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ABSTRACT

Membrane crystallization (MCr) can be used to process highly concentrated aqueous solutions.
In MCr, membrane distillation is used to recover water and to generate the desired supersatu-
ration in a crystallizer tank where crystals can be precipitated. In this paper the stability and
control of MCr process has been investigated. The experimental tests have been carried out
on streams representing nanofiltration and reverse osmosis retentate streams of the desalina-
tion plants. The deposition and accumulation of crystals on membrane surface and inside the
membrane module has been prevented by recovering the produced crystals and by controlling
the temperature of the solution flowing along the membrane module. The obtained almost
constant trend of the trans-membrane flux has been the demonstration of the good carried out
operations. The produced particles have been characterized in terms of shape, dimension, crys-
tal size distribution (CSD), coefficient of variation (CV) and growth rate. The obtained CVs are
lower than those from conventional equipments. Therefore, they are characteristic of narrow
CSD and of qualitatively better products. Moreover, the experimentally determined crystals
growth rate has allowed (i) to study the fluid-dynamic effect on MCr operation, (ii) to deter-
mine the crystals growth control based mechanism and (iii) to show that the presence of ions
accelerates kinetic rate of NaCl crystallization while the presence of humic acid (the main com-
ponent of the natural organic matter contained in waters) inhibits crystals growth rate.
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1. Introduction of raw material for the production of fertilisers, salts,
acids, alkalis, various metals and a number of chemical
products; sodium chloride is the most important min-
eral obtained directly from seawater and Mexico leads
the Pacific nations in salt extraction from the sea; Japan
and California are the main sites for the extraction of
magnesium, particularly used in industrial metal alloys;
bromine extracted from seawater is used in the food,
dye, pharmaceutical and photo industries. Reserves of
chemical resources in the Ocean are practically unlim-
*Corresponding author. ited, since the constant chemical composition of sea

Waters of the Ocean contain so many organic and
inorganic elements that they are figuratively called ‘lig-
uid polymetallic ore.” There are more than 70 dissolved
elements in marine waters and chlorine, sodium, mag-
nesium, sulphate, calcium, potassium and bicarbonate
are the main components representing more than 99%
of all the dissolved salts. These waters are a reserve
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water is based upon continual deposition/solubiliza-
tion from the environment. Valuable compounds can be
also extracted from the highly concentrated nanofiltra-
tion (NF)/reverse osmosis (RO) retentate streams of the
desalination plants due to their high concentration in
chemical components. In literature, various studies can
be found for the recovery of the compounds present in
NF and RO retentate:

e the Murray-Darling Basin Commission, in order
to reduce the environmental problem of the salin-
ity in the Murray Basin, converts the salts present
in the water in commercial products addressed to
the market: first the retentate is evaporated and
then it is sent to a conventional crystallizer for the
extraction of NaCl and epsomite (MgSO,.7H,O).
The fine quality salts are produced at a cost of
18.49 and of 329 $/t, respectively [1].

e Another example can be found in [2]. He sug-
gested dual-purpose desalination-salt production
systems, namely: UF-NF-MSF-crystallisation and
UF-NF-RO-MSF-crystallisation. In these systems,
the high rate of water recovery is accompanied by
salt obtainment. Moreover, he calculated a water
cost equal to $0.71 /m?® in UF-NF-MSF-crystalli-
sation system and $0.43 /m® in UF-NF-RO-MSF-
crystallisation system respectively, competitive
compared to those of potable water produced in
thermal or RO seawater plants.

In various previous works Drioli and co-workers
[3-6] proposed the recourse to membrane distillation
(MD) and membrane crystallization (MCr) techniques
for the exploitation of the components contained in the
NF and/or RO retentate streams of the desalination
plants. Membrane distillation/membrane crystalliza-
tion, thanks to their intrinsic characteristic of tempera-
ture driven membrane processes, allow to produce fresh
water also from highly concentrated feeds (such as the
brine streams) with which NF and RO cannot operate
due to the osmotic phenomena. Therefore, the introduc-
tion of a MD/MCr unit downstream RO and/or NF
retentate allows to increase the overall recovery factor,
thus reducing the volume of concentrated streams usu-
ally discharged by the desalination plants and, in the
case of MCr, recovering the dissolved salts in the form
of high-quality crystals.

In this work, the stability of the MCr operation in the
treatment of NF/RO retentate streams has been studied
and optimized. The produced particles have been char-
acterized in terms of shape, dimension, crystal size dis-
tribution (CSD), coefficient of variation (CV) and growth
rate. Moreover, the influence of ions and organics on the
kinetic rate of the achieved particles has been analysed.

2. Control of the membrane crystallization process
and description of the plant

In order to guarantee MCr proper functioning and
stability, the crucial requirement is to avoid crystals for-
mation and deposition on the membrane surface and in
the membrane module.

The salts precipitation occurs when the solution is
supersaturated. Unless a solution is supersaturated,
crystals can neither form nor grow. Supersaturation
refers to the quantity of solute present in solution com-
pared with the quantity which would be present if
the solution were kept for a very long period of time
with solid phase in contact with the solution. The lat-
ter value is the equilibrium solubility at the temperature
and pressure under consideration. As a consequence,
the potential salts precipitation can be predicted by the
comparison between the solubility product (K ) and the
ionic product (IP):

o if Ksp > (IP) the solution is not saturated and the
precipitation doesn’t occur;

e if K_= (IP) the solution is saturated;

e if K < (IP) solid will precipitate until the satura-
tion concentration is reached.

Moreover, for aiming to the production of valuable
salts (such as sodium chloride and magnesium sulphate
the salts naturally present in the highly NF/RO con-
centrated streams of the desalination plants), the exact
composition of the stream fed to the MCr unit has to be
known.

Because the considered NF and RO retentate streams
are characterized by the composition reported in Table 1,
calcium sulphate, magnesium sulphate and sodium chloride are
the salts that can precipitate. All the details regarding the
used membrane-based desalination plant which gave rise
to the composition reported in Table 1 can be found in [6].

Table 1

NF and RO retentate composition.

Stream RO retentate NF retentate
Ion Composition [g/L]

Clr 44.89 34.47
Na* 24.81 19.05
SO 0.5831 10.38
Mg?* 0.5352 4959
Ca? 0.2488 1.384
HCO; 0.1680 0.4160
K* 0.8978 0.6893
COx 0.0041 0.0103
Br- 0.1886 0.0848
Total 72.32 71.44
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Fig. 1. Schematic flow sheet of part of the lab plant: precipi-
tator (for the removal of Ca* ions from NF/RO retentate)
and MCr (for the recovery of fresh water and salts) [6].

For what concerns calcium sulphate, its solubility
product (K ) at 25°Cis very low and equal to 7.1-10° [7].
Because NF and RO retentate streams of the analysed
desalination system were characterized by high calcium
concentration, in order to avoid CaSO, precipitation
during the concentration of the NF/RO brine (which
can cause scaling and limits the recovery of magnesium
sulphate), Ca*" ions have been precipitated as CaCO,
through reactive precipitation with anhydrous sodium
carbonate. In particular, around 98% of Ca* ions have
been precipitated when Na,CO, was added in 1:1.05
molar ratio of Ca**/COZ. After the precipitation step,
the so-treated retentate streams have been sent to a MCr
in order to recover sodium chloride and magnesium sul-
phate (see Fig. 1).

For what concerns magnesium sulphate, its solubil-
ity increases with temperature (AH_,=3.18 kcal/mol)

??
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and at 25°C (temperature of the crystallization tank) it
precipitates as MgSO, x 7H,O (epsomite) if its concen-
tration is higher than 710 g/L. Sodium chloride solubil-
ity does not change much with temperature. In the
range 0-100°C it increases from 35.7 to 39.8 g NaCl/100
g H,0 [8], typical behaviour of a salt with small AH_;
(AH_, =0.93 kcal/mol). Therefore in the crystallization
tank NaCl precipitates when its concentration is higher
than 36.15 g NaCl/100 g H,O.

Because the solubility of solids in solution is sensi-
tive to changes in temperature (whose effect on salt sol-
ubility depends on its enthalpy change of solution, AH_)),
a suitable heating or cooling can guarantee that the tem-
perature of the solution flowing along the membrane
is high or low enough to be always under saturation
condition. For the crystals of interest in this work (NaCl
and MgSO, x 7H,O), both characterized by a positive
enthalpy change of solution, a heating guarantees that
the temperature of the solution flowing along the mem-
brane is high enough to avoid crystals formation inside
the membrane module.

Moreover, once the crystals are formed, they are
removed from MCr lab plant through a so-called crystals
recovery system, thus avoiding their deposition and/or
accumulation inside the plant. The crystals recovery sys-
tem has been designed and built in the laboratory and it is
mainly constituted by two COLE PARMER—MASTER-
FLEX L/S pumps and a filtration unit. The first pump
withdraws some of the solution from the crystallization
tank and sends it to the filtration unit. The latter keeps
on a filter the achieved salts. The filtered liquor, through
the second pump, is sent to the membrane module in
order to be further concentrated. In Fig. 2 the schematic
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Fig. 2. Schematic flow sheet of the MCr lab plant: (A) pump; (B) flow-meter; (C) heater; (D) membrane module; (E) crystal-
lizer tank; (F) crystals separation system; (G) balance; (H) distillate tank; (P) manometer; (T) thermocouples; (S) external

temperature sensor.
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flow sheet of the adjusted MCr lab plant is shown. In
the figure the dotted area represents the crystals recovery
system for the removal of the produced salts.

In the plant the control of the temperature inside the
crystallization tank occurs through the use of NESLAB
RTE 17 refrigerated bath supplied with external tem-
perature sensor. The estimation of the trans-membrane
flux occurs by evaluating weight variations in the dis-
tillate tank with a Reflex HP 8200 balance. The control
of the trans-membrane flux is realized through the use
of a computer which acquires instantaneously the data
from the balance. Therefore, the balance represents the
system both for data acquisition and, connected to the
computer, for the control of the stability of the crystal-
lization process. In fact, the balance has the following
functions:

® it records the time variations of the distillate vol-
ume that it is collected in the permeate tank;

e it transfers the weight data to the computer which,
through the use of an appropriate software, esti-
mates the trans-membrane flux and shows to the
users its graphic trend vs time. An eventual precip-
itation and/or accumulation of crystals on mem-
brane surface is immediately seen by the operators
through a drop of the trans-membrane flux.

3. Results and discussion

3.1. Concentration tests: trans-membrane flux
measurements and analysis of the produced crystals

Figure 3 shows the trend of trans-membrane flux
with time obtained during lab tests at two different
retentate flow rates and constant temperature, and using
as MCr feed the NF retentate. In both cases, apart an
initial transitory stage, trans-membrane flux has shown

[ e =
[e2Nee) o N (o))
1 1 1 1 1 1

Trans-membrane flux [g/m?2 *min]
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almost a constant trend. As discussed earlier, the con-
stant trend is characteristic of a good operation because
means no crystals deposition inside the membrane
module. This happens because the temperature of feed
and the thermal difference between the two streams are
high enough to contain the decrease in driving force due
to concentration rise. Moreover the slight decrease in
trans-membrane flux observed when the crystals were
formed has been solved putting into operation the crys-
tals recovery system. This tool has allowed to separate
the produced salts from the crystallizing solution: the
crystals are kept on the paper filter while the remaining
solution is sent to the membrane modules in order to be
further concentrated.

Figure 4 shows that the trans-membrane flux incre-
ases with the temperature of the retentate. This trend is
characteristic of a temperature driven membrane opera-
tion (as MCr) in which the driven force grows when the
temperature of the feed and/or the trans-membrane
temperature difference increase.

Moreover, the influence of retentate flow rate and
temperature appears evident in the time for reaching
supersaturation and crystals formation: it decreases
when these parameters increase (Table 2).

For what concerns the type of produced crystals,
they have been analyzed by scanning electronic micros-
copy, energy dispersive X-ray (EDX), low temperature
differential scanning calorimeters (DSC) and Fourier
transform infrared spectroscopy (FT IR) methods:

1. the low temperature DSC measures on the
achieved crystals (maximum temperature 250°C)
clearly showed that no MgCl,*6H,0 was formed
during the MCr tests of NF/RO retentate;

2. the EDX (recorded using a Philips EDAX analy-
sis system) and FI IR (recorded using a Perkin

m 200L/h
¢ 150L/h

200 300 400

500 700 800 900

Time [min]

Fig. 3. Trans-membrane flux vs time at different retentate flow rates and constant temperature (T,

=16+2°C).

feed, permeate side

=34+1°C

eed, retentate side
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Fig. 4. Trans-membrane flux vs time at different retentate temperature and constant flow rate (retentate flow rate = 250 L/h).

Table 2
Time for reaching crystals formation.

Flow rate [L/h] and
temperature [°C] of the

Time for reaching
crystals formation

Flow rate [L/h] and
temperature [°C] of the

Time for reaching
crystals formation

retentate [min] retentate [min]
120 L/h and 34 + 1°C 230 120 L/h and 39 + 1°C 150
200 L/h and 34 £ 1°C 190 200 L/h and 39 £ 1°C 140
250 L/h and 34 + 1°C 160 250 L/h and 39 + 1°C 100

e 10 180 240 e ETT am ann zan e

Fig. 5. EDX spectrum of produced NaCl crystals from the
crystallization of NF retentate.

Elmer—spectrum one model FT IR spectrometer)
analysis proved the formation of NaCl from RO
retentate. Both NaCl and epsomite have been
found in the salts produced from the crystalliza-
tion of NF retentate (Figs. 5 and 6).

3.2. Crystallization tests: product characterization

During crystallization runs, suspension samples
were withdrawn from the retentate tank every 30 min,

particles filtered and examined visually in order to
determine CSD. Knowledge of the evolution of particle
size distribution as function of time allows to evaluate
quality, CV, middle diameter (d, ) and growth rate of the
produced crystals and to test the fluid-dynamic effect
on MCr operation and, in particular, on crystals growth
rate.

The CSD of the crystals contained in a known vol-
ume of magma was measured by screen analysis per-
formed via an optic microscope (ZEISS, model Axiovert
25) and pictures recorded with a video-camera module
VISIOSCOPE Modular System equipped with optical
head (10/100X).

Crystal size distribution is one of the main character-
istics of a crystalline product. Crystal size distribution
is important for the product quality, but also it influ-
ences the performance of the process, the separation of
the crystals from the mother liquor and the subsequent
drying of the crystals. It is also essential for the storage
and handling of the final product. In general, both for
small and large crystals, a narrow distribution around
the mean crystal size is required.

Figure 7 shows the trend of CSD for the NaCl crys-
tals produced in one of the carried out MCr test with
RO retentate. The evolution of CDS shows that the ini-
tial peak of the distributions moves towards the larger
dimensions as a consequence of the crystals growth.
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Fig. 6. FT IR spectrum of some of the achieved epsomite crystals from the crystallization of NF retentate.
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Fig. 7. CDS for NaCl crystals produced from RO retentate.
MCr operative conditions: feed flow rate = 120 L/h; tempera-
ture at the module entrance for retentate and permeate side
constant and equal to 35 + 1°C and 16 + 2°C respectively.

Crystal size distribution allows to evaluate the cumu-
lative percent function and the CV [8]:

cV = standard dev1at10.n - 100
mass based mean size

PDgyo, — PDygo,
2 PDsqy, 1)

where PD is the crystal length at the indicated percentage.
Experimental data relative to the cumulative frac-
tional distribution of averaged slurry samples as a

function of the particle size are shown in Fig. 8 at three
different operative conditions (details are reported in
the Table 3).

By giving the CV and the mean particle diameter, a
description of the particle-size distribution is obtained
which is normally satisfactory for most industrial pur-
poses. Some experimental evaluations of the CV and of
the middle diameter (d_) as obtained in the carried out
NF retentate and RO retentate crystallization tests are
reported in Tables 4 and 5, respectively.
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Fig. 8. Cumulative distribution of crystals per unit of volume
vs particle size at operative conditions indicated in Table 3.
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Table 3

Operative conditions for the crystals samples whose
cumulative distributions are shown in Fig. 8. M = density of
the crystal slurries.

MCr feed NF retentate

Retentate flow rate 150 L/h

Retentate temperature 39+1°C

Permeate flow rate 100 L/h

Permeate temperature 16 £ 2°C
time [min] Mg/L]

Sample 1 130 4.6

Sample 2 160 5

Sample 3 190 10.1

If crystals are removed from a mixed-suspension
crystallizer, widely employed in the industrial crystalli-
zation, the CV should have a value of approximately 50%
[8]. Low CVs, like those achieved in the carried out MCr
tests and reported in Tables 4 and 5, are characteristic of
narrow CSDs and, therefore, of a better product [9].

Moreover, NaCl crystals produced from NF retentate
(Table 4) are characterized by lower coefficients of varia-
tion and middle diameters than those achieved from the
crystallization of RO brine (Table 5). This is probably due
to the fact that, in the crystallization of NF brine, the tem-
perature of the MCr feed has been kept higher than that
used in the crystallization of RO brine and this is expected
to cause a higher dissolution of the smaller particles.

Table 4

Fig. 9. NaCl crystalline habit. (MCr feed = NF retentate;
retentate flow rate=250L/h; T =39+1°C;

feed, retentate side

feed ... =16 £2°C). Picture from optical microscope,
eed, permeate side
magnification: X10.

For what concerns the shape of the produced NaCl
crystals, they showed the characteristic cubic block-like
form in accordance with the expected geometry of the
NaCl crystals when examined visually with the optic
microscope (Fig. 9).

However, in each sample, a small fraction of parti-
cles exhibiting an elongated shape was present. There-
fore, the length/width ratio of each produced crystal
has been determined and the achieved results (reported
in the histograms of Figs. 10 and 11) have shown that the
most part of particles had a length/width ratio in the
range 1.0-1.2, that is to have almost a cubic shape.

The percentage of NaCl crystals exhibiting an elon-
gated shape was higher in the crystallization of NF
retentate than in the crystallization of RO retentate. This
is probable due to the presence, in the crystallization
of NF brine, of a bigger concentration of ions different
from Na* and CI- (such as Mg*, SO, etc.) which might
act as impurities.

Evolution in function of time of CV and middle diameter (d_) determined from the experimentally obtained CSDs at three

different MCr feed flow rate.

120 L/h 150 L/h 250 L/h

time [min] d_[pm] CV [%] time [min] d_[pm] CV [%] time [min] d_[pm] CV [%]
150 25.31 34.38 130 29.55 43.52 100 30.35 25.00
180 22.36 35.00 160 33.64 38.33 130 38.68 45.59
210 29.61 26.72 190 43.28 47.62 160 4446 39.09
MCr feed = NF retentate; T, A retentate side = 39+1°C; T =16+ 2°C).

feed, permeate side

Table 5

Coefficient of Variation and middle diameter (d_) determined from the experimentally obtained CSDs at four different MCr

feed flow rate.

120 L/h 150 L/h

200L/h

250 L/h

time [min] d_[um] CV[%] time[min] d_[um] CV[%] time[min] d_[pm] CV[%] time[min] d_[pm] CV [%]

220 64.7 42.6 211 56.3 36.8

214 65.1

49.1 200 64.8 42.3

MCr feed = RO retentate; T,

feed, retentate side

=35+1°C; T,

feed, permeate side

=16 £ 2°C).
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Fig. 11. Number of crystals [%] vs length/width ratio (MCr
feed = NF retentate; T, =39+1°G; T,

feed, retentate side feed, permeate slde

16 £ 2°C; Retentate flow rate = 250 L/h).

3.3. Crystallization kinetics

The Randolph-Larson general-population bal-
ance has been applied in order to predict growth
rates based on the experimental population density
data [10].

The Randolph-Larson general-population balance,
valid for a steady-state crystallizer receiving solids-free
feed and containing a well-mixed suspension of crystals
experiencing negligible breakage, is as follows:

dn n -0 2)
dL Gt

where n, crystal population density; L, crystal size; G,
growth rate; t, retention time.

Equation (2) is applicable if the delta L law applies
(i.e.,, G is independent of L) and the retention time is
assumed to be invariant and calculated as t=V/Q
(V =volume and Q = flow rate). Integrated between the
limits n° (the population density of nuclei for which L
is assumed to be zero) and #n (that of any chosen crystal
size L), Eq. (2) becomes:

24 1
22 A
20 3
18 4
16 4
14 1
12 |
10

y=—77,947x+21,737
R?=0,9099

In n [no/mm?*L]

0 001 002 003 004 005 0,06 007 008 0,09
Li [mm]

Fig. 12. Population-density plot for NaCl crystals produced
from NF brine (retentate flow rate equal to 150 L/h and
retentate temperature equal to 39£1°C).

I e— =

dn
n

S
Q|O-

L mn="Limnw or n = n°e” 6t (3)
t Gt

Thus, a plot of In 11 vs L is a straight line whose inter-
cept is In n° and whose slope is —1/Gt.

Figure 12 reports the estimated population density
data vs crystal size for a representative set of averaged
samples at t = 130 min and M =4.6 g/L; a linear regres-
sion of equation n = n° . exp(-L/Gt)is used to determine
both the crystals growth rate G and the nuclei popula-
tion density n".

From several other samples taken from the crystal-
lizer during the same test and for each carried out run,
a plot of growth rate G vs feed flow rate can be con-
structed in order to study the fluid-dynamic effect on
MCr operation.

Crystal growth rate is generally recognised as a layer-
by-layer process and, since growth can occur only at the
face of the crystal, material must be transported to that
face from the bulk of the solution. Diffusional resistance
to the movement of molecules (or ions) to the growing
crystal face, as well as the resistance to integration of
those molecules into the face, must be considered. In the
first case, G increases with the feed flow rate due to the
improvement of the transport coefficients; in the second
case, G decreases when feed flow rate increases because
a high flow rate disturbs the molecular organization
which precedes the integration into crystal lattice.

The trend of NaCl crystals growth rate vs flow rate
for the particles produced from the crystallization of
both RO retentate and NF retentate is reported in Figs.
13 and 14 respectively.

For what concerns NaCl crystals obtained from RO
brine, according to the experimental results (Fig. 13),
until a feed flow rate equal to about 150 L/h crystals
growth rate is limited by the integration of molecules
into crystal lattice; then, for higher feed flow rate, mass-
diffusion is the control based mechanism.

For NaCl particles achieved from the crystallization
of NF brine, the obtained trend of the crystals growth
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Fig. 13. Growth rate vs retentate flow rate for NaCl particles
produced from the crystallization of RO brine.
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Fig. 14. Growth rate vs retentate flow rate for NaCl particles
produced from the crystallization of NF brine.

rate vs feed flow rate (Fig. 14) has proved that, in this
case, crystals growth is limited by the diffusional resis-
tance to the movement of molecules to the growing crys-
tal face.

The higher values of growth rate obtained in the
tests on NF brine can be explained by considering that
kinetic rates and thermodynamic solubility equilibrium,
as well as shape and purity of crystals, strongly depend
on the presence of different components in the crystal-
lizing solutions, degree of supersaturation, temperature
and hydrodynamic conditions. In fact, [8] reports that
NaCl growth rate and hardness increase in presence of
other salts (range of concentration 0-100 ppm).

4. Effect of humic acid on membrane crystallization
process

Natural waters contain natural organic matter
(NOM), largely composed of humic substances, which
are macromolecular mixtures of humic acid (HA), ful-
vic acids and humin. The removal of NOM from feed
water is necessary in potable water production because
it is responsible for colour in the water, formation of
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carcinogenic disinfection by products during water
disinfection, complexation with heavy metals and cal-
cium, etc.

Membrane processes have been shown to remove
NOM effectively from water [11]: in the ultrafiltration of
water containing HAs, the retentions were in the range
of 85-90%; NOM removal by NF membranes, quantified
by total organic carbon (TOC) rejection, was found to be
more than 90% at pH 8.

However, membrane fouling by NOM is one of
major obstacles limiting the use of these processes.
The observed fouling leads to a decrease of the mem-
brane performance and subsequently to a reduction
of the membrane life. The membrane surface charac-
teristics (i.e. hydrophobicity, porosity, etc.), the hydro-
dynamic conditions (i.e. transmembrane pressure,
crossflow velocity, temperature, etc.) and the chemi-
cal composition of feed liquid (i.e pH, ionic strength,
type of NOM, etc.) exert significant effects on mem-
brane fouling [12].

Interest of the work presented in this section is
to study membrane fouling in MCr process when
applied to waters containing HA and inorganic salts
similarly to NF brine of a seawater desalination
plant. The effect of HAs on crystals growth is also
included.

4.1. Effect of humic acid on membrane crystallization.
Trans-membrane flux and crystals growth measurements

Figure 15 reports the effect of HA on trans-membrane
flux during MCr process. In particular, the tests have
been carried out on solutions with the same composi-
tion of the NF brine after the precipitation with anhy-
drous sodium carbonate previously described in which
HA has been added.

Humic acid concentrations have been evaluated by
using TOC Analyzer Shimadzu TOC-Vcsn.

The achieved results have proven that trans-
membrane flux decreases when the concentration of
HA increases due to the formation of a fouling layer.
In fact, in agreement with what found in literature,
the examination of the membrane surface confirmed
the existence of a fouling layer which appeared dark
brown.

The deterioration of flux due to the fouling layer
may be attributed to two effects: first, the reduction of
surface area available for vaporization as the fouling
layer blocked the pore entrances; second, the fouling
layer may decrease the heat transfer driving force.

Moreover, dissolved HA has influenced also the
dimensions and the kinetics of salts precipitation (Tables
6 and 7).
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Fig. 15. Trans-membrane flux vs time for NF retentate with different HA concentrations. AT, =11°C, AT,  =9°C, retentate
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Table 6

Evolution in function of time of the CV and middle diameter (d ). Parameters determined from the experimentally obtained

CSDs at two different HA concentrations.

Humic acid concentration [mg/L]

0.5 1.0

Sample n° d_ [pm] CV [%] Sample n° d_ [pm] CV [%]
1 17.48 41.12 1 16.32 41.67
2 24.22 41.67 2 19.68 48.57
3 33.49 43.33 3 37.02 67.19
Retentate flow rate = 207 L/h; permeate flow rate =100 L/h; T 39 = 1°C.

Some experimental evaluations of the CV and the
middle diameter (d_) as obtained in the carried out NF
retentate crystallization tests at different HA concentra-
tions are reported in Table 6. These can be compared to
the results obtained in the crystallization of NF retentate
without HA (Table 4) showing higher d_ (values vary
between 22.36 and 44.46 pm) and smaller CVs (values
vary between 25% and 45.59%).

Table 7 reports the crystals growth rate G and the
nuclei population density n” as experimentally achieved
at different HA concentrations.

In conclusion, the effect of HA is not only on mem-
brane fouling but also on crystals size (smaller particles),
on CV (higher CVs, characteristic of wider distributions
around the mean crystal size) and on crystals growth rate
which is at least one order of magnitude smaller than the
one obtained from inorganic NF brine solutions (Fig. 14).

Table 7
Crystals growth rate G and nucleation rate at different HA
concentration.

Humic acid concentration [mg/L] 0.5 1.0
G [pm/min] 0.0407 0.0612
Inn° 21.75 21.87

feed, retentate side

The achieved results agree with Zuddas observations
[13] on calcite precipitation from seawater solution. It
was found that the dissolved organic matter in the form
of HA inhibits the rate of calcite crystal growth in strong
electrolyte solutions of ionic strength like seawater.

5. Conclusions

In this paper the proper functioning of membrane
crystallizer and its potentialities for the exploitation of
some components contained in the NF and RO streams
of the desalination plants have been analysed.

The first objective of the work has been the identifi-
cation of appropriate measures for preventing crystals
deposition on membrane surface and inside the mem-
brane module. In the used lab plant, this problem has
been controlled by recovering the produced crystals
and by controlling the temperature of the solution flow-
ing along the membrane module. The obtained almost
constant trend of the trans-membrane flux has been the
demonstration of the good carried out operations.

The experimental tests have also allowed to test
fluid-dynamic effect on MCr operation and, in particu-
lar, on trend of solvent transmembrane flux and crystals
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growth rate. Crystals distribution has been characterized
by the CV and middle diameter d_. The kinetic param-
eters have been investigated by using a mathematical
model for continuous crystallizers of the mixed-suspen-
sion or circulating-magma type.

The achieved results have shown that transmem-
brane flux increases with retentate flow rate and temper-
ature. Therefore, the time for reaching supersaturation
and crystals formation decreases when these parameters
rise. The obtained CVs are lower than those from con-
ventional equipments and are therefore characteristic of
narrow CSDs and of qualitatively better products.

Moreover, the experimentally determined crystals
growth rate has shown that the presence of ions acceler-
ate kinetic rate of NaCl crystallization while the presence
of HA in NF retentate inhibits crystals growth rate.

From here the necessity to optimize the NF/RO
pre-treatment steps in order to control the crystalliza-
tion kinetics that are linked with the nature and the
amount of the foreign species existing in the highly con-
centrated brines emerging from the NF and RO stages.
These substances, besides causing fouling on RO mem-
branes, can easily hinder the crystallization kinetics,
thus leading either to the cessation of growth or to the
production of a product exhibiting inferior, undesired
properties.

In conclusion, the use of membrane crystallizers on
NF and/or RO brine and the choice of a suitable NF/RO
pre-treatment might offer the possibility of producing
solid materials of high quality, whose structures (poly-
morphism) and morphologies (size, size distribution,
shape, habit) can be adequate to represent a valuable

by-product, transforming the traditional brine disposal
cost in a potential new profitable market.
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