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a b s t r a c t
Microfiltration pretreatment in seawater reverse osmosis plants is essential for successful 
operation, as it provides high quality water for the reverse osmosis membranes. To maximize 
rejection during the pretreatment, coagulation–flocculation associated with ceramic microfiltra-
tion membranes was used in this work. Ferrous sulfate and anionic polyacrylamide were studied 
as flocculants in different temperatures in microfiltration separation using ceramic membranes. 
Pozzolanic clays and slag were used to prepare the ceramic membranes by uniaxial dry pressing. 
An increase in the hydraulic permeability from 3,982 to 11,600 L·m–2·h–1·bar–1 was obtained when 
the temperature increased from 20°C to 60°C. The zeta potential was close to zero with increasing 
temperature using flocculants. In general, the use of flocculant improved the pre-treatment of sea-
water by microfiltration, providing considerably higher permeated fluxes. Membrane fouling was 
reduced when ferrous sulfate and polyacrylamide were used at 40°C. Finally, this hybrid process 
at different temperatures demonstrated a significant improvement in microfiltration.
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1. Introduction

In seawater desalination processes, membrane pretreat-
ment has demonstrated to be an important factor for the 
optimization of reverse osmosis technology [1]. Pretreatment 
by microfiltration membranes can increase the efficiency of 
the seawater desalination by minimizing fouling of reverse 
osmosis membranes. Fouling is generated by organic and 
inorganic substances, particulates and colloidal matter, solid 
wastes and dissolved salts present in seawater [2,3]. High 
consumption of cleaning chemicals and decreased membrane 
productivity are the main problems generated by fouling [4].

Conventional processes such as coagulation/floccu-
lation and membrane technologies (microfiltration and 

ultrafiltration) are the most commonly used as pretreat-
ment for desalination [2]. Different studies have indicated 
that microfiltration membranes coupled with flocculation, 
can improve the permeate flux, and the water quality for 
different processes such as: microalgae separation [5] and 
desalination [6,7]. Yang and Kim [7] observed that the flux 
decline decreases with the application of coagulation before 
microfiltration, compared to microfiltration without floc-
culant. Lee et al. [8] showed that flocculation reduced the 
turbidity, and fouling of the microfiltration membranes. 
Therefore, the ability flocculation to reduce fouling of 
microfiltration membranes, and the turbidity of seawater is 
important in desalination processes.
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The temperature at which microfiltration is performed 
is of great importance, significantly altering membrane 
performance, membrane fouling, and process flux.

Currently, low-cost membranes using waste materials 
and clay are widely investigated [9–15]. However, pretreat-
ment of seawater using membranes with waste materials 
has been scarcely studied. In our previous research [16], 
ceramic membrane using slag from the industrial residue, 
achieved good mechanical and thermal resistance, a high 
permeate flux, and reduced turbidity.

Numerous flocculants with aluminum-based salts or 
iron-based salts, anionic polyacrylamide, and Tanfloc are 
used for water treatment [17–22]. However, the effect of floc-
culants such as iron sulfate with aid anionic polyacrylamide, 
at different temperatures, in reducing fouling of ceramic 
membranes has not been documented.

Ceramic membrane systems combined with coagula-
tion–flocculation at different temperatures has not been 
reported so far in desalination. In this context, the objective 
of this study was to investigate the use of ferrous sulfate 
or/and anionic polyacrylamide as coagulant–flocculant 
during microfiltration of seawater at different tempera-
tures. Treatment efficiencies were assessed by measuring the 
permeate flux, normalized flux, zeta potential and floc size.

2. Materials and methods

2.1. Materials

2.1.1. Seawater

Seawater from Pontal do Sul, Paraná, Brazil was used in 
this study. The pH value, conductivity and turbidity were 
8.04, 39.86 mS/cm and 3,471 NTU, respectively.

2.1.2. Membrane

Flat membranes were prepared from thermally treated 
clay and slag (20 wt.% slag and sintering temperatures of 
1,150°C) according to Xavier et al. [16]. These membranes 
were analyzed by scanning electron microscopy, X-ray dif-
fractometer, X-ray fluorescence, thermogravimetric analysis, 
Fourier-transform infrared spectroscopy, flexural strength, 
atomic force microscopy, apparent porosity and contact 
angle as described in the work by Xavier et al. [16]. Table 1 
summarizes the properties of the prepared membrane.

2.1.3. Flocculants

A stock solution of 5 g·L–1 of ferrous sulfate FeSO4 was 
used as flocculant. Anionic polyacrylamide supplied by 
Politécnica Química Ltda., (Brazil) was chosen as flocculant 
additive and it was applied as a stock solution of 1 g·L–1 of 
anionic polyacrylamide.

2.2. Experimental set-up

2.2.1. Flocculation experiment at different temperatures

Different concentrations of flocculants (Table 2) were 
added into seawater samples following the procedure 
reported in our previous paper [5] with some modifications. 

A thermostatic water bath was used to adjust the tempera-
ture. The samples were rapidly mixed at 100 rpm for 2 min, 
and then speed was reduced for 50 rpm and the mixing pro-
cess continued for 5 min until flocculation was observed, 
after which aggregates were decanted for 10 min. Afterwards, 
the flocs were removed and measured. The experiments 
were made in duplicate.

Individual flocculation was used to define the optimal 
flocculant dose. In the combined process, ferrous sulfate was 
added at a fixed concentration of 0.16 g·L–1 into seawater 
in a mixture with anionic polyacrylamide during the rapid 
mixing stage (100 rpm).

2.2.2. Experimental apparatus

A schematic representation of the flocculation/microfil-
tration process is presented in Fig. 1.

Flocculation/microfiltration experiments were carried 
out at a constant flow rate of 6.94 × 10–5 m–3·s–1 and differ-
ent temperatures (20°C, 40°C, and 60°C) in a disk mem-
brane module with an effective filtration system previously 
described by Nishimura et al. [5].

2.2.3. Pure water flux measurements

Initially, the membrane was compacted with deionized 
water at a pressure of 1.0 bar for 30 min to evaluate the 
uniformity in the permeate flux rate. After compaction, the 

Table 1
Characteristics of the fabricated membrane according to Xavier 
et al. [16]

Properties Value

Main crystalline phase Anorthite
Porosity 33.94%
Mechanical strength 16.24 MPa
Hydraulic permeability 5,263 kg·m–2·h–1·bar–1

Thickness 2 mm
Diameter 40 mm

Table 2
Flocculation/microfiltration experiments

Run Ferrous 
sulfate (g·L–1)

Anionic 
polyacrylamide (g·L–1)

Temperature 
(°C)

1 0.08 – 20
2 0.08 – 60
3 0.12 – 20
4 0.16 – 20
5 0.20 – 40
6 0.40 – 20
7 0.16 – 40
8 0.16 – 60
9 0.16 0.02 40
10 0.16 0.02 20



45L.A. Xavier et al. / Desalination and Water Treatment 310 (2023) 43–49

permeate flux (J) were calculated with Eq. (1). The experi-
ments were made in duplicate.

J
V
A t

p

p

�
�

 (1)

where Vp is the volume of the permeate (L), Ap is the mem-
brane area (m2) and t is the time (s).

The hydraulic permeability Lp (L·m–2·h–1·bar–1) was eval-
uated at different pressures of 0.2, 0.4, 0.6, 0.8 and 1.0 bar, 
according to Eq. (2).

J L Pp� � �  (2)

where J is the permeate flux and ΔP the transmembrane 
pressure.

The resistances to permeation were calculated according 
to Darcy’s law by Eq. (3).
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where R is the total resistance (m–1), μ is the viscosity of 
water at 20°C, 40°C and 60°C (m·Pa·s), and ΔP (Pa) and flux 
(m3·m–2·s–1).

2.2.4. Flocculation coupled with microfiltration

The seawater flux through the ceramic membranes, with 
or without flocculant, was evaluated at a 1.0 bar for 45 min 
and calculated according to Eq. (1). The experiments were 
made in duplicate.

2.2.5. Membrane pore blocking models

To describe the pore blocking mechanism in microfiltra-
tion process, four pore blocking models were applied. Fitting 
of Hermia’s model to evaluate the flux decline in crossflow 
microfiltration results in the following general Eqs. (4) and (5).
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where JSS, JV, A, n and k are respectively: steady state flux, 
permeate flux, filtration area, pore blocking index and a 
constant. The blocking mechanisms are classified as: com-
plete (n = 2), standard (n = 1.5), intermediate (n = 1), and 
cake filtration (n = 0). To minimize the objective func-
tion, Scilab’s fminsearch function was used according to 
Lesak et al. [11].

2.3. Analysis

The zeta potential and floc size were analyzed by the 
Zetasizer nano instrument (Nano ZS90). The samples were 
diluted 20 times, the analyses were made in triplicates.

3. Results and discussion

3.1. Characterization of microfiltration

3.1.1. Influence of the temperature on hydraulic permeability

The pure water flux through ceramic membrane was 
investigated at temperatures of 20°C, 40°C and 60°C and the 
results are shown in Fig. 2. The water flux increased linearly 
with the applied pressure. This trend is predicted by Darcy’s 
law given in Eq. (2).

The obtained value of Lp for the membrane at 20°C, 40°C, 
and 60°C, are 3,982; 5,714 and 11,600 L·m–2·h–1·bar–1, respec-
tively, which suggests that the permeate flux increases lin-
early with feed temperature. This behavior indicates that 
higher feed temperature leads to a lower feed viscosity, 
decrease of concentration polarization and the solvent trans-
port through the membrane is intensified, resulting in a 
higher permeate flux [23].

Similar observation was reported by other research-
ers regarding the use of ceramic membrane. Lesak et al. 
[11] worked with disk-type ceramic membranes made of 
Pristine modified clay and clay mixed with niobium pent-
oxide (Nb–1100), obtaining permeabilities of 0.793 × 10−6 
to 3.498 × 10−6 kg·m–2·s–1·Pa, respectively. Mouiya et al. [24] 
developed microfiltration ceramic membrane to evaluate the 

Fig. 1. Schematic representation of flocculation/microfiltration system used in this work.
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pre-treatment of seawater desalination, obtaining a water 
permeability of value of 928 L·h–1·m–2·bar–1. Therefore, the 
hydraulic permeabilities obtained in this work are within the 
values reported in the literature for other disk-type ceramic 
membranes, and, especially for 60°C, the permeability 
value was relatively high.

The water flux increases more than three times with 
the increase in feed temperature from 20°C to 60°C. Similar 
temperature dependence on permeate flux was reported 
by Goosen et al. [25], increasing the temperature of 20°C to 
40°C. According to them, the permeate flux increased from 
12.4 to 24.1 L·m–2·h–1·bar–1 when the feed temperature was 
increased from 30°C to 40°C.

Fig. 3 shows that higher temperature reduces the total 
resistance (RT) due to the higher solubility of the water.

As shown in Fig. 3, RT decreases considerably when the 
temperature increases to 40°C, but further increases in tem-
perature, do not decrease RT which remains constant at 60°C. 
Therefore, considering the higher operating costs at higher 
temperatures it is recommended to operate the process 
at 40°C.

3.1.2. Flocculation and microfiltration at different 
feed temperatures

The permeate flux of the feed solution was evaluated 
at 20°C, 40°C and 60°C with the addition of the flocculants. 
Fig. 4 shows the evolution of permeate flux with time. Results 
are shown for ten runs according to Table 1.

The permeate flux increased with increasing tempera-
ture. Thus, the temperature and filtration time had a consid-
erable influence on the permeation flux.

The permeate flux measured at 20°C increased and then 
stabilized with the increase of ferrous sulfate concentra-
tion. The highest fluxes at 20°C were 1,058; 1,178; 1,687 and 
1,618 L·h–1·m–2, respectively, which were achieved at ferrous 
sulfate concentrations of 0.08, 0.12, 0.16 and 0.40 g·L–1. The 
amount of ferrous sulfate required to obtain the maximum 
flux was 0.16 g·L–1. The initial flux in the first 5 min was 
1,336 L·m–2·h–1 for the run with a concentration of ferrous 
sulfate of 0.16 g·L–1 at 20°C. The flux gradually decreased 
to 819 L·m–2·h–1 after 30 min before reaching a stable value. 
This value for the permeate flux was lower than the flux 

obtained for the same membrane and pressure using raw 
seawater (without flocculant) from the same batch, which 
started with an initial flux of 1,559 L·m–2·h–1 and after 
30 min of filtration, decreased to 952 L·m–2·h–1. This behav-
ior could be explained by fouling due to the interaction 
between the membrane and the flocculants. Studies have 
reported that flocculation pre-treatment can affect filtra-
tion, and flocculant dosage is an important factor [26,27].

Moreover, it is possible to verify in Fig. 4 that at 40°C 
the concentration of ferrous sulfate (0.16 and 0.20 g·L–1) does 
not affect the initial and final permeate fluxes. However, 
at 0.16 g·L–1 of ferrous sulfate, in the first 10 and 15 min 
the permeate flux was higher than that of ferrous sul-
fate of 0.20 g·L–1. In contrast, at 60°C for ferrous sulfate, 
as the concentration was increased from 0.08 to 0.16 g·L–1, 
the flux constantly increased from 2,794 to 3,259 L·m–2·h–1.

The variations in flux at various ferrous sulfate con-
centrations are probably associated with floc formation at 
different temperatures (20°C, 40°C and 60°C). Flocs can 

Fig. 2. Permeate flux at 20°C, 40°C and 60°C. Fig. 3. Total resistance at different temperatures.

Fig. 4. Evolution of permeate flux with time with different 
flocculants and at different temperatures. (×) FS 0.40 g·L–1 20°C, 
(◊) FS 0.16 g·L–1 20°C, () FS 0.12 g·L–1 20°C, () FS 0.08 g·L–1 
20°C, () FS 0.16 g·L–1 + AP 0.02 g·L–1 20°C, (+) FS 0.20 g·L–1 40°C, 
() FS 0.16 g·L–1 40°C, () FS 0.16 g·L–1 + AP 0.02 g·L–1 40°C, () FS 
0.16 g·L–1 60°C and () FS 0.08 g·L–1 60°C.
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promote membrane resistance reduction and improve the 
membrane flux [5,26]. In this study, increasing the tem-
perature from 20°C to 40°C with the concentration of fer-
rous sulfate of 0.16 g·L–1, led to an increase of the permeate 
flux from 1,688 to 2,192 L·h–1·m–2.

The optimal concentration of ferrous sulfate was 
0.16 g·L–1. The use of anionic polyacrylamide (0.02 g·L–1) 
increased the permeate flux at 20°C and 40°C, compared to 
the permeate flux obtained with the coagulant alone at the 
same temperature condition. In general, permeation fluxes 
reached a stable value within 45 min of filtration.

The trends of normalized permeate flux vs. time are 
depicted in Fig. 5.

As can be seen, double flocculation of ferrous sul-
fate + polyacrylamide at 40°C decreased membrane fouling, 
reflecting in higher permeate fluxes. Using polyacryl-
amide, the normalized flux was more stable during the first 
45 min (from 1.1 to 0.75). The phenomenon was attributed 
to the formation, and accumulation of large flocs on the 
membrane surface which retained the small particles and 
increased the permeated flux.

Johir et al. [6] evaluated the performance of flocculation 
in line with filtration as a pre-treatment for reverse osmosis 
desalination. They used FeCl3 as flocculant and obtained a 
normalized flux decline (J/J0) from 0.35 to 0.22 during the 
first 20 h.

3.2. Pore blocking models

The fouling mechanisms were studied for the microfiltra-
tion of seawater flocculated. Table 3 presents the parameters 
evaluated from the fitted pore blocking models.

The best fitting models were complete and intermediate 
pore blocking mechanism (R2 > 0.98), and cake formation 
(R2 > 0.97).

For the following studies, a complete pore blocking 
adjusted coefficient (kc) was plotted vs. temperature (Fig. 6) 

to evaluate the effect of temperature on membrane fouling. 
In this case, a mixture containing 0.16 g·L–1 of ferrous sul-
fate and 0.02 g·L–1 of anionic polyacrylamide was used as 
flocculant. It can be observed that complete pore blocking 
coefficient kc decreases when temperature is increased (20°C, 
40°C and 60°C). Furthermore, the anionic polyacrylamide 
induced the reduction of kc from 4.383 to 3.712 at 20°C and 
40°C, respectively. This result is consistent with the obser-
vation that the increase in temperature up to 40°C improves 
the flux and reduces membrane fouling.

The increase in temperature can enlarge membrane pore 
size, reducing the probability of deposition on membrane 
surface and complete pore blocking [28].

Fig. 5. Normalized permeate flux as a function of the microfil-
tration duration. (×) FS 0.40 g·L–1 20°C, (◊) FS 0.16 g·L–1 20°C, 
() FS 0.12 g·L–1 20°C, () FS 0.08 g·L–1 20°C, () FS 0.16 g·L–1 + AP 
0.02 g·L–1 20°C, (+) FS 0.20 g·L–1 40°C, () FS 0.16 g·L–1 40°C, 
() FS 0.16 g·L–1 + AP 0.02 g·L–1 40°C, () FS 0.16 g·L–1 60°C 
and () FS 0.08 g·L–1 60°C.

Table 3
Results of the parameters of the models

Model Complete Standard Intermediate Cake filtration

FS 0.16 g·L–1 20°C

R2 0.994 0.93 0.996 0.992
K 5.303 1.221 0.004 3.43E-06

FS 0.16 g·L–1 40°C

R2 0.993 0.997 0.986 0.975
K 4.621 0.998 0.003 1.70E-06

FS 0.16 g·L–1 60°C

R2 0.996 0.978 0.996 0.99
K 4.499 0.787 0.002 7.60E-07

FS 0.08 g·L–1 20°C

R2 0.994 0.982 0.991 0.986
K 3.911 0.789 0.004 4.85E-06

FS 0.08 g·L–1 60°C

R2 0.993 0.979 0.99 0.984
K 4.279 0.577 0.002 8.65E-07

FS 0.12 g·L–1 20°C

R2 0.998 0.974 0.996 0.991
K 4.296 0.958 0.004 4.63E-06

FS 0.20 g·L–1 40°C

R2 0.995 0.949 0.996 0.991
K 6.014 1.233 0.004 2.22E-06

FS 0.40 g·L–1 20°C

R2 0.998 0.976 0.996 0.99
K 4.362 0.975 0.004 2.81E-06

FS 0.16 g·L–1 + AP 0.02 g·L–1 20°C

R2 0.994 0.971 0.993 0.989
K 4.383 0.643 0.003 1.89E-06

FS 0.16 g·L–1 + AP 0.02 g·L–1 40°C

R2 0.98 0.966 0.98 0.979
K 3.712 0.234 0.001 5.96E-07
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3.3. Flocculation performance

3.3.1. Zeta potential

Fig. 7 shows the zeta potential of seawater without 
flocculant and seawater flocculated as a function of tem-
perature. In the absence of flocculant, the increase in 
temperature up to 40°C decreases the zeta potential of sea-
water from −2.55 to −8 mV, indicating high salinity and the 
presence of dissolved materials in seawater. These results 
are in good agreement with previous studies, where the 
zeta potential of seawater became more negative as seawa-
ter was diluted, which can be attributed to dissolution of 
ions at different temperatures [19].

The zeta potential shows positive values for samples with 
ferrous sulfate and anionic polyacrylamide. In the presence 
of flocculants, the zeta potential decreased with increasing 
temperature. However, the decrease was higher with dual 
flocculation (ferrous sulfate and anionic polyacrylamide). 
As shown in Fig. 7, the zeta potential was reduced from 7.05 
to 0.18 mV as the temperature increased from 20°C to 60°C. 
The repulsive forces between the particles decrease as the 
zeta potential approaches zero, which facilitates agglom-
eration of the particles [29].

These results show that the influence of temperature 
and the type of flocculant influence particle agglomeration 

due to interactions between the negatively charged 
groups of the polyacrylamide and the salt ions present in  
seawater [30].

3.3.2. Floc size

Fig. 8 shows the results obtained for ferrous sulfate 
(0.16 g·L–1), and anionic polyacrylamide (0.02 g·L–1). Before 
flocculation, particle size in the seawater was smaller. 
Therefore, the increase in the floc size (regardless of tem-
perature) due to the addition of ferrous sulfate affected 
membrane fouling.

The addition of anionic polyacrylamide increased floc 
size with the increase in temperature. The higher floc size 
was obtained at 60°C, followed by 40°C and 20°C. These 
results are consistent with previous findings showing that 
anionic polyacrylamide properties lead to enhanced aggre-
gating power and formation of larger and denser flocs due 
to bridging [31]. Therefore, the floc size should be con-
sidered as a new control parameter in flocculation and 
 microfiltration coupled systems.

4. Conclusion

In this work, flocculation and microfiltration membrane 
process was studied, as pre-treatment for seawater, and 
the effect of flocculants and temperature on the reduction 
of fouling was evaluated. The performance of the coupled 
process showed a significant improvement in the perme-
ate flux, when compared to direct microfiltration. The fil-
tration of seawater using ferrous sulfate and anionic poly-
acrylamide through the membrane at 40°C, showed a better 
performance in terms of fouling reduction, permeate flux 
and normalized flux. This could be attributed to particle 
aggregation with the help of flocculant and temperature, 
leading to the formation of larger and denser flocs. The 
characterization of the flocculation by the zeta potential 
and floc size techniques confirms the efficiency of the floc-
culation at different temperatures (20°C, 40°C and 60°C). 
Flocculation of seawater at 60°C leads to an increase in the 
floc size and zeta potential approached zero. Therefore, 
taking in consideration the constant permeate flux, normal-
ized flux and fouling mechanism, the combination of these Fig. 6. Complete pore blocking adjusted coefficient (kc) vs. 

temperature.

Fig. 8. Effect of temperature and flocculants on floc size.Fig. 7. Effect of temperature and flocculants on zeta potential.
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processes using ferrous sulfate (0.16 g·L–1) and anionic poly-
acrylamide (0.02 g·L–1) at 40°C has a greater potential for 
pre-treatment of seawater.
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