MAaRrcEeL DEkkER, INc. ﬂ
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with two membranes in parallel, one made of brass and the other of stainless
steel. A third cell, a Minitan-S tangential flow filtration (TFF) system from
Millipore, was used in the horizontal configuration. In the latter case, only one
membrane was employed. The flow through the cell was always tangential to
the membrane, and the flow through the membrane was determined from the
temporal evolution of the liquid level in the reservoirs. The cell dimensions
were approximately (1% 7) X 1072 m. In the case of the stainless steel and
brass cells, the thicknesses of both feed cell frames were 0072 m, and

the thicknesses of permeate cell frames at the cold side wexelD1% m in

the case of the stainless steel cell aridx 103 m in the case of the brass
cell.

In our work conditions the flow rate through the feed zone was twice the
flow rate through each permeate zone (see Fig. 2). In addition, the liquid thick-
nesses on both sides of the membranes were different (so the cross sections
were different and the linear velocities on both sides were also different).
Therefore the cells were not physically symmetrical.

RESULTS AND DISCUSSION

Membrane Properties
Membrane Void VVolume Fraction

The method used to estimate the void volume fraction is described in Ref.
15. It can be measured by making use of a pycnometer, a balance, isopropyl
alcohol (IPA), and water. In this method use is made of the fact that IPA pen-
etrates into the pores of the membrane and water does not penetrate into the
pores of the membrane.

The void volume fraction may be estimated from the polymer material den-
sity and the membrane density by the following equation:

g=1—-Pm (16)
Ppol

Thee values obtained experimentally together with their standard errors are

shown in Table 1 for each type of membrane.

TABLE 1
Void Volume Fractiong), Thicknessg), Liquid Entry Pressure of Water (LER and
Thermal Conductivityk,) for the Membranes Used

Copyright © Marcel Dekker, Inc. All rights reserved.

Membrane € S (wm) LER,, (bar) K (W/m-K)
PVv45 66 ¢ 2) 116 ¢ 9) 1.10 ¢ 0.04) 0.040+ 0.009
PTS20 44 £ 6) 184 (+ 8) 4.63 (- 0.01) 0.043+ 0.007
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Membrane Thickness

The membrane thickness was measured with a micrometer, Millitron-Com-
pact Measuring Instrument, Model 1202 IC; the accuracy varied depending on
the scale chosen. In order to avoid membrane deformation due to the pressure
exerted by the probe, a razor was set over the membrane. The razor thickness
was measured and subtracted from the total thickness to determine the mem-
brane thickness. Measurements were made at many points on the membrane
surface.

Thed values obtained and their standards errors are shown in Table 1.

Liquid Entry Pressure of Water (LEP )

The liquid entry pressure of water is the pressure that must be applied to
pure water before it will penetrate into a nonwetted (dry) membrane. The fol-
lowing procedure, described in Ref. 16, was used for the determination of the
LEPw. The apparatus for this measurement is shown in Fig. 3. The membrane
was set on a holder. The pressure exerted on the membrane was slowly in-
creased until a continuous flow in the capillary was achieved. At that moment
the pressure value was read, and that value was used as thelbhHRble 1
the LERy values are shown together with their standard deviations.

Thermal Conductivity

Thermal conductivity of membranes was measured by making use of a
modification of the Lees method as described in Ref. 16. The results obtained
together with their errors are shown in Table 1.

Manometer

I

Air Cell

. Measurement

cylinder capillary

FIG. 3 Schematic representation of the apparatus for the determination of the liquid entry
pressure.
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Solution Properties

Viscosity of Aqueous Sucrose Solutions

Viscosity measurements were made using a Lauda Viscotimer S/2 and a
DMA 55 densimeter. Sucrose aqueous solutions with different concentrations
were prepared. The densimeter was calibrated at 20°C. In the beginning the
operating temperature was chosen, then the density was measured and the
sample was put into the viscometer. It was necessary to delay measuring the
viscosity until the system was thermostable, and the apparatus gave us the
time involved. From the timé*), the solution densityp(, and the calibration
constants, the viscosity] was calculated using the following equation:

pt*

= A2 — B (17)

in whichA andB are the calibration constants. Later the operating temperature
was changed to 25, 35, 45, and 52°C. Figure 4 shows the dependence of the
viscosity with concentration for the different temperatures, and their values at
20°C (17).

The viscosity was fitted versus the concentration by means of the equation

W = aexp(—Bc) (18)

wherec is the concentration expressed in weight percent of solutey and

B are the fit coefficients. In all cases the correlation coefficient was greater
than 0.99 for four measuring points. The fit coefficients with their standard er-
rors are shown in Table 2. It can be seen from Fig. 4 and Table 2 that the vis-
cosity increases exponentially with the solute concentration and decreases
with the temperature.

Density of Aqueous Sugar Solutions

Solution density was measured with a DMA 58 densimeter which allowed
us to know the density to five decimal figures. The densimeter was calibrated
at 20°C using two standards supplied by the manufacturer, A. Paar. One of

All rights reserved.

TABLE 2
Estimates of the Regression Parameters (together with their standard errors) of the Viscosity Fit to

C.

an Exponential Function of the Concentration (Eq. 18), for Different Temperatures of Sucrose i
Aqueous Solutions =

[a)

Coefficient t = 25°C t = 35°C t = 45°C t = 52°C :
®)

a (103 kg/m-s) 0.45 (- 0.10) 0.39 ¢ 0.09) 0.37 = 0.06) 0.35 {= 0.05) f
B 0.061 (= 0.006) 0.057< 0.005) 0.051 0.004) 0.048¢= 0.004) g
@)
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8
O Viscosity at52°C .
] O  Viecosity at45°¢C
6 A Viscosity at35°C
O  Viscosity at25°C
__ o Viscosity at20° C
4 —
2 —
0 I | f l I ! f
10 20 30 40 50
¢ (% weight)

FIG. 4 Dependence of the viscosity with the concentration of sucrose aqueous solutions at
different temperatures. The solid lines are the fits to Eq. (18).

them was tetrachloroethylene with= 1.623 g/cm at 20°C and a 5-50°C
temperature range, and the other was a lubricating oil (hominal 30 cSt at 40°C)
with p = 0.874 g/cri at 15°C and the same temperature range. Glucose, fruc-
tose, and sucrose aqueous solutions were prepared and their densities were
measured. The operating temperature was successively changed to 30, 40, and
50°C, and all the calibration process procedures were repeated. Figure 5
shows the dependence of the density on the concentration (expressed in
weight percent of solute) at each temperature for sucrose solutions. The de-
pendence was very similar with the other solutions; in all cases it was linear
with the concentration and the correlation coefficient was greater than 0.99 for

MAaRrcEeL DEkkER, INc. ﬂ
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1.00
i

0.95
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1.05 —

Sucrose aqueous solutions

o | g

=20°C
t=30°C
t=40°C
=50°C

> O<C 0

' I ‘ I ' |
0 10 20 30
¢ (% weight)

FIG. 5 Density as a function of the sucrose aqueous solutions concentration at different

temperatures.

twelve measuring points. It was observed that in all cases the density de-
creases when the temperature increases.

The effects of different parameters on the mass flow results are as follows.

Experimental Results and Discussion

Flow Rate through the Cell

Tests were made at different flow rates through the upright stainless steel
cell and two membranes (0.20n PTFE with PP support). The tests lasted
about 8 hours and the distillate flow was approximately constant. The plot in
Fig. 6 shows the linear increase of the distillate volume flow with the flow rate
through the cell which is because the effects of concentration and temperature ¢
polarizations decrease when the flow rate through the cell increases. The solid £

line is the best linear fit of the data.
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160

140 —

120 —

Distillate volume flow (mi/h)
|

60 ; | T | T | T

0 20 40 60 80
Flow rate through the cell (I/h)

FIG. 6 Distillate volume flow versus feed flow rate through the cell. PTS20 membranes. Feed
initial concentration of sucrose: 150 g/L. Stainless steel tfell47.5°Ct. = 22.5°C. The solid
line is the linear fit of the experimental data.

Nature of the Feed Solution

Experiments were made with aqueous solutions of sucrose, glucose, and
fructose, using the Minitan-S TFF system in the horizontal configuration at
the maximum speed of the peristaltic pumps (flow rate through the &8l
L/h). The results were practically identical, as shown in Fig. 7, which shows
the temporal evolution overlapping of the feed solution refractive indices. Itis
observed that the feed concentration rate (curve slope) increases quickly with
the time.

Initial Concentration of the Feed Solution

Tests were carried out with different initial concentrations of the
aqueous sucrose solution using the upright stainless steel cell. The
experimental distillate volumes have been fitted to a quadratic function
of time in Fig. 8. The quadratic form is more marked as the feed initial
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FIG. 7 Feed refractive index versus time for aqueous solutions of glucose, sucrose, and fruc-
tose. Feed initial concentration: 150 g/L. Flow rate through the cell tangential to the membrane:
66 L/h. PV45 membrane. Minitan-S system in horizontal positjon,22.5°C,t. = 9.5°C.

concentration increases. As a consequence, the distillate flows calculated
from V(t*) are linear with time during the experimental period, increasing,
for each time value, as the initial concentration decreases. Figure 9 shows
the linear decrease of the average distillate flow with the initial
concentration of the feed solution. This result is to be expected because
of the decrease of the water vapor pressure due to the greater presence of
solute.

The feed concentration temporal evolution has been fitted to a
guadratic function in Fig. 10. The slope of the concentration as a function
of time, dd/dt*, shows a linear dependence. In the initial time its value
increases as the feed initial concentration increases. For initial concentrations
of 75, 150, 225, 300, and 375 ¢g/L the slope of the straight line
dddt* = a + bt* is positive whereas for an initial concentration of 450 g/L
it is negative. Larger values afic/dt* are obtained for 225 g/L than for
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FIG. 8 Temporal evolution of the distillate volume for different initial concentrations.

PTS20 membranes. Aqueous solutions of glucose. Flow rate through the cell: 46.5 L/h. Stain-

less steel celky = 47.5°C,t. = 22.5°C. The solid line is the fit of the experimental data to a
guadratic function.

150 g/L, and for 150 g/L greater than for 75 g/L for every time.
However, for initial concentrations greater than 225 g/L those straight lines
cross and therefore the former behavior is no longer valid.

In Fig. 10 the points corresponding to the same distillate volde(
which are equivalent to the same hot reservoir volume are shown. These

points are on quadratic functions whose form is accentuated as time increases.

It is clearly observed that the time necessary to obtain the same distillate vol-
ume increases when the initial concentration increases.

Changes of the concentration with tinde/dt*, corresponding to points of
the same distillate volume or which are equivalent of the same hot reservoir
volume show a maximum that is initially slightly lower than 375 g/L for a dis-
tillate volume of 150 mL and that is later displaced to lower initial concentra-
tion values, so that when the distillate volume is 350 mL, it is situated at a
slightly lower value than 300 g/L.
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FIG. 9 Distillate volume flow versus feed initial concentration. PTS20 membranes. Aqueous
solutions of glucose. Flow rate through the cell: 46.5 L/h. Stainless ste¢f eelly.5°C t. =
22.5°C. The solid line is the linear fit of the experimental data.

Temperature Differences and Mean Temperatures

In the first set of experiments, was varied while maintainin§T constant.
In the second s&T was varied while maintaining,, constant. PTS20 mem-
branes and two types of cells (upright stainless steel and brass) were used. Thez
feeds were sucrose aqueous soluti@s< 150 g/L). The experimental data
obtained were fitted to Eq. (10), which provided the coefficiaraadC as
presented in Table 3.

Then tests were run with PV45 membranes and with the upright brass cell.
The mean temperature was kept constant and the temperature difference was:
varied, which excluded any fit of the experimental data to Eq. (10) since the
independent variable remained constant.

Experiments with the Stainless Steel Cell and PTS20 Mem-
branes. In these experiments the mean temperature was kept constant and
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FIG. 10 Temporal evolution of the feed concentration (weight percent of solute). The dashed

lines are the quadratic curves of the points corresponding to the same distillate volume. PTS20

membranes. Aqueous solutions of glucose. Flow rate through the cell: 46.5 L/h. Stainless steel

cell,t; = 47.5°C,t. = 22.5°C. The solid lines are the fits of the experimental data to a quadratic
function.

the temperature difference was varied. Figure 11 shows the influence of these
externally applied differences on the distillate volume flow for each mean
temperature, which is seen to be a linear increaseAWitlan obvious result
because this is the driving force in the process. When the temperature differ-

TABLE 3
Fit Coefficients to Eq. (10). PTS20 Membranes. Measurements of Mass Flux Systematically
ChangingAT andT,,. Feed Initial Concentration: 150 g/L

Copyright © Marcel Dekker, Inc. All rights reserved.

1h (1 + kn/oh)/C c h

Cell (mP-K/W) (m?-s-Pa/kg) (kg/né-s-Pa) (W/nt-K)
Brass 1384 0.14)x 103  96(*09)x 16° 138 15)x 1077 720 (= 80)
Stainless steel ~ 1.98:(0.23)x 10°%  16.3 (- 1.1)X 10° 9.0 (- 0.6)x 107 510 (+ 60)
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FIG. 11 Influence oAty in the distillate volume flow for differeng,. Aqueous solutions of su-

crose, feed initial concentration: 150 g/L. PTS20 membranes. Stainless steel cell. Flow rate

through the cell: 47 L/h. The solid lines are the linear fits of the experimental data.

ence was kept constant, the dependence on the mean temperature was found
to be exponential. The initial feed concentration was 150 g/L and the flow rate
through the cell was 47 L/h. The experimental data were fitted to Eq. (10), and

from the global transfer coefficieht theh;, andh, coefficients and the pro-

portionality constant in Eq. (13) for our device, 3.4, were estimated, and from
these coefficients an estimation was made of the temperature profile using
Egs. (3). The experimental fluxes were then fitted to Eq. (14), which gave the

effective diffusion coefficientD.;, which was 0.203%0.010) X 10~ 4 m?/s.

By using Egs. (5) and (14) the effective diffusion coefficient was determined,;

its value, 0.202+0.010)x 10~ *m?s, was almost identical to the previously
found value. This proves that the terfg,AT can be considered negligible

compared with the other terms in Egs. (3). The correlation in Eq. (11), with the
proportionality constant for our device, 4.4, was also used to calculate the heat
transfer coefficients, and with Eqgs. (5) the temperatures and the temperature

MAaRrcEeL DEkkER, INc.
270 Madison Avenue, New York, New York 10016

Copyright © Marcel Dekker, Inc. All rights reserved.

)



11: 09 25 January 2011

Downl oaded At:

ORDER ||l REPRINTS

1792 IZQUIERDO-GIL, GARCIA-PAYO, AND FERNANDEZ-PINEDA

0.50 —

0.45 —

0.40 —

0.35 —

Temperature polarisation coefficient (z)

0.30 | [ ! l [ | | | T
15 20 25 30 35 40
Mean temperature (°C)

FIG. 12 Influence of mean temperature in the temperature polarization coefficient estimated

using the correlation in Eq. (11), constant of proportionality: 4.4 and Egs. (5). Stainless steel

cell. PTS20 membranes. Flow rate through the cell: 47 L/h. Aqueous solutions of sucrose,

feed initial concentration: 150 g/L. The solid line is the linear fit of the experimental data. The
dispersion in ordinates corresponds to different temperature differeXibes (

polarization coefficient were calculated. The latter is shown in Fig. 12 as a
function of the bulk solution average temperature. In this figure it can be seen
thatt decreases linearly with,,. The dispersion in ordinates corresponds to
different temperature differencesT). Finally, the experimental fluxes were
fitted to Eq. (14) and the results obtained are given in Table 4.

From the effective diffusion coefficient, the diffusion coefficient of the wa-
ter vapor—air mixtureD g, was calculated by using the experimental value of
the porosity and assuming= 1.5. OurDag Vvalues, given in Table 4, are
larger than those given in the literature (18), 0270 4 m?/s.

The correlation coefficients of the two fits to Eq. (14) (using Egs. 13 and 11,
respectively, together with Egs. 5 for the temperature profile) were, respec-
tively, 0.9967 and 0.9964 for sixteen points. The coefficiepgmdh,, shown
in Table 4, are seen to be practically the same in the two correlations, which
is also true for the effective diffusion coefficieblyr. The small differences
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TABLE 4
Heat Transfer Coefficients, andh,, Effective Diffusion CoefficienDeg;, and Diffusion Coefficient of

the MixtureDag, Together with Their Standard Errors, Obtained with the PTS20 Membranes, Using Egs.

(5) for the Temperature Profile and with the Stainless Steel Cell. Feed Initial Concentration: 150 g/L.

Flow Rate through the Cell: 47 L/h

Proportionality hy h, Des Dag
Correlation constant (W/BK) (W/m2K) (m?/s) (mP/s)
Eq. (11) 4.4 (this work) 1300 830 0.206 0.010)X 10  0.70 (- 0.10)X 104
Eq. (13) 3.4 (this work) 1400 800 0.202 0.010)x 104  0.69 (+ 0.10)x 10~*

between them are included within the experimental errors. In the case of the
correlation of Eq. (11) and the proportionality constant 4.4, the theoretical flux
densities were estimated by the gas stagnant film diffusion model and com-
pared in Fig. 13 with the experimental flux densities. Nearly all the points are
on the bisectrix of the first quadrant, which shows that the model reproduces
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FIG. 13 Experimental molar flux density versus theoretical molar flux density (Eq. 14). The
correlation of Eq. (11) with the proportionality constant 4.4 was used. PTS20 membranes.
Stainless steel cell.
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reasonably well the experimental fluxes, but with high valud3gf This

may be because the membrane is a composite of the polypropylene support
and the PTFE film, and therefore the definitions of the void volume fraction
and of the membrane tortuosity may not be very precise.

In Fig. 14 the molar flux density versus the interfacial water vapor pressure
difference is shown. In this case the correlations in Eq. (13) and Egs. (5) for
the temperature profile are used. These experimental data were also fitted to
Eqg. (9), withR?> = 0.9967 for sixteen points, which showed that under our
conditions of measurement the mass transfer coeffiCienpractically a con-
stant within the range of temperatures studied.

Experiments with the Brass Cell and PTS20 Membranes. Ex-
actly the same procedure was followed with the upright brass cell, but in this
case the temperature difference was fixed and the mean temperature was
changed from one experiment to another. That is to sAy, &t5°C the mean
temperature was varied from 20 to 35°CA&t= 10°C from 25 to 40°C; at
AT = 15°C from 25 to 40°C; and afT = 20°C from 30 to 45°C, in 5°C in-
tervals. The feed initial concentration was 150 g/L and the flow rate through

16

12 —

Molar flux density (10 2 mol/m 2's)
[«
I

0 1 I I T | T

0 1000 2000 3000 4000
AP ;(Pa)

FIG. 14 Molar flux density versus interfacial vapor pressure difference. The correlation of
Eqg. (13) was used. PTS20 membranes. Stainless steel cell.
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the cell was 44 L/h. The experimental data were fitted to Eq. (10) as shown in
Fig. 15, where the observed dispersion in ordinates corresponds to different
temperature differenceAT). The proportionality constanks andh, for our
system were obtained from the global heat transfer coefficieptusing the
correlations given by Egs. (11) and (13). From the heat transfer coefficients
and the other parameters sucl\bk, k., etc., an estimation was made of the
liquid—vapor interface temperatures using Egs. (5), and from these latter the
water vapor pressures were found. The experimental fluxes were fitted to Eq.
(14) of the gas stagnant film diffusion model. The results are shown in Table
5. In this case the coefficient varied considerably with the correlation used,
although the values d.; showed only a small change. An important point
here is that with the brass cell the thickness of water in the cold side was too
small to ensure a constant temperature. The correlation coeffi¢@nisere
0.9776 and 0.9740, respectively, for sixteen points, which shows that the fits
were good, although tH2,g values were high compared to literature values.
Experiments with the Brass Cell and PV45 Membranes. Exper-
Iments were also made with PV45 membranes and with the brass cell placed

45

40

35 —

AT,/ (N AH, J10™* K m? siJ)

20 ] T T ] I | T I i
5 10 15 20 25 30
1/aH, dP/T) (107"° kg K/J Pa)

FIG. 15 Fitof the data to Eq. (10). Aqueous solutions of sucrose, initial concentration: 150 g/L.
Flow rate through the cell: 44 L/h. PTS20 membranes. Brass cell.
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TABLE 5
Heat Transfer Coefficients, andh,, and Effective Diffusion Coefficierides, Together with
Its Standard Error, Obtained with the PTS20 Membranes, Using the Brass Cell. Feed Initial
Concentration: 150 g/L. Flow Rate through the Cell: 44 L/h.

Proportionality hy h, Det
Correlation constant (W/rK) (W/m?-K) (m?/s)
Eq. (11) 3 (this work) 860 4501 0.42(0.03)x 10~
Eq. (13) 2 (this work) 780 9400 0.43(0.03)x 10~

vertically at constant mean temperature, which excluded any fit of the exper-
imental data to Eq. (10). Aqueous sucrose solutions were circulated on both

sides of the membran€y; = 98.5 g/L andCo. = 313 g/L. The flow rate

through the cell was 47 L/h. Figure 16 shows the influence of the applied tem-

16

I

Distillate volume flux density (/m? h)
» (-]
| |

At,(°C)

FIG. 16 Influence of bulk temperature differenag,, on density of the distillate volume flux.
Sucrose aqueous solutions at both si@gs= 98.5 g/L,C,. = 313 g/L. Flow rate through the
cell: 47 L/h. PV45 membranes. Brass cgll= 32.2°C.
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FIG. 17 Hot and cold solutions refractive indices versus time. Sucrose aqueous solutions at
both sidesCys = 98.5 g/L,Coc = 313 g/L. Flow rate through the cell: 47 L/h. PV45 membranes.
Brass cellt; = 44.7°C,t. = 20.1°C

perature difference on the distillate flux density. The observed dependence is
clearly not linear. Figure 17 shows the temporal evolution of the refractive in-
dices of the two solutions for the case of the experiment with a lATgdn

this figure it is observed that the concentration rate at the feed side is greater
than the dilution rate at the cold side. Theandh, coefficients were calcu-

lated using Eq. (13) with its proportionality constant 1.75, and with that ob-
tained previously for the brass cell, 2, as well as using Eq. (11) with the con-
stant obtained for this cell (see Table 5), 3. Fromhihendh, heat transfer
coefficients and other parameters, an estimation was made of the liquid—vapor
interface temperatures using Egs. (5), and from these latter the interfacial wa-
ter vapor pressures. The experimental flux data were fitted to the gas stagnant
film diffusion model. The results obtained are shown in Table 6.h}kal-

ues are seen to vary considerably with the correlation used in each case. The
effective diffusion coefficientd)es, remain practically constant; their differ-
ences are included within the experimental errors. Here agaiDghealues

are higher than those tabulated.
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TABLE 6
Heat Transfer Coefficients, andh,, and Effective Diffusion Coefficierides, Together with
Its Standard Error, Obtained with the PV45 Membranes, Using the Bras€£ell98.5 g/L
andCy_= 313 g/L. Flow Rate through the Cell: 47 L/h

Proportionality hy h, Det
Correlation constant (W/rK) (W/m?-K) (m?/s)
Eq. (11) 3 (this work) 890 4,300 0.28(0.05)x 104
Eq. (13) 1.75 740 10,900 0.34(0.06)x 10°*
2 (this work) 840 12,300 0.2940.04)x 1074

CONCLUSIONS

The influence of several parameters on membrane distillation was investi-
gated and the following findings were made:

1. The distillate volume flow increases linearly with the flow rate through
the cell.

2. There is no difference between the results obtained in the temporal evo-
lution of the refractive indices using aqueous solutions of sucrose, glu-
cose, and fructose with the same initial concentration.

3. The average distillate volume flow decreases linearly with the feed initial
concentration. The experimental distillate volumes have been fitted to a
guadratic function of time, the concentration temporal evolution also has
been fitted to a quadratic function, and the changes of the concentration
with time corresponding to the points with the same distillate volume
show a maximum that is displaced to lower values of the initial concen-
tration when the distillate volume is increased.

4. Itwas found that at a fixed mean temperature the flow showed a linear de-
pendence with the temperature difference, and that for each temperature
difference the dependence of the flow with the mean temperature was ex-
ponential.

Several systems of equations are proposed, generalizing those in the litera-
ture, to estimate the interfacial temperatures in direct contact membrane dis-
tillation. Analysis of the data shows that the results obtained with Egs. (3) are
practically identical to those provided by the simpler Egs. (5). For this reason
the latter were employed in most cases. A linear fit of the experimental data
provides not only the coefficient of global heat trandfehut also that of
mass transfelC. In the range of temperatures investigated, this coefficient is
practically a constant.
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The gas stagnant film diffusion model reproduces the experimental data
reasonably well, but requires higher diffusion coefficient valDgg, than the
tabulated ones.

One of the main error source in an analysis of the results is the estimation
of the heat transfer coefficients because of their implications in the evaluations
of the evaporation and condensation temperatures. Also, some approxima-
tions were performed in obtaining Eq. (10); for example, khas approxi-
mately constant for each experiment, that terms of the KA T are negli-
gible compared to other terms, that terms of second order and higher are
negligible in the Taylor expansion AP in terms ofAT. So it is possible that
some of these approximations may influence on the determinatioanofC
coefficients and the results that follow.

SYMBOLS

A calibration constant (cffs?)

B calibration constant (cfh

c concentration (weight percent of solute)
C mass transfer coefficient (kgfrs:Pa)

Co initial concentration (g/L)

C% NG, (I/n?-s-K)

Co specific heat at constant pressure (kg
D tube diameter (m)

Dag diffusion coefficient of the mixture (f's)
Des effective diffusion coefficient (fis)

h film heat transfer coefficient (W/frK)
AH, evaporation enthalpy (J/kg)

Kk thermal conductivity (W/nK)

L tube length (m)

M molar mass (kg/mol)

N mass flux density (kg/fas)

N molar flux density (mol/rfts)

Nu Nusselt number (—)

AP pressure difference (Pa)

P total pressure (Pa)

PS pure water vapor pressure (Pa)

Pr Prandtl number (—)

Q-1 total enthalpy flux in the left side (J7rs)
R gas constant (J/md)

Re Reynolds number (—)

t* time (h)

t temperature (°C)
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T temperature (K)

Tm mean temperature (K)

AT temperature difference (K)
W mass flow (kg/s)

X mole fraction (—)

Yi fluid film thickness (m)
Greek Letters

« fit coefficient (kg/ms)

B fit coefficient

d membrane thickness (m)
€ membrane porosity (void volume fraction) (—)
X membrane tortuosity (—)
v viscosity (kg/ms)

p density (kg/m)

T temperature polarization coefficient (—)
Subscripts

1,2,3,4 defined in Fig. 1

Aw water vapor

b bulk

c cold

f feed

gas gas

i interfacial

I liquid

m membrane

matrix membrane matrix

pol polymer

0 reference

S surface

Y vapor
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