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ABSTRACT

One of the major limitations of the application of nanofiltration (NF) membrane processes in
desalination of brackish water or seawater is inorganic fouling, which could be named as scaling
and the membrane scaling issues could reduce the efficiencies of membrane separation process
and membrane lifetime. This research focused on the main factors mitigating inorganic membrane
fouling during NF process via a magnetizing pretreatment. The magnetization device constructs
a high gradient magnetic field with an external neodymium ferrum boron permanent magnet and
an internal stainless steel wool, which could generate a magnetic field through magnetization.
Various factors involved in the magnetization process such as time, CaCQO, concentration, tem-
perature, and steel wool packing rate (the area ratio of steel wool to the effective inner surface of
the magnetization device) were studied over a flat sheet NF membrane from Vontron. All these
factors affected the magnetizing pretreatment, the efficiency of which was followed by the trans-
formation of calcite into aragonite. As revealed by the flux variation, the inorganic fouling reduc-
tion reached a maximum with the magnetization time (4 h in this study). The fouling tests carried
out by increasing CaCO, concentration and steel wool packing rate resulted in the formation of a
thick and dense cake layer that induced membrane fouling increment and membrane flux decline.
Additionally, the inorganic fouling was correlated with temperature. In this study, the optimal
operating conditions were determined to control membrane fouling at 4 h of magnetizing time
(3 mmol/L of CaCO,, 20°C and 5% of steel wool packing rate), 35°C (3 h of magnetizing time,
6 mmol/L of CaCO, and 15% of packing rate), and 10% of steel wool packing rate (2 h of magnetiz-
ing time, 1 mmol/L of CaCO, and 35°C) with a magnetizing pretreatment for 3 mmol/L of CaCO,
(4 h of magnetizing time, 30°C and 10% of steel wool packing rate). Scanning electron microscopy
(SEM) was used to investigate membrane fouling during NF process. Unlike calcite that formed a
thick and dense layer, these observations demonstrated that aragonite CaCO, precipitated as a thin
and loose cake layer with good permeability.
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1. Introduction

As a result of severe freshwater shortages, numerous
advanced technologies for water purification including
desalination of brackish water or seawater have emerged to
secure clean water supply [1,2]. In the case of water desalination,
the focus remained on nanofiltration (NF) and reverse osmo-
sis (RO) membranes as feasible approaches to high-quality
clean water production. NF membranes are more promising
for the production of low-cost drinking water because of their
lower operational pressures, higher flux, and higher selectivity
characteristics compared with RO membranes [3-7].

However, soluble salts in the feed stream tend to precip-
itate on the membrane surface during desalination of brack-
ish water and seawater (i.e., salt scaling) negatively affecting
the desalination process in terms of efficiency and membrane
lifetime. Because they reduce the permeate flux and induce
the physical damage of membrane due to membrane scaling
[8-11]. Therefore, membrane scaling should be alleviated
to prolong the service lifetime of the membrane [12]. With
the aim to improve the practical application of membranes,
research on membrane scaling has become increasingly
important.

Calcium carbonate is the most common scaling salt gen-
erated during water purification by NF. In order to solve this
problem, many physicochemical treatment techniques have
been used including utilization of acids [13], scale inhibi-
tors [14,15], ion-exchange materials [16], and magnetic [17]
or electrostatic [18] fields. Particularly, scaling prevention
via magnetic water treatment has a long history of practical
application because of its convenient application and less
investment.

Previous studies have reported that scaling deposition
proceeds in two steps (i.e., nucleation and crystal growth).
The magnetic field was reported to affect the calcium car-
bonate polymorphs (i.e., calcite and aragonite) formed by the
constant composition method [19-21] as well as the crystal
morphology that varied with the phase formed (i.e., calcite or
aragonite) [22,23]. Li et al. [9] reported that the scaling layer
of deposited CaCO, obtained under non-magnetizing condi-
tions was denser and thicker compared with that obtained
in the presence of a magnetic field (0.2 T). Additionally, this
magnetic field favored the formation of crystal aragonite vs.
calcite which was suppressed. The NF membrane scaling
performance during unstirred dead-end filtration was dis-
cussed while varying the intensity of the magnetic field [24].

Furthermore, the magnetizing effects were found to
be affected by the nature of the solution and the operating
conditions including pH [25], the impurity ion [26,27], the
magnetic intensity [19,21], operating condition [28] and the
magnetic substance employed [29]. All CaCO, crystallization
in the above researches was either in the permanent magnetic
field or in the variable magnetic field, but out of high mag-
netic field gradient. Schulze and Dixon [30] found that the
high magnetic field gradients could be supplied by a filter
of ferromagnetic stainless steel wool placed in a strong mag-
netic field. Long et al. [24] studied the relationship between
the NF membrane flux and CaCO, crystallization in the
unstirred dead-end NF process in the presence of the mag-
netic field. However, most NF membranes were applied in
the cross-flow process in practice. Furthermore, few studies

were found to report the effect of the chemical properties
of the solution on the CaCO, crystallization upon magnetic
treatment in magnetic field with high gradient in NF process.
Thus, in this study, the high magnetic field gradient (sup-
plied by the steel wool) was applied in the magnetizing pre-
treatment for NF process by the cross-flow mode.

In this study, the efficiency of the magnetizing treatment
(high magnetic field gradient) for avoiding membrane foul-
ing was investigated by following the changes of the solution
properties (i.e., CaCO, concentration and temperature), the
magnetizing time, and the steel wool packing rate. The nor-
malized permeate flux was determined to assess membrane
fouling. Scanning electron microscopy (SEM) and X-ray dif-
fraction (XRD) analyses were utilized to investigate the pre-
cipitation of CaCO, on the membrane surface and its crystal
morphology.

2. Materials and methods
2.1. Materials

All chemicals and reagents used in this study were of ana-
lytical grade. Milli-Q water was used for the preparation of
all working solutions. In the solution, the CaCl, and Na,CO,
solutions were mixed in these experiments to prepare CaCO,
solution. The scaling experiments were carried out with dif-
ferent concentration CaCOj, solution (3, 6, and 9 mmol/L)
and the solution pH was 9.75 + 0.05. This method has been
applied in the quantitative study of CaCO, deposition on NF
membranes via ultrasonic time-domain reflectometry [9].

The NF membranes (VNF1-1812) were purchased from
Vontron (Guiyang province, China), and their properties are
summarized in Table 1. A self-regulating flat-sheet mem-
brane module with an NF membrane diameter of 55 mm was
used. The magnetizing apparatus was composed of perma-
nent magnets in the outside and stainless steel wool (50 pm
in diameter) in the inside. The steel wool was magnetized by
permanent magnets so that it self-generates a magnetic field.
The self-generated magnetic field formed a high magnetic
field gradient in the magnetizing apparatus. The intensity of
magnetic field was approximately 0.3-0.4 T. The experimen-
tal pipes were all made of PVC (8 mm in diameter).

2.2. Experimental procedure and conditions

As shown in Fig. 1, the experimental process was
divided into two parts separately: (i) the magnetizing (or
non-magnetizing) pretreatment and (i) the cross-flow
NF membrane filtration process. The experimental proce-
dure can be described in detail as follows: the magnetizing

Table 1
Properties of NF membrane

Module type VNF1-1812
Module configuration Spiral wound
Membrane effective area (m?) 0.41

Feed temperature (°C) <45

Range of feed pH 3-10
Operational pressure (MPa) <2.07
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Fig. 1. Schematic diagram of experimental process. (1) Feeding tank; (2) diaphragm pump; (3) valve; (4) magnetic apparatus;

(5) flat-sheet membrane module; (6) balance; (7) PC.

apparatus was set to one outlet pipe of a diaphragm pump,
the effluent water samples subsequently entered into the
feeding tank, and finally cycled (cycling flow rate: 0.05 m/s)
in the pipes to magnetize the solution. After some cycle
time, the solution was conducted to the NF cross-flow filtra-
tion process (operation time: 480 min; operation pressure:
0.8 MPa). The membrane was soaked in pure water for at
least 8 h before the experiment. Each experiment started
with pure water being circulated through the system for 1 h
at the same conditions as the scaling experiment. As for the
control experiment, non-magnetizing solutions were placed
in another pipe out of the magnetic apparatus. During the
filtration, the permeate volume was measured every 30 min
by an automatic data-logging balance device connected with
a computer.

The effect of a single variable on the membrane scaling
process was studied by maintaining the rest of factors con-
stant. The scaling experiments were carried out by varying
different parameters such as the magnetizing time (0, 1, 2,
and 4 h), the CaCO, concentration (3, 6, and 9 mmol/L), the
temperature (20°C, 30°C, and 35°C), and the steel wool pack-
ing rate (5%, 10%, and 15%).

The fouled NF membranes were removed from the mod-
ule after each operation, subsequently rinsed with deionized
water, and their integrity inspected before drying them in the
desiccator for surface analysis.

2.3. Analytical methods

The normalized permeate flux (Q) was determined to
study the properties of the NF membrane after being fouled
at different conditions. Low membrane fouling extents corre-
spond to higher Q values. Q was calculated as follows:

Q:%XIOO% @

0

where ] and ] are the temporal and initial fluxes, respectively.

Additionally, field emission scanning electron micros-
copy (S-4800, Japan) was used to examine the morphology
of the scaling inorganic CaCO, deposited on the NF mem-
brane surface. The crystal phase compositions of CaCO, were
determined by XRD (D/MAX-2500X, Japan). In our previous
studies, the morphology and crystal compositions of CaCO,
were studied by SEM and XRD, respectively, and calcite and
aragonite phases were detected and compared with previous
works. The qualitative analysis of the XRD patterns was in
good agreement with previous results [31]. Thus, the acicular
crystal CaCO, phase was identified as aragonite while cubic
crystal CaCO, corresponded to calcite (Fig. 2). This morpho-
logical analysis of the fouled membrane was required to estab-
lish a correlation between the water flux and the fouling layer.

3. Results and discussion

3.1. Effect of the magnetizing time on the inorganic membrane
fouling of NF process

Membrane fouling was minimized at a critical magnetiz-
ing time. As shown in Fig. 3(A), the magnetizing time greatly
affected the membrane flux. Thus, membrane fouling was
alleviated under magnetizing conditions. Thus, Q gradually
increased with the magnetizing time up to 4. These results
indicated that 4 h is the optimal magnetizing time to mitigate
membrane scaling in this study.

The inorganic scaling was built up on the membrane
surface thereby reducing the water flux [24,32,33]. When the
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Fig. 2. XRD patterns and SEM images of CaCQO, crystal.
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Fig. 3. Effect of the magnetizing time on inorganic membrane
fouling of NF process (3 mmol/L of CaCO,, 20°C and 5% of steel
wool packing rate). (A) Normalized permeate flux curves of NF
membranes; (B) SEM images of NF membranes with different
magnetic times (a, 0h; b, 1 h; ¢, 2h; d, 4 h).

Intensity

Intensity O

20 25 30 35 40 45 50 55 60 65 70
26

20 25 30 35 40 45 50 55 60 65 70
20

magnetizing time reached 4 h, the permeate flux reduction
was less than half that obtained under non-magnetizing con-
ditions (decreased by 25%; Fig. 3(A)). These results can be
explained by a lower CaCO, precipitation on the membrane
surface under magnetizing conditions.

In the NF process, the crystals are formed only when the
supersaturation (S) on the membrane surface is higher than 1
[24]. The supersaturation can be calculated by Eq. (2).

S=—* )

where ¢, and c_ are the concentrations on the membrane sur-
face and saturated concentration of the solute, respectively.
The cake layer played a dominant role on the NF mem-
brane inorganic scaling process [34,35]. SEM investigations
were carried out to investigate the effects of the magnetizing
pretreatment over the CaCQO, solution at different magnetiz-
ing times (Fig. 3(B)). The crystal morphology of CaCO, on
the membrane surface shifted from crystal cubic calcite to
acicular aragonite crystal phase with the magnetizing time.
The number of aragonite crystals gradually increased at the
expense of calcite which completely disappeared at magne-
tizing time of 4 h. This was attributed to the magnetic field
changing the crystal morphology from calcite to aragonite
and promoting the growth of aragonite crystals [21]. Longer
magnetizing times favored conversion and growth rate.
Similar results (i.e., nucleation of calcite being prevented by
the magnetic field) were reported by Chibowski et al. [29]
and Gabrielli et al. [36]. With regard to the growth behavior,
calcite nearly stopped its growing whereas aragonite started
to grow at longer magnetizing times [19,21]. This can be
explained by the secondary nucleation theory proposed by
Bauer [37] and Tai et al. [38]. According to these researchers,
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a secondary nucleation is carried out by an adsorption layer
composed of solute clusters on the surface of growing seed
crystals, awaiting incorporation into the growing seed crys-
tals. The magnetic force is likely to alter the structure of the
adsorbed solute clusters upon the magnetizing pretreatment.
Subsequently, the adsorption layers are desorbed from the
crystal interface once they become unfavorable to form cal-
cite crystals. Longer magnetizing times strengthen the effect
of this magnetic force. Thus, as shown in Fig. 3((B), inset d),
a higher number of aragonite crystals were formed at the
expense of calcite.

It is interesting to note that both the deposition on the
membrane surface and the permeate flux were maximized
at 4 h of magnetizing time. The similar result has been con-
cluded by Long et al. [24]. The acicular structure of small ara-
gonite did not deposit closely to the membrane surface, there
was some gap space during the aragonite—aragonite and ara-
gonite membrane surface. As a result, the formed cake layer
on the membrane surface was thin, loose and porous, there-
fore showed good permeability with the decreased of the con-
centration polarization. In contrast, due to the special cubic
structure, the first layer of larger calcite crystals stuck closely
to membrane surface, covering certain membrane pore, and
then resulted in a thick and dense cake layer with poor per-
meability. Since this dense cake layer was transformed into a
loose cake layer for magnetizing times ranging from 1 to 4 h,
the water flux was maximum at 4 h magnetizing time. We
believe that the different efficiency of the crystal morphology
conversion during the permanent magnetic field was pro-
duced by the different operation conditions.

3.2. Effect of the calcium carbonate concentration on the inorganic
membrane fouling of NF process

This experiment was carried out at a magnetizing time
of 4 h. The normalized permeate flux values as a function of
the filtration time are summarized in Fig. 4(A). The fouling
experiments were carried out with varying concentrations
(3-9 mmol/L) of CaCO, during pre-magnetic filtration (PMF).
As can be seen in Fig. 4(A), the permeate water decreased as
scaling proceeded for each CaCO, concentration. This may
be produced by the gradual formation of the cake layer at
the initial stage, and this cake layer resulted in a stable flux
[39]. Higher concentrations of CaCQO, resulted in more seri-
ous membrane fouling because of larger CaCO, precipitate
accumulation.

Furthermore, as shown in Fig. 4(A), more pronounced
flux decreases were obtained with high CaCO, concentra-
tions during PMF. At these conditions, the precipitate was
formed faster and to a larger extent on the membrane surface
forming a thicker cake layer. Similar results were obtained by
Li et al. [9], who used ultrasonic time-domain reflectometry
to quantify the precipitation and growth of CaCO, scaling
on the surface of NF membranes at different concentrations
of CaCO, under a magnetic field. The normalized permeate
flux increased by 10% after 420 min of magnetizing pretreat-
ment for a 3 mmol/L CaCO;, solution. According to Chen
et al. [40] and Dawe and Zhang [41], the formation of the
different polymorphs of CaCO, depends on the concentra-
tion of CaCO,. Thus, calcite was favored at high concentra-
tions, with the crystal growth rate increasing with the CaCO,
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Fig. 4. Effect of the calcium carbonate concentration on inorganic
membrane fouling of NF process (4 h of magnetizing time, 30°C
and 10% of steel wool packing rate). (A) Normalized permeate
flux decline curves of NF membranes. (B) SEM images of NF
membrane using magnetizing pretreatment with different con-
centrations (a, 3 mmol/L; b, 6 mmol/L; ¢, 9 mmol/L).

concentration. The supersaturation ratio (S) was proposed to
express the scaling tendency by Chen et al. [40]. S is calcu-
lated as the ratio of the activity of a given ion (i.e., Ca*" and
CO,”) to the solubility product (K,) of CaCO,. The activity
of the ion is closely (and positively) related to the CaCO,
concentration. Therefore, higher CaCO, concentrations tend
to promote crystal formation. Thus, the efficiency for the
transformation from calcite to crystal aragonite phase was
reduced because of larger amounts of calcite crystals being
formed at high CaCO, concentrations as a result of the mag-
netizing pretreatment after some magnetizing time.

Fig. 4(B) shows the SEM images of some CaCO, crystal
formed on the membrane surface at different concentrations
upon a magnetizing pretreatment. The SEM photographs
of the structures formed revealed the presence of larger
amounts of calcite crystal phase at higher CaCO, concentra-
tions. The aragonite crystals formed a thin and loose cake
layer with good permeability at low concentrations. On the
other hand, the cake layer comprised calcite crystals was
thick and dense. This result can be explained by two effects.
First, larger amounts of the precipitate were formed on the
membrane surface at higher concentrations of CaCQO, to form
a thicker cake. Second, the CaCO, crystal phase was not com-
pletely transformed from calcite to aragonite by the magnetic
field since a large amount of calcite precipitated (Figs. 4(B)
insets b and c), and the subsequent deposit formed on the
membrane was dense. This is consistent with the results by
Her et al. [42] reporting that a heterogeneous crystallization
(i.e., aragonite and calcite) resulted in a more significant flux
decline compared with homogeneous crystallization (i.e.,
aragonite). Based on the above result, the amount of calcite
and aragonite increased with the CaCO, concentration on
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the NF membrane surface upon magnetizing pretreatment.
However, the operation conditions (i.e., magnetizing time
and temperature) can alter the formation of CaCO, crystals,
which is beneficial to mitigate membrane fouling.

3.3. Effect of the temperature on the inorganic membrane fouling
of NF process

Fig. 5(A) shows the normalized water flux while varying
the temperature from 20°C to 35°C during PMF. Water flux
first sharply decreased at the beginning of the operation and
gradually attenuated with time to finally level off. Lower
temperatures led to faster flux declines. Thus, the permeate
flux decreased by 45% and 38% during PMF at temperatures
of 20°C and 35°C, respectively. This result may be attributed
to larger amounts of precipitate depositing on the membrane
surface, this leading to poorer permeability of the cake layer
at lower temperatures.

SEM was used to analyze the surface structure of the
NF membranes after the PMF experiments (Fig. 5(B)).
Remarkably, the amount and size of precipitable aragonite
increased with the temperature and the calcite gradually
disappeared. Similar results reported a synergetic effect
of the magnetic field and the temperature on the aragonite
growth, thereby accelerating the transformation from cal-
cite into aragonite crystal phase [43]. The proposed trans-
formation mechanism under a magnetic field is related
with the formation of different CaCO, clusters existing in
the supersaturated solution [19]. This mechanism assumes
that the calcite clusters transform into aragonite by the
Lorentz force upon magnetization of the supersaturated
solution. A larger number of clusters are beneficial to ara-
gonite growth since it produces a higher surface integra-
tion rate at higher temperatures. Previous studies have also
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Fig. 5. Effect of the temperature on inorganic membrane fouling
of NF process (3 h of magnetizing time, 6 mmol/L of CaCO, and
15% of packing rate). (A) Normalized permeate flux curves of NF
membranes; (B) SEM images of NF with different temperatures
(a, 20°C; b, 30°C; ¢, 35°C).

reported the effect of temperature on the crystal structure
of CaCO, on tube walls [44]. They concluded that high tem-
perature accelerates the crystallization transformation from
calcite to aragonite under magnetic field conditions. The
needle aragonite precipitate was stacked on the membrane
surface, which reduced flux decline as a result of good per-
meability. Thus, the magnetizing pretreatment can mitigate
membrane fouling at an appropriate temperature promot-
ing complete calcite transformation into aragonite during
the magnetizing process. The effect of the temperature on
the crystal morphology of CaCO, was closely related to the
solution concentration, the magnetic field intensity, and
other operation conditions.

3.4. Effect of the steel wool packing rate on the inorganic
membrane fouling of NF process

Steel wool was magnetized such that it self-generated
a magnetic field. Thus, the primary uniform magnetic field
distribution was changed into a magnetic field gradient. The
magnetic force was applied to the solute that cut the magnetic
induction line. The higher gradient magnetic field might gen-
erate greater magnetic force.

Lower packing rates generated lower ranges of high
gradient magnetic field, and the superabundant steel wools
caused magnetic short circuits by touching each other (reduc-
ing magnetic force). Thus, the effective space of the magnetic
field was reduced. To compare the effectiveness of the pack-
ing rate, the experiments were conducted at packing rates of
5%, 10%, and 15%. As illustrated in Fig. 6(A), the permeate
flux decreased by 43.2%, 30.6%, and 37.7% at 5%, 10%, and
15% packing rates, respectively. Thus, a reasonable packing
rate (10%) improved the magnetic field gradient and alle-
viated membrane fouling. Previous studies have reported
lower calcite growth rates and dense cake layer formation on
the membrane surface compared with aragonite deposits at
high magnetic intensities [19].

Fig. 6(B) shows the SEM micrographs of the mag-
netically pretreated precipitates on the membrane sur-
face. Lower amount of homogeneous crystallization
(i.e., aragonite) at a packing rate of 10% compared with
heterogeneous crystallization (i.e., aragonite and calcite)
at a packing rate of 5% and 10% was found obviously in
Fig. 6(B). This finding was consistent to the membrane flux
decline (Fig. 6(A)) [42]. The proposed mechanism for the
formation of aragonite in the presence of magnetic field
was explained in terms of a significantly stiffer ground
electronic state of aragonite compared with calcite. Thus,
in order to form aragonite instead of calcite, Ca* and
CO,* ions would require higher kinetic energies to over-
come the repulsive forces of potential barrier [22]. Under a
magnetic field, the charged species (Ca* and CO,>) obtain
the required kinetic energy via magnetohydrodynamic
processes involving Lorenz forces [29,31]. High gradient
magnetic fields can enhance the function of the Lorenz
forces. Thus, the kinetic energy required to achieve the
ground state of the aragonite could be provided by filling
10% of steel wools under a magnetic field. The aragonite
cake layer is thin and loose and shows good permeability.
The low hydraulic resistance of the aragonite precipitate is
responsible for the good flux permeability observed for this
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Fig. 6. Effect of the steel wool packing rate on inorganic mem-
brane fouling of NF process (2 h of magnetizing time, 1 mmol/L
of CaCO, and 35°C). (A) Normalized flux decline curves of NF
membranes; (B) SEM images of NF membranes using magnetic
pretreatment with different steel wool packing rates (a, 5%; b,
10%; ¢, 15%).

material [45]. Thus, 10% is an optimal packing rate to mit-
igate membrane scaling under magnetic field conditions.

4. Conclusions

The magnetizing pretreatment (high magnetic field gra-
dient) was investigated herein with the aim to maximize the
effect of magnetization on NF membrane fouling mitigation.
The results showed that the optimum operational parame-
ters for the magnetizing pretreatment were influenced by the
concentration of CaCO,. Thus, higher CaCO, concentration
resulted in larger amounts of precipitated CaCO, crystals. In
this study, the optimum operational parameters mitigating
membrane fouling were 4 h of magnetizing time (3 mmol/L
of CaCQ,, 20°C and 5% of steel wool packing rate), 35°C (3 h
of magnetizing time, 6 mmol/L of CaCO, and 15% of packing
rate), and 10% of steel wool packing rate (2 h of magnetizing
time, 1 mmol/L of CaCO, and 35°C) with a magnetizing pre-
treatment for 3 mmol/L of CaCO, (4 h of magnetizing time,
30°C and 10% of steel wool packing rate). These operation
conditions promoted the transformation of calcite into arago-
nite, the latter of which was characterized by small acicular
crystals forming a thin and loose cake layer on the membrane
surface with good permeability. On the other hand, the larger
cubic calcite crystals generated a thick and dense cake layer
with poor permeability.
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