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CONCENTRATION OF NaCl SOLUTION BY
MEMBRANE DISTILLATION INTEGRATED

WITH CRYSTALLIZATION

Marek Gryta*

Technical University of Szczecin, Institute of Chemical and

Environment Engineering, ul. Pułaskiego 10,

70-322 Szczecin, Poland

ABSTRACT

Concentration of NaCl solutions by direct-contact membrane

distillation (DCMD) integrated with salt crystallization has been

studied. The salt crystallization was carried out in a batch mode or

continuously. The influence of process parameters (flow rates,

temperatures, and concentrations) on permeate flux has been

investigated. To evaluate the polarization phenomena, a simple

model was used. This model showed good agreement with the

experimental results. Two types of membrane distillation MD

capillary modules, with the membranes arranged in a form of

braided capillaries or helically wounded, were tested. The

membrane wettability during long-term testing was investigated.

A slow decline of the module efficiency was observed since the

membranes were partially wetted during the process. The MD
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process integrated with continuous crystallization yielded an

average NaCl production of 100 kg m22 d21.

Key Words: Membrane distillation; Salt crystallization; Capil-

lary module; Hydrophobic membrane; NaCl

INTRODUCTION

One of the noxious wastes produced by the industry comprises the dilute

solutions of salts, particularly NaCl. These solutions are difficult for the

treatment, therefore, they are frequently discharged into the environment. This is

a reason for environmental damage and an increase in the surface water

salinity.[1] The major sources of saline wastewater production comprise coal-

mines and power plants. The salt concentration in discharged wastewater is not

generally high, within the range 5–50 g dm23, thus a problem results from their

toxicity and huge amounts of wastes. It was estimated that more than 4:8 £ 109 kg

of salts (mainly NaCl) is annually discharged into the Vistula and Odra rivers

(Poland) solely from the mines.[2] Taking into consideration the impact of such

wastewater on the environment, the treatment restricted only to the concentration

is insufficient. Therefore, the obtained concentrate should be treated before the

disposal. One of the solutions may comprise the separation of salt in the solid

state, followed by its utilization as a raw material or safely disposed.

The separation of salt from aqueous solutions is carried out most frequently

using the thermal methods, such as multi-stage flash evaporation (MSF), multi-

effect distillation (MED), and vapor compression (VC).[1 – 3] Considering the

energy consumption, these processes are essentially used for the concentration of

brines. Reverse osmosis (RO) can be employed for a preliminary concentration of

saline wastewater, thus the cost of the thermal methods will be considerably

reduced and the range of their application can include the diluted solutions.[1 – 4]

However, the RO process requires the application of a sophisticated pre-

treatment due to the considerable problems associated with the fouling and

scaling. The applications of nanofiltration (NF) or a combine ultrafiltration/na-

nofiltration (UF/NF) system, to separate the divalent ions, allows limiting the

scaling phenomenon (mainly CaSO4) and the concentration factor in the RO

process can be enhanced.[2,4] The possibility of application of integrated

membrane systems to solve the problem of saline wastewater treatment is the

subject of ongoing studies.

One of the new methods used to concentrate the salt solutions is membrane

distillation (MD) process.[5 – 7] In this process, a hydrophobic membrane

GRYTA3536

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



separates a hot solution (feed) from a cold distillate, direct-contact membrane

distillation (DCMD). The volatile components evaporated from the feed are

transported across the pores of nonwetted membrane, and subsequently they are

condensed on the other side of the membrane. The experimental results

demonstrate a good perspective of MD application for the treatment of spent

metal pickling solutions,[8] and for a continuous production of ethanol in MD

membrane bioreactor.[9] The major advantage of the MD process is its capability

to concentrate the salt up to the supersaturated state, which allows the

crystallization of salt.[8,10,11]

The maintenance of the gas phase in the membrane pores is a principal

condition required to carry out the MD process. The utilization of the

membranes manufactured from polymers such as polytetrafluoroethylene,

poly(vinylidene fluoride) or polypropylene, with the pore diameter within the

range 0.1–1.0mm, permits to comply with the condition of being nonwetted in

the MD process by various aqueous solutions. However, a preparation of

supersaturated solutions by MD process can facilitate the wettability of the

membrane.[7] The selection of appropriate parameters to run the MD integrated

with the crystallization process in order to prevent the membrane wetting was

the major objective of this work.

THEORY

Heat and Mass Transfer

The separation mechanism in the MD process is based on the vapor/liquid

equilibrium of solution. In the case of a solution containing nonvolatile solutes,

e.g., NaCl, only water vapor flows through the membrane. Therefore, the MD

process can be used for the treatment of saline wastewater to convert it to pure

water and to the concentrate containing the components present in the mother

liqueur. The driving force for the mass transfer is the vapor pressure difference

across the membrane ðDp ¼ pF 2 pDÞ; caused by both the existing temperature

gradient ðDT ¼ T1 2 T2Þ and the composition of solutions (c1, cD) in the layers

adjacent to the membrane (Fig. 1).

The mass stream flowing through the membrane can be described by the

equation obtained from the general (Maxwell’s) diffusion equation:[12,13]

J ¼
1MDEP

xsRTm

ln
P 2 pD

P 2 pF

ð1Þ

where 1, x, s, Tm are the porosity, tortuosity, thickness, and the mean temperature

of the membrane, respectively, M, the molecular weight of water, R, the gas

DIRECT-CONTACT MEMBRANE DISTILLATION 3537

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



constant, P, the total pressure, DE, the effective diffusion coefficient of water

vapor through the membrane pores, and J is the water flux.

The temperatures of surface adjacent to the membrane can be calculated

from the following expression:[14]

T1 ¼
aFTFð1 2 e2Jcps=lmÞ þ Jcp

aF

aD
TF þ TD

� �
2 JHð1 2 e2Jcps=lmÞ

aFð1 2 e2Jcps=lmÞ þ Jcp 1 þ aF

aD

� � ð2Þ

T2 ¼
aDTDð1 2 e2Jcps=lmÞ þ Jcp

aD

aF
TD þ TF

� �
þ JHð1 2 e2Jcps=lmÞ

aDð1 2 e2Jcps=lm Þ þ Jcp 1 þ aD

aF

� � ð3Þ

where H ¼ f ðT2Þ is the vapor enthalpy, ai, the convective heat transfer

coefficients, cp, the vapor specific heat, and lm is the membrane thermal

conductivity. The ai coefficients can be estimated from the Nusselt number:

Nu ¼ adh=l; where dh is the hydraulic diameter and l is the solution thermal

conductivity.

The effect of salt concentration on the partial vapor pressure can be taken

into account by:

p ¼ p0ð1 2 xÞg ð4Þ

where x is the mole fraction of salt and g is the activity coefficient, for NaCl

solution given by:[15]

g ¼ 1 2 0:5x 2 10x2 ð5Þ

Figure 1. Model of DCMD process.
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The evaporation of water causes an increase in salt concentration at the

feed/membrane interface (concentration polarization phenomenon). According

to the film theory, the salt concentration in the bulk phase (cF), and at the

feed/membrane interface (c1) are related to the flux by:[16]

c1 ¼ cFexp
JV

kM

� �
ð6Þ

where kM is the mass transfer coefficient of salt in the feed. This equation is valid

when the total salt rejection is observed. It was generally obtained for separation

of NaCl solutions by MD,[5,11] and in this case that the assumption on the

distillate side flow distilled water is correct. The coefficient kM can be obtained

from the Chilton–Colburn analogy, which relates the mass transfer to the heat

transfer as:[17]

Sh Sc20:33 ¼ Nu Pr20:33 ð7Þ

where the Sherwood number is Sh ¼ kMdh=DS; the Schmidt number is Sc ¼

m=rDS; the Prandtl number is Pr ¼ cPSm=l; where DS is the salt diffusion

coefficient and m, r, cPS are the viscosity, the density, and the specific heat of

solution, respectively.

Nusselt number correlations development for the heat exchangers were

successfully used for heat transfer calculation in MD modules.[14] This number

can be given by the empirical correlation due to Sider and Tate for the

dimensionless numbers:[18]

Nu ¼ 1:86 Re Pr
dh

L

� �0:33
m

mW

� �0:14

ð8Þ

where the Reynolds number is Re ¼ vdhr=m; L is the module length and v is the

flow rate. Equation (8) is often used for the estimation of heat transfer coefficient

in MD module.[12,13,19] The calculations are based on the arithmetic mean of the

inlet and outlet temperature differences. Moreover, all the fluid properties are

evaluated at the mean bulk temperature of streams, except mW, which is evaluated

at the wall (membrane) temperature. This relationship is valid for the short tubes

and forced convection, i.e., for the membrane modules shorter than the thermal

and velocity entry lengths in laminar flow, Re Pr dh=L . 10:[18] If this term is

smaller than 10, then the Nu number can be estimated from the correlation:[20]

Nu ¼ 0:5 Re Pr
dh

L

� �
m

mW

� �0:14

ð9Þ
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For the transition region (2000 , Re , 10,000) the following correlation was

proposed by Hausen:[20]

Nu ¼ 0:116ðRe 0:66 2 125ÞPr 0:33 1 þ
dh

L

� �0:66
 !

m

mW

� �0:14

ð10Þ

The capillary modules with the membranes arranged in a form of braided

capillaries or helically wounded were found more efficient than that with parallel

arrangement.[21 – 24] The heat and mass transfer coefficients obtained in these

designs with the laminar flow were of the same order of magnitudes as turbulent

flow in straight ducts. Therefore, the correlations used for the estimation of Nu or

Sh numbers have the exponents in the range 0.4–1.0.[24] For module with

helically wound capillaries the following relationship can be used:

Nu ¼ 0:15Re 0:8Pr 0:33 ð11Þ

Membrane Wetting

During the operation of the MD process, a fraction of the membrane pores

becomes filled by the feed as a result of the feed/membrane interaction. The

presence of salts in the feed significantly affects the membrane wettability.[11,25]

In the MD process, the salt solution flows through a module and is simultaneously

concentrated and cooled. This may lead to the formation of the salt crystals on the

membrane surface[5,6,11] resulting in the wetting of the membrane fragments

occupied by the crystals. The phenomena of temperature and concentration

polarizations significantly facilitate the salt nucleation on the membrane surface.

The supersaturation state of solution was also reached inside the pores (partially

filled by the feed) due to the evaporation of water, as well as a result of impeded

diffusion of solutes from the liquid/vapor interface into the bulk of feed.[26] The

salt crystallization is possible under these conditions, thereby the entire pore

volume can be filled by the feed (Fig. 2). As a consequence, the convective and/or

diffusive transport of solutes through the wetting pores from the feed to distillate

is possible, and can lead to the contamination of distillate. Therefore, during the

MD process one should select such a feed concentration and the stream

temperatures, which prevent the supersaturation of salt in the layer adjacent to the

membrane on the feed side. An essential inconvenience encountered during the

concentration of NaCl solutions is associated with the solubility of this salt,

which is slightly dependent on the temperature (Fig. 3).[27,28] Thereby, the

prevention of salt crystallization inside MD module by the temperature program

becomes more difficult. The module design also plays a significant role. The

configuration comprising the capillary membranes packed in a spiral mode[21] or

braided mode[22] ensures the achievement of appropriate hydrodynamic

GRYTA3540

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Figure 2. Model of membrane wetting induced by the formation of salt deposit inside the

pores during the concentration of salt solution. Solute: X, initial; W, after Dt.

Figure 3. The effect of solution temperature on NaCl solubility. The curves plotted on

the basis of Ref. [27], W and Ref. [28], B.
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conditions in the module. Therefore, the temperature and concentration

polarization phenomena are restricted, and the salt crystallization inside the

module could be limited.

EXPERIMENTAL

The MD studies concerning the concentration of NaCl solutions were

carried out with periodical (Mode I) and continuous (Mode II) crystallization of

salt. In the first mode, a part of diluted salt solution (2.5 dm3) was concentrated up

to the state close to the saturation. Subsequently, a fresh part of diluted solution

replaced the obtained brine. The MD installation was operated in this mode for

6–8 hr/day. The brine removed from MD installation was cooled to 295K, and

then subjected to the crystallization of salt. The crystallized salt was separated by

filtration after 20 hr, and was weighted. The supernatant liquid (1.5 dm3) was

supplemented with a part (1 dm3) of mother liqueur (20–100 g NaCl dm23), and

this mixture constituted a fresh portion of diluted solution subjected to a further

concentration according to Mode I.

The studies with continuous crystallization of salt (Mode II) were

performed using the same installation as in Mode I. However, in this case the feed

tank was replaced by a crystallizer composed of the three tanks connected in line,

each having 3 dm3 of volume (Fig. 4). The temperatures in these tanks were 323,

290, and 353K, respectively. A feeding salt solution was supplied into the last

Figure 4. Diagram of the experimental set-up for DCMD integrated with crystallizer. 1,

capillary module; 2, 3, 4, crystallization system; 5, 8, pump; 6, heating system; 7, cooling

system; 9, distillate reservoir; 10, manometer.
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tank in a continuous mode. The amount of salt separated in the crystallizer was

calculated on the basis of distillate flux and the concentration of feeding solution

(g NaCl dm23H2O). The yield of crystallizer is associated with the membrane

area of a given MD module, thus the amount of separated salt was calculated per

unit of the membrane area and per elapsed time (kg NaCl m22 d21). The volume

of obtained distillate was determined every 2 hr, and the MD installation was

operated for 6–10 hr/day. An experiment with a continuous operation (2 days)

of the MD installation, both according to Mode I and Mode II, was also

performed.

Three membrane modules (M1—Mode I and M2, M3—Mode II) with

different dimensions were used. The capillary polypropylene membranes

(Accurel S6/2 PP, Akzo Nobel) with outside/inside diameter equal to

dout=din ¼ 2:6=1:8 mm were assembled in these modules. These membranes

have pores size with the maximum and nominal diameter of 0.55 and 0.22mm,

respectively, and the porosity of 75% (manufacturer’s data). The M1 and M2

modules were equipped with the nine membranes (0.52 and 0.55 m length,

respectively) mounted in tubular housing with the inner diameter equal to

0.012 m. These membranes were assembled as a parallel bundle of braided

capillaries (three membranes in braid). The M3 module with spiral wound

capillary membranes was described in previous work.[21] In this module, 15

membranes with length of 0.565 m were spiral wound around the axial pipe

(0.01 m outside diameter) and were then inserted into the tubular housing with the

inner diameter equal to 0.022 m. These membrane modules were assembled in

the MD installation in a vertical position. The feed and distillate streams flowed

co-currently (5–14 cm3 sec21) from the bottom to the upper part of MD module.

The feed was circulated inside the capillary membranes. The feed temperature at

the module inlet was varied in the range 333–358K, whereas the distillate

temperature was varied in the range 293–328K. A technical grade NaCl was used

for these studies. The feeding solutions containing 20–316 g NaCl dm23 were

prepared by dissolution of salt in distilled water. During the MD studies with a

constant concentration of salt in the feed, the volume loss in the feed tank (equal

to the permeate flux) were continuously supplemented by distilled water.

Variations of the maximal permeate flux during MD module operation

were investigated periodically using distilled water as a feed. In this case, the

distillate temperature amounted to 293K, whereas the feed temperature was

353K. The electrical conductivity and the total dissolved solids (TDS) of the

examined solutions were measured by a 6P Ultrameter (Myron L Company). This

instrument permits the direct measurement of the salt content (ppm) in solution

containing up to 100 g NaCl dm23. Since the examined samples also contained a

larger amount of salt, they were 10-fold diluted with distilled water before the

analysis. A real concentration of salt was determined from the chart obtained on

the basis of measurements with the reference solutions.
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RESULTS AND DISCUSSION

Influence of Process Parameters

The efficiency of concentration process of NaCl solutions by MD is

dependent on the temperature and concentration of streams flowing through the

module, their flow rate, and the arrangement of capillary membranes in the

module. All these parameters have a significant influence on the value of the

driving force in the MD process.

The effect of salt concentration in the feed on permeate flux are shown in

Fig. 5. The initial permeate flux, amounting to 575 dm3 m22 d21 for distilled

water, decreased to 342 dm3 m22 d21 when the solute concentration in the feed

increased to 305 g NaCl dm23. The observed decline of flux was caused by the

reduction of the driving force for the mass transfer as a result of a decrease of the

partial pressure of water vapor over the salt solution. The increase in solute

concentration also affects the temperature and concentration polarization

phenomena resulting in a decline of permeate flux.[16] The MD model presented

in the theoretical part of this work describes the influence of all these parameters

on the MD performance (Fig. 5). The axial changes of temperature and

composition of the streams along the module for co-current flow were calculated

from the balance equations, similarly as in the works of Gryta et al.[12 – 14] The

Figure 5. The effect of salt concentration in the feed on permeate flux (points). Lines—

model predictions. The inlet temperature of streams: TFin ¼ 358K; TDin ¼ 293K: Module

M1.
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heat transfer coefficients estimated from Eq. (9) were used for the calculation of

interfacial temperatures T1 and T2. The physical properties of liquids (water and

NaCl solutions), for various compositions and temperatures, required for the

model calculations were found in the literature.[20,28] The shape of the modeling

curves shown in Fig. 5 indicates that the presented model adequately describes

the course of concentration process of NaCl solutions by MD.

The primary source of errors in the model analysis was the determination of

the convective heat transfer coefficients. When the coefficients ai were estimated

from Eq. (8) a comparison of the experimental data and model predictions

revealed that the errors are two times larger than that shown in Fig. 5, predicted

for Eq. (9). The permeate flux, calculated on the basis of the model with Eqs. (8)

or (9), was lower than its experimental value. These equations are adequate for

the laminar flow in straight tubes, therefore, the enhancement of heat transfer in

used module with braded capillaries cannot be correctly estimated. A higher

value of ai coefficients, due to the mixing effects, can be calculated by using Eq.

(11). The model predictions for this equation were compared with the

experimental data shown in Figs. 6–8. It can be concluded that a significantly

better agreement was obtained in this case. However, in order to obtain the best

agreement between the experimental and model results, one should use a special

procedure for the selection of the Nusselt correlation for a given MD module.[14]

Figure 6. The effect of feed flow rate on permeate flux for the same volumetric flow rate

of the feed and distillate. The inlet temperatures of streams: TFin ¼ 353K and TDin ¼

293K: The average brine concentration 250–260 g NaCl dm23. Model predictions: solid

lines Eq. (9), dotted lines Eq. (11). Module M1.

DIRECT-CONTACT MEMBRANE DISTILLATION 3545

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Figure 7. The effect of feed inlet temperature on permeate flux. The average brine

concentration 250–260 g NaCl dm23. Distillate inlet temperature TDin ¼ 293K: Flow rates:

vF ¼ 0:3 m sec21 and vD ¼ 0:1 m sec21: Model predictions: solid lines Eq. (9), dotted lines

Eq. (11). Module M1.

Figure 8. The effect of distillate inlet temperature on the permeate flux. The average brine

concentration 250–260 g NaCl dm23. Feed inlet temperature TFin ¼ 358K: Flow rates: vF ¼

0:3 m sec21 and vD ¼ 0:1 m sec21: Model predictions: solid lines Eq. (9), dotted lines Eq.

(11). Module M1.
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The results shown in Fig. 5 demonstrate that the flow rate of streams

considerably affects the efficiency of salt concentration process. Generally, the

efficiency of MD module increases with an increase of the flow rate. This effect is

particularly significant for the feed velocity and is slightly smaller for the

distillate velocity.[21] Moreover, an increase in the module efficiency caused by

variation of the flow rate is limited. Therefore, for each type of MD module an

optimum flow rate should be determined. The effect of the feed flow rate on the

distillate flux for the module M1 is shown in Fig. 6. The enhancement vF from

0.22 m sec21 ðvD ¼ 0:08 m sec21Þ to 0.58 m sec21 ðvD ¼ 0:2 m sec21Þ caused an

increase of the efficiency from 255 to 410 dm3 m22 d21 (for brine). The observed

dependence of permeate flux on the flow rate is essentially due to two effects.

Firstly, the values of the heat transfer coefficient a rise along with an increase of

the flow rate, thus a negative influence of temperature polarization decreases.

Secondly, an enhancement of the flow rate caused that the outlet temperatures of

streams were closer to their temperatures at the module entrance, which also

increases the driving force for mass transfer.[21] This driving force decreases with

the module length, as a consequence of heat and mass transfer through the

membranes. The changes of bulk temperatures and interfacial solution/mem-

brane temperatures are shown in Fig. 9. An increase of the flow rate causes an

increase of the temperature difference alongside the module. Thus, the value of

the driving force for mass transfer increases with the increase of the flow rate

(Fig. 10).

Figure 9. Variation of calculated temperatures of streams and permeate flux along the

M1 module. Feed—distilled water. Flow rates: vF ¼ 0:22 m sec21 and vD ¼ 0:08 m sec21:
JAverage ¼ 352 kg m22 d21:
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The module efficiency is also affected by the concentration polarization.

This phenomenon may be reduced by an increase in the flow rate, which

improves the mixing conditions inside the module. The average mass transfer

coefficient (kM) calculated for data shown in Fig. 6 increases along with an

increase of the flow rate from 5:25 £ 1025 to 15:7 £ 1025 m sec21; model with

the application of Eq. (9). For these values of kM, the calculated coefficient of

concentration polarization (expressed as c1/cF) decreased from 1.062 to 1.028.

Physicochemical data for NaCl solution necessary for the calculations were taken

from Ref. [28].

The feed temperature has a considerable effect on the level of permeate flux

in the MD process. At constant distillate temperature (293K) the enhancement of

TF from 348K ðDTb ¼ TF 2 TD ¼ 55KÞ to 358K ðDTb ¼ 65KÞ caused the

increase in permeate flux from 400 to 585 dm3 m22 d21 (Fig. 7—distilled water).

Similarly, a 50% increase in permeate flux was obtained for brine. Increasing of

distillate temperature causes the reverse effect, that is, declines of permeate flux

(Fig. 8). However, the changes of permeate flux are not such pronounced as in the

case of feed temperature variation. The dependence of the vapor pressure on

temperature is represented by exponential function. Therefore, considerably large

changes of Dp as a function of temperature were achieved for feed (high

temperature) than those for distillate (low temperature). An analysis of the points

Figure 10. Variation of the mass driving force along the M1 module for different flow

velocity. Feed—distilled water. Distillate inlet temperature TDin ¼ 293K: Feed inlet

temperature TFin ¼ 353K:
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distribution shown in Fig. 8 allows us to conclude, that the efficiency of

400 dm3 m22 d21 could be achieved for distilled water at the distillate

temperature amounting to 323K. This efficiency was estimated for DTb ¼

35K; which comprises a considerably lower temperature difference than that in

the case of feed temperature variations (DTb ¼ 55K, Fig. 7). These results

confirmed that the temperature gradient across the membrane is not the real

driving force in the MD process. The MD is the diffusion mass transfer process,

therefore, the concentration gradient of volatile components in the gas phase

ðDy ¼ yF 2 yDÞ is a true driving force for the mass transfer. Taking into

consideration the relationship between the partial pressure and the mole fraction:

yi ¼
pi

P
ð12Þ

where P is the total gas pressure inside the membrane pores, it has been generally

accepted to express the driving force in the MD process as the difference of the

partial pressures.[7,8,14 – 17]

Concentration of NaCl Solutions with Crystallization

The solubility of salt increases by only 10 g NaCl dm23 when the

temperature of solution is elevated from 293 to 363K (Fig. 3). Such a small

change of the solubility impedes the concentration of NaCl solutions connected

with a periodical crystallization (Mode I). Under the operation conditions of the

installation in Mode I, it was important to break the MD process run when the salt

concentration in the feed reached a value of ca. 320–325 g NaCl dm23. A rapid

increase of hydraulic pressure was observed at the inlet of MD module on the feed

side, in the case of higher salt concentration, as a result of salt crystallization inside

the capillary membranes. Rinsing the module with distilled water allowed the

dissolution of the salt deposit formed. However, the crystallization of salt in the

module is disadvantageous since it leads to a rapid wettability of the membrane.[11]

The influence of feed concentration on the efficiency of MD process carried

out with periodical crystallization (Mode I) is shown in Fig. 11. An initial salt

concentration in the feed was varied in the range 200–237 g NaCl dm23, and was

dependent on the concentration of feeding solution (mother liqueur). During the

concentration of these solutions (up to 320–325 g NaCl dm23) the average

permeate flux was maintained at a level of 405 dm3 m22 d21. Thus, for almost the

constant flux of solvent removed from brine, the amount of salt precipitated in the

crystallizer increases with an increase of feeding solution concentration.

The literature data[11,26] revealed that the degree of membrane wetting is

greater for solutions with higher salt concentration. Therefore, a periodical

dilution of solution is advantageous in the MD process carried out according to
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Mode I. Changes in M1 module efficiency as a function of the elapsed time are

shown in Fig. 12. In the first stage of the studies, distilled water was used as a

feed. Measurements were performed in a continuous mode for 5–6 hr/day.

Subsequently, the concentration of brine was carried out according to Mode I. A

slow decline of the module efficiency was observed during the operation of MD

installation. This decline can be attributed to a partial wetting of the membrane by

the feed. It was found that the conductivity of the distillate increased from 5 to

30mS cm21, as a result of the partial membrane wetting. However, the observed

flux decline was not as much significant as it was reported in Ref. [26].

The subsequent investigations of MD were carried out in the system with a

continuous crystallization (Mode II). Taking into account the partial wetting of the

membranes in M1 module, the experiments were performed with a new M2

module. The experimental results[22] demonstrated that the MD process with

continuous crystallization should be carried out at the distillate temperature above

318K. In the case of lower temperatures, a slow increase in the hydraulic pressure

at the inlet of MD module on the feed side was observed. It was associated with the

crystallization of salt proceeded inside the capillary membranes.

The influence of the feed flow rate in M2 module on the efficiency of MD

process integrated with continuous crystallization of salt is shown in Fig. 13. The

enhancement of vF from 0.22 to 0.58 m sec21 caused the increase in both the

Figure 11. The dependence of the process efficiency (Mode I) as a function of the initial

concentration of salt in the feed. Final feed concentration: 320–325 g NaCl dm23. Feed

and distillate inlet temperatures: TFin ¼ 358K and TDin ¼ 298K: Flow rates: vF ¼

0:3 m sec21 and vD ¼ 0:1 m sec21: Module M1.
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permeate flux (from 150 to 270 dm3 m22 d21) and the amount of salt precipitated

in crystallizer (from 52 to 91 kg NaCl m22 d21). These results confirmed a

significant influence of the flow rate on the process efficiency. An increase of the

flow rate decreased the residence time of feed in each tank of the crystallization

system from 10 to 3.5 min, however, this did not pose any operational problem.

The volume losses in the feed stream, for MD process integrated with

continuous crystallization, were supplemented by a solution having the

concentration from 55 to 315 g NaCl dm23 (Fig. 14). As the salt concentration in

the feed increases, together with an increase in feeding solution concentration, a

decline of permeate flux was observed. However, the observed flux decline was

negligible in comparison to the significant increase in the amounts of salt separated.

Changes of M2 module efficiency during its operation (Fig. 15) indicate

that a partial wetting of the membranes also proceeds in this module. The flux

was reduced from 270 to 240 dm3 m22 d21 during 42 hr of module operation.

This decline was greater than that observed during the studies with the periodical

crystallization (Fig. 12). This confirms the previous results[11] that a high

concentration of salt facilitates the membrane wetting. An initial efficiency of the

M2 module was recovered by its drying. However, the subsequent measurements

with both distilled water and brine demonstrated that rewettability of the

membranes took place, similarly to the results from previous work.[11]

Figure 12. The dependence of the process efficiency on the elapsed time for MD process

integrated with periodic salt crystallization (Mode I). Brine—the average concentration

205–240 g NaCl dm23. Inlet temperatures: TFin ¼ 358K and TDin ¼ 298K: Flow rates:

vF ¼ 0:58 m sec21 and vD ¼ 0:2 m sec21: Module M1.
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Figure 13. The influence of the feed flow rate on permeate flux and the amount of

crystallized salt. The inlet temperatures of streams: TFin ¼ 353K; TDin ¼ 328K: Feed—

NaCl saturated solution. Module M2.

Figure 14. The effects of salt concentration in feeding solution on permeate flux and the

amount of crystallized salt in crystallizer (Mode II). The inlet temperatures of streams:

TFin ¼ 353K and TDin ¼ 328K: Flow rates: vF ¼ 0:58 m sec21 and vD ¼ 0:2 m sec21:
Module M2.

GRYTA3552

©2002 Marcel Dekker, Inc. All rights reserved. This material may not be used or reproduced in any form without the express written permission of Marcel Dekker, Inc.

MARCEL DEKKER, INC. • 270 MADISON AVENUE • NEW YORK, NY 10016

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
0
:
2
7
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



A slower decline of the efficiency was observed during the studies with M3

module, with a helicoidal flow (Fig. 16). This may be a consequence of two

factors. Firstly, the helicoidal flow improves the conditions of mixing in the layer

adjacent to the membrane. This results in the reduction of disadvantageous

phenomena of the temperature and concentration polarization. Moreover, such

conditions make the nucleation of salt more difficult, and consequently the

helicoidal flow prevents the formation of salt deposit onto the membrane surface.

Secondly, a smaller permeate flux was achieved in M3 module, as a result of

lower flow rates of feed and distillate streams. A decrease in the amounts of water

evaporated from the membrane surface results in the reduction of the

concentration polarization [according to Eq. (6)]. The permeate flux determined

for distilled water decreased from 305 to 253 dm3 m22 d21 after 110 hr of process

duration.

CONCLUSION

The results obtained from the concentration of NaCl solutions by MD

revealed that the process is strongly affected by the used parameters. The

significant influence on permeate flux was observed for the stream temperatures,

Figure 15. The dependence of the process efficiency on the elapsed time of MD process

integrated with salt crystallization (Mode II). JV, distillate flux for feed; B, distilled water;

A, solution saturated with NaCl; W, the amount of crystallized salt (mS). The inlet

temperatures of streams: TFin ¼ 358K; TDin ¼ 328K: Flow rates: vF ¼ 0:3 m sec21 and

vD ¼ 0:1 m sec21: Module M2.
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particularly for the feed temperature. Therefore, the application of high-feed

temperature, e.g., 358K is advantageous from the point of view of the module

efficiency. A decline of permeate flux was found along with enhancement of salt

concentration, and for the saturated NaCl solution, the flux was lower by 50% in

comparison with that for distilled water. The polarization phenomena have a

considerable influence on the MD performance during the concentration of NaCl

solutions. Therefore, the flow rate of streams alongside the membrane surface has

a great influence on the module efficiency, and the flow rate below 0.5 m sec21

should not be used.

The good agreement between the modeling results and the experimental

data was achieved for used MD model. The main source of error in the model

analysis was the estimation of the convective heat transfer coefficients. Applying

the common Nusselt correlation developed for the tubular heat exchangers, for

modeling of used MD modules generates error in the order of 10–30%.

The salt concentration in the feed flowing inside the MD module should not

exceed the saturation state for membrane wall temperature. A rapid crystallization

of salt on the membrane surface was observed during the concentration of saturated

solutions. The maximum bulk concentration of salt in the feed is dependent on both

the used process parameters and module design. The solubility of NaCl is slightly

dependent on the solution temperature, therefore, the concentration and

Figure 16. The dependence of the process efficiency on the elapsed time of MD process

integrated with salt crystallization (Mode II). JV, distillate flux for feed; B, distilled water;

A, solution saturated with NaCl; W, amount of crystallized salt (mS). The inlet

temperatures of streams: TFin ¼ 353K; TDin ¼ 328K: Flow rates: vF ¼ 0:18 m sec21 and

vD ¼ 0:03 m sec21: Module M3.
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temperature polarization may create the saturation state in the vicinity of the

membrane surface and facilitate the salt nucleation.

The performed studies (batch mode) revealed that the salt concentration

amounting to 320 g dm23 was found to be maximum under used process conditions.

The amount of salt separated in the periodic crystallizer was varied in the range

9–43 kg NaCl m22 d21 and was dependent on the feeding solution concentration.

The continuous concentration of saturated solutions can be successfully

carried out in a MD installation integrated with the crystallizer. The amount of

salt separated in the crystallizer was varied in the range 20–102 kg NaCl m22 d21

and was dependent on the feeding solution concentration as well as on the

quantity of water removed from the brine in the MD process.

The membranes were partially wetted during the MD integrated with salt

crystallization, which resulted in reduction of permeate flux by 10% after elapsed

time of 70 hr (module M2). A solution flowing in the curved tube is subjected to

the centrifugal force, and consequently the additional rotary current crosswise to

the flow causes a reduction of the polarization phenomena. Thus, the wetting of

membranes was significantly reduced in helically wound module (module M3).

NOMENCLATURE

c concentration (kg m23)

cp specific heat (J kg21 K21)

D diffusion coefficient (m2 sec21)

d diameter (m)

dh hydraulic diameter (m)

H vapor enthalpy (J kg21)

J permeate flux (kg m22 sec21)

JV volume permeate flux (m3 m22 sec21)

kM mass transfer coefficient (m sec21)

L flow channel length (m)

M molecular weight (kg kmol21)

mS amount of crystallized salt (kg NaCl m22 d21)

Nu Nusselt number

P total pressure (N m22)

p partial pressure of saturated vapor over the solution (N m22)

p 0 partial pressure of saturated vapor over the clean solvent (N m22)

Pr Prandtl number

R gas constant (J kmol21 K21)

Re Reynolds number

S solubility (g dm21)

Sc Schmidt number
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Sh Sherwood number

s membrane thickness (m)

T temperature (K)

V volume flow rate (m3 sec21)

v flow rate (m sec21)

x mole fraction in liquid phase

y mole fraction in gas phase

Greek Letters

a convective heat transfer coefficient (W m22 K21)

1 membrane porosity

g activity coefficient

r density (kg m23)

l thermal conductivity coefficient (W m21 K21)

x membrane pore tortuosity

m viscosity (Pa sec)

Subscripts

1 boundary layer on the feed side

2 boundary layer on the distillate side

b bulk

D distillate

F feed

in input

m membrane

out output

W wall
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