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A B S T R A C T

Ceramic nanofiltration is a potential one-step treatment for industrial waste streams. It can remove colloidal
particles, oil droplets and some organic molecules. The drawback of the technology is that backwash cannot be
applied to remove the accumulated cake layer from the membrane surface. At the moment only chemical
cleaning with aggressive oxidizing agents like chlorine are effective to restore the permeability of the membranes
after fouling. However, calcium carbonate (CaCO3) precoating has shown potential benefits in preliminary
research, but have only been executed at laboratory scale, under a constant pressure and with a limited number
of experimental cycles. In the presented work, the CaCO3 precoat/acid cleaning method was comprehensively
studied under varying operational conditions. Dead-end filtration of a CaCO3-dispersion was used to precoat the
membrane surface. Three different acids were tested to partly dissolve the precoat and remove the cake layer
from the membrane surface. It was found that citric acid performed the best to recover the permeability of the
membrane, probably due to the chelating properties, capturing the calcium ions, with a good removal of the cake
layer during forward flush as a result. The size of precoat particles influenced the efficacy of permeability re-
covery. The smaller the deposited precoating particles on the membrane surface were, the better the cleaning
effect was. It is expected that, when filtering real sewage water, these membranes can operate with one precoat
during about 25 days with five consecutive citric acid cleaning cycles before a chlorine-based chemical treatment
should thoroughly clean the membrane module.

1. Introduction

Ceramic membrane filtration is an emerging technology for water
provision from alternative water sources for e.g. industry [1,2]. A typical
ceramic membrane is constructed in an asymmetric multilayered
structure consisting of a supporting layer and a thin active separation
layer [3]. This multilayer matrix is made of inorganic materials such as
zirconia (ZrO2), titanium dioxide (TiO2), and alumina (Al2O3), where
Al2O3 is mainly used to construct the supporting layer and TiO2 or ZrO2
is deposited on the surface of the supporting layer to form a separation
layer [4–6]. Compared with polymeric films, the surface functional
groups of ceramic layers are single, but rich in metallic hydroxyls, which
makes the surface of the layer having a higher hydrophilicity compared

to polymeric membrane surfaces [7,8]. This property is one of the key
factors positively influencing organic fouling [9]. Different types of
metal oxides have been used to modify the membrane surface to also
increase the electrostatic repulsion or the spatial effect between organic
pollutants and the membrane [10], so that it can further reduce the
adsorption of charged organic pollutants on the membrane and diminish
membrane fouling even more [11].

Membrane fouling limits the membrane performance, resulting in a
higher transmembrane pressure (TMP), and occasionally, a poor
permeate quality. It will further lead to more frequent membrane
cleaning, affecting the plant productivity and operational costs [12].
Membrane fouling can be classified into several types based on the na-
ture of the foulants [13]: Particulate fouling, organic & inorganic
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fouling, biological fouling and chemical fouling. Wherein, organic and
particular fouling can form a gel-layer, while biodegradable organic
matter can result in biological growth [14,15]. At present, advanced
technology have been made in reducing membrane fouling in water
purification membrane processes, such as tuning membrane hydrophi-
licity, blending/deposition of inorganic nanomaterials and precoat
technology, etc. [16]. For example, Malkapuram [17] found that cellu-
lose acetate (CA)-based nanofiltration membranes prepared with
zeolitic imidazolate framework, have been significant improvements in
flux and enhanced filtration performance as well as reduced membrane
fouling.

A merging strategy for fouling control is precoating the membrane,
which has already been applied for both polymeric and ceramic
microfiltration (MF) and ultrafiltration (UF)，as well as membrane
distillation technology [18–21]. A suspension can be applied on mem-
brane surface as precoat, in order to form a permeable and detachable
layer. During filtration experiments, the fouling agents accumulate on
the precoat layer first and afterwards the membrane is hydraulically
backwashed, removing the precoat layer [18,19]. Alternatively, pre-
coating using iron or alumina coagulants has been used with the purpose
to capture natural organic matter in flocs that can be removed during
backwashing of ceramic MF and UF membranes [22]. Also, in terms of
membrane distillation precoat fields, Xu [20] found out that, when
testing as a protective coating material for PTFE distillation membranes,
those precoated with glycerol addition performed higher thermal sta-
bility, mechanical strength and lower water sorption capacity than those
without precoat.

However, during ceramic nanofiltration (NF) backwashing cannot be
performed to remove the precoat and cake layer, because, apart from a
limited backwash velocity compared to MF and UF, the membrane can
be damaged due to high pressures on the permeate site [23], mainly at
the seals of the ceramic NF membrane. Thus, chemical cleaning is the
most common method applied for ceramic NF [24,25]. As an alternative
a calcium carbonate (CaCO3) precoat with acid dosing during forward
flush has been studied with positive results [23]. However, the previous

study was executed under constant pressure with small, single channel
membranes, while experiments with larger membranes under constant
flux conditions are more representative for full-scall plant applications.
Therefore, in this work, the CaCO3 precoat/acid cleaning method was
comprehensively studied with variation in coating particle size, coating
amount and mechanisms in different acids for cleaning.

2. Materials and methods

2.1. Membranes characteristics

Commercially available ceramic NF membranes, which were pro-
duced by Inopor GmbH, Germany, were used with a support layer of
α-Al2O3 and an active layer of titanium oxide (TiO2). The modules were
monolithic ceramic NF membranes with 19 channels of 3.5 mm diam-
eter in each channel and length of 0.5 m and specific membrane area of
0.1045 m2. The used ceramic NF membranes had 450 Da as a nominal
molecular weight cut-off (MWCO), with open porosity of 30–40 %, and
an average pore size of 0.9 nm, as indicated by the supplier [23]. Caltran
and Shang, et al. [26,27], determined the factual MWCO of the mem-
brane, by measuring the retention of polyethylene glycol (PEG, provided
by Sigma-Aldrich, Germany) with 5 molecular weights (200, 300, 400,
600, 1000, Da) as solution tracers. High performance size exclusion
chromatography (Prominence, Shimadzu, Japan), which was fortified
with a gel permeation column (5 mm 30 Å, PSS GmbH, Germany) and a
deflective index indicator (RID-20A, Shimadzu, Japan), was used for
PEG samples analyzation [28].

2.2. CaCO3 nano-particle preparation-zeta potential

To explore how different sizes of CaCO3 influence the effectiveness of
fouling control, small sized CaCO3 particles were prepared by mixing
calcium chloride and sodium bicarbonate. Different larger CaCO3 par-
ticles were purchased from Sigma-Aldrich and Riedel-de Haёn. To
realize a decent distribution of CaCO3 particles in solution and avoid

Fig. 1. Diagram for cross-flow ceramic NF bench scale installation.
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aggregation on the long run, the stability of the dispersion was increased
by increasing the zetapotential of the dispersion. To increase the zeta
potential and the surface charge of the nanosized CaCO3 an excess of
calcium (Ca2+) ions in the solution was applied [29]. Therefore, the
concentration of the Ca2+ ions was varied from 0 to 9 mM, and the
concentration of HCO3– ions from 0 to 11.75 mM. The zeta potential
value was then measured by ZETASIZER (Mavern). All coating solutions
were dispersed in a solution with the same concentration of Ca2+ and
HCO3–.

2.3. Model sewage

Sodium alginate was selected as a typical gel-like contaminant to
form a gel deposited layer on the surface of themembranes [30], and it is
commonly used as model compound in membrane fouling experiments
[31]. The model sewage solution was composed of 0.4 g⋅L-1 sodium
alginate, 1 mM NaHCO3 as buffer, 5 mM NaCl as background salt con-
centration, and 3 mM CaCl2 to adjust the pH in the range of 7.0 to 7.5.
Above chemicals were supplied by Sigma-Aldrich company. Ca2+ was
added, because it preferentially binds with the carboxyl groups of the
sodium alginate, thus bridging the adjacent molecules, forming the so-
called “egg-box” model fouling [31]. Kramer’s research [25] showed
that after 5 days of real wastewater filtration experiments, the perme-
ability reduced 58 % and the ceramic nanofiltration membrane had a
serious membrane fouling issue. By using high concentration model
sewage, fouling of the membrane is enhanced and substantial fouling
could be obtained in 40 min filtration time, representing approximately
five days of operation under normal conditions in raw sewage water.

2.4. Filtration set-up

The experiments were executed at constant flux with a feed pump to
pressurize the system and a cross-flow pump to provide a constant cross-

flow velocity. Five feed water solutions were used during the fouling/
cleaning cycles: (i) demineralized water for initial permeability tests and
for the forward flush after acid cleaning, (ii) a CaCO3 dispersion for
precoating, (iii) model sewage (sodium alginate solution) for fouling,
(iv) different types of acid for acid cleaning, and (v) sodium hypochlorite
for ultimate chemical cleaning after each experiment. All feed waters,
except the demineralized water feedwater, was recirculated to a feed
vessel (Fig. 1).

The permeate flux was kept constant at 20 l⋅m− 2⋅h− 1 (35 ml⋅min− 1),
the cross-flow velocity was kept at 0.67 m⋅s− 1, aiming to obtain turbu-
lent condition into the tubular membrane [32], and the TMP varied
during the experiment from 1 to 10 bar.

To determine the permeability during fouling tests, due to slight
changes in environmental temperature, the following, temperature
corrected [33], permeability was used (see equation (1) [34].

L20oC =
J • e− 0.0239•(T− 20)

ΔP
(1)

where:
L: the temperature corrected permeability in l⋅(m2⋅h⋅bar)-1;
T: the temperature of water (oC);
J: the membrane flux (l⋅m− 2⋅h− 1);
ΔP: the TMP (bar).
Membrane permeability recovery illustrated the effectiveness of

membrane cleaning method and Eq. (2) was used to determine the
recovery.

PermeabilityRecovery =
Li,0 − L1,e
L1,0 − L1,e

(2)

where:
L1,0: initial permeability in cycle I, l⋅(m2⋅ h⋅bar)-1;
L1,e: final permeability in cycle I, l⋅(m2⋅ h⋅bar)-1;
Li,0: initial permeability in cycle i, l⋅(m2⋅ h⋅bar)-1;

Fig. 2. Schematic diagram of the reaction precoating method using the CaCO3 particles.
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Li,e: final permeability in cycle i, l⋅(m2⋅ h⋅bar)-1.
In terms of comparing the changes in permeability recovery,

permeability Normalization needs to be calculated by L,/L0, where L0 is
the initial permeance of the filtration experiment. The temperature was
measured together with the two pressures (in the feed and the concen-
trate of the ceramic membrane and in the permeate flow). In this way
the variation of the permeability in time was obtained. The initial
permeability was measured before the fouling tests started, being
referred to as the clean membrane permeability. In addition, the
permeability was measured after fouling and cleaning, using deminer-
alized water as well, to quantify the effect of the cleaning on fouling
removal. The initial permeability was also tested after the CaCO3 pre-
coat, to explore the membrane permeability loss due to the coating
layer.

2.5. Application of the CaCO3 precoat and acid cleaning

Cross-sectional views of the CaCO3-coated membranes were
observed by scanning electron microscopy (SEM, Hitachi S-3400 II,
Japan), which is installed with energy dispersive spectroscopy (EDS)
[35]. The precoat solution was filtrated on the membrane surface under
dead-end conditions, with pressures from 8 to 10 bar (fluxes of 90 to
110 l⋅m− 2⋅h− 1). It ensured that CaCO3 is deposited to the surface of the
membrane.

After fouling, three different acids were used for acid cleaning: Hy-
drochloric acid, formic acid, and citric acid. The reactions of the acid
with the CaCO3 coating are shown in Equations (3), (4) and (5).

CaCO3(s)+ 2H+→ Ca2+ +CO2(g) + 2H2O (3)

CaCO3(s)+ 2COO− +2H+→ Ca2+ +2COO− +H2O+CO2(g) (4)

CaCO3(s)+C3H4OHCOOH(COO− )2+2H
+→CaC3H4OHCOOH(COO)2(aq)

+H2O+CO2(g)
(5)

After the acid reaction with the precoat, forward flushing was executed
(with demineralized water) for removing the reaction products and cake
layer from the membrane surface. After 10 min of forward flush under
low pressures, another fouling cycle was carried out. The cycle of fouling
and acid cleaning was operated three or six times without replacing/
renewing the precoat. Fig. 2 illustrates the probable mechanisms of the
acid reaction-based method with CaCO3 coat, by steps. Firstly, CaCO3 as
precoat was pressed on the membrane surface. Then model sewage
water (sodium alginate solution) was filtrated through the membrane as
fouling process. After fouling, acid was added to react with the precoat
and generated acid reaction products and carbon dioxide. Finally, the
fouling layer was removed by a forward flush. When the precoat was
consumed, sodium hypochlorite was used to remove the residual foulant
on the surface and inside the pores of membrane and demineralized
water was flushed in forward direction to recover the ceramic NF
membrane entirely. All filtration experiments were duplicated with 5 %
error [36], to confirm the reproducibility and feasibility [37].

2.6. Chlorine cleaning

After each experiment with multiple fouling and acid cleaning cy-
cles, the membrane set-up was thoroughly cleaned, to remove all fouling

and precoat and to start the next experiment with a clean membrane.
Sodium hypochlorite was used as effective chemical cleaning agent
[38], the used concentration was 0.2 % for rinsing during 30min. In case
of residual CaCO3 on the membrane surface, HCl (0.01 mol/l) [39] was
used for rinsing the membranes for 5 min.

3. Results and discussion

3.1. Influence of CaCO3 particle size on the cleaning efficiency

The CaCO3 particles were suspended and well-dispersed in a solution
with Ca2+ and HCO3– [29,40]. The charge of the particles, measured as
zetapotential, was manipulated by changing the Ca2+ ions’ and bicar-
bonate HCO3– ions’ concentrations in the CaCO3 dispersion [29,41],
while the pH of the solution was kept at 7.5. The zeta potential of the
CaCO3 solution without CaCl2 and NaHCO3 was 9.8 mV. Because the
dispersion was not stable at this low zetapotential this led to particle
agglomeration and sedimentation. Whereas, when dosing 9 mM Ca2+

and 7.5 mM HCO3–, the zetapotential was + 25.9 mV (Table 1), and even
after 24 h the particles remained dispersed as the particle size distri-
bution shows (Fig. 3). A higher HCO3– concentration caused a decline in
the zeta potential, while a higher Ca2+ concentration resulted in an in-
crease in zetapotential. The three different particle sizes of CaCO3 were
measured by a particle size analyzer (PSD). The smallest CaCO3 average
size of particles were 0.13 μm (Fig. 3.(a)). The average size of CaCO3
particles from Riedel-de Haёn were 1.7 μm (Fig. 3.(c)), whereas the
CaCO3 particles average size from Sigma-Aldrich were 10.5 μm (Fig. 3.
(e)). All coating solutions were dispersed in a solution with the same
concentration of Ca2+ and HCO3–. Due to the larger spaces between
particles, the fouling cake layer is likely to directly adhere the mem-
brane surface, forming irreversible fouling [42], which resulted in a
decrease in permeance, as shown in the Fig. 3(b),(d) & Fig. 4.

The effectiveness of the various CaCO3 particle sizes was studied
after 120 min of fouling. The precoat of CaCO3 was combined with a
citric acid cleaning, when using the 0.13 μm CaCO3 dispersion as a
precoat, the permeability recovery was the largest with 93 % after the
first cycle and 68 % recovery after the second cycle, respectively (see
Fig. 4 & Table 2). The reason that the smaller particles performed better
than the larger particles was probably due to effective filtration by the
coating, avoiding the foulants to reach the membrane through the par-
ticle layer, which can also be the reason for the limited fouling in the
first cycle. With the smallest particle size, thus, a cake layer was formed
on top of the precoat, which could also be more effectively removed
during the acid reaction and flushing, compared to the precoat with the
other particle sizes.

Table 1
zeta potential of CaCO3 solutions.

CaCO3
(g/l)

CaCl2
(mM)

NaHCO3
(mM)

Zeta potential
(mV)

0.4 0 0 9.78
0.4 3 7.5 17.6
0.4 6 7.5 21.4
0.4 9 7.5 25.9
0.4 9 9 23.8
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Fig. 4. Comparison of different coating sizes on the precoated membrane.

Fig. 3. (a),(c),(e) Three different precoat particle size; (b),(d),(f) Mechanism diagram of particle size influence towards membrane fouling.
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3.2. Characterization of CaCO3 precoated membranes

A 0.4 g/l CaCO3 dispersion of 0.13 μm was deposited on the mem-
brane by dead-end filtration, with a permeate flux 110 l⋅m− 2⋅h− 1 for 7
min under 9 bars of TMP, to ensure sufficient attachment on the mem-
brane surface. Because the particles sizes were larger than the pore size
of the NFmembrane (<1 nm), the CaCO3 particles were deposited on the
membrane surface without entering the membrane pores (Fig. 5.(a)).
Fig. 5.(b) showed the crystal structure shape of precoat is spherical and
ellipsoidal [43]. The thickness of the coating layer was estimated from
the pictures in Fig. 5.(b), being on average 8.09 μm. The CaCO3 coating
was much thicker than that of TiO2 active membrane layers (50 nm,
specifications of the producer), potentially acting as a pre-filtration
media for the sodium alginate solution before fouling the active NF-
membrane layer [44]. The actual MWCO was measured by the rejec-
tion rate of PEG of different sizes, and the specific curve was shown in
the Fig. 5(c). The actual measured MWCO is different from the 450 Da

data provided by the Inopor GmbH company, which has been verified in
other similar membrane studies [27,28,45,46].

3.3. Restoration of permeability with and without coating

The initial permeability, measured using demineralized water, was
in the average of 14–20 l⋅(m2⋅h⋅bar)-1 with a constant permeate flux of
20 l⋅m− 2⋅h− 1 and a cross-flow velocity of 0.67 m⋅s− 1. Citric acid, formic
acid and hydrochloric acid were tested during the cleaning process. The
pH of the hydrochloric acid (10 mM) was 2.0, while the formic (10 mM)
and citric acid (10 mM) solutions had a pH 2.62 and 2.91, respectively.
Cleaning the pristine membrane with citric acid achieved a permeability
recovery of 14 %, while with formic acid it had a 21 % permeability
increase, and with HCl cleaning a permeability increase of 34 % was
observed (see Fig. 6.). These results confirm earlier studies where it was
found that organic fouling is removed by either a base (such as NaOH) or
an oxidizing chemical (such as Chlorine) [47] rather than an acid.

The results further show that citric acid cleaning performed the best
regarding permeability recovery of the precoated membrane. An abrupt
decline of the permeability took place at the start of the fouling exper-
iment, probably due to alginate adsorption [48]. Fig. 7. shows that
cleaning the coated membrane with citric acid resulted in an 86 %
permeability increase after the first cycle and a 74 % increase after the
second cycle. Formic acid cleaning performed slightly less with an 76 %
permeability increase after the first cycle and a 63 % increase after the
second cycle, while HCl cleaning resulted in only 75 % and 45 %
permeability recovery after the first and second cycle, respectively

Fig. 5. Characterization of precoat ceramic NF membranes: (a) cross-section SEM image of CaCO3 precoated membrane; (b) and thickness of the CaCO3 layer; (c)
Polyethylene glycol (PEG) retention rate curve of NF.

Table 2
Permeability recovery with different coating particle size.

Acid
cleaning

0.13 μm
permeability
recovery

1.742 μm
permeability
recovery

10.52 μm
permeability
recovery

First
cleaning

93 % 57 % 50 %

Second
cleaning

68 % 23 % 17 %
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(Table 3). In addition, after HCl cleaning the permeability decline due to
fouling was more pronounced compared to the fouling curve after for-
mic and citric acid cleaning. Citric acid is a chelating agent [49], con-
taining three carboxyl groups (–COOH) and formic acid is a
monocarboxylic acid, having affinity towards Ca2+ ions to produce
complex substances (Fig. 8), which could assist in the loosening and
detachment of the CaCO3 – sodium alginate layer [50–52]. Besides, the
chelates with a larger molecular weight could provide sufficient
adsorption sites for sodium alginate, stimulating the flushing of sodium
alginate and contributing to a higher permeability recovery after citric
acid cleaning. However, in the case of HCl, no complexes or chelates
were produced to help the detachment of most sodium alginate.
Therefore, the recovery of CaCO3 – HCl acid cleaning was probably
lowest, and residual foulants were still attached on surface of the
membrane. In addition, in the case of HCl cleaning, the fouling was
accelerated compared to formic and citric acid cleaning, probably
because the CaCO3 was dissolved unevenly so some parts of the mem-
brane coating were completely removed, and the membrane surface was
thus fully exposed to the foulant in the subsequent cycle.

The consumption of the coating after acid cleaning was also
measured (Fig. 7.b). It was confirmed that HCl dissolved the highest
amount of CaCO3 precoat after three cycles, which was 338 mg (188 mg
after the first cycle and 150mg the after second cycle), about 56 % of the
coating, while formic acid dissolved 300 mg of the CaCO3 precoat (188
mg after the first cycle and 113 after the second cycle), and citric acid
consumed only 238 mg of CaCO3 precoat (125 mg after the first cycle
and the 113 after second cycle). Lower pH of HCl and formic acid caused

the pre-coating to overreact with the acid and lack of buffering [53]. In
this case, the pre-coating consumption amount was larger, but the
cleaning effect was not as remarkable as that of citric acid with higher
pH.

3.4. Multiple cycle tests with precoat fouling tests and citric acid cleaning

As shown in Fig. 9, at a precoating amount of (5742 mg/m2) 600 mg
of CaCO3, the initial permeability was only 3 % lower than that without
a pre-coating. As the calcium carbonate coating increases, the initial
permeability begins to decline in a gradient. This is mainly due to the
increased thickness of the pre-coated layer and the high resistance
[28,42]. It resulted in an 18 % decrease in the initial permeability of
(9570 mg/m2) 1000 mg of CaCO3 pre-coating. Therefore, it is necessary
to use (7655 mg/m2) 800 mg of CaCO3 (the permeability decreased by 9
%, which is still within a reasonable range) as a multi-layer precoating
for multi-cycle filtration experiments. To test the performance of
cleaning with citric acid on the precoated membranes for longer-term
usage, experiments were conducted during six cycles (of 40 min each)
with 7655 mg/m2 (800 mg) CaCO3, using a coating particle size of 0.13
µm deposited on the membranes, a constant flux of 20 l⋅m− 2⋅h− 1 and a
cross-flow velocity of 0.67 m⋅s− 1 (see Fig. 9&10). Since one cycle cor-
responds to 5 days in filtration of untreated domestic sewage with 58 %
of permeability reduction [25], Fig. 10.(a) indicated that the average
permeability dropped by 60 % per cycle. In comparison, the results
suggested that about 25 days of operation could be expected without a
chlorine-based chemical cleaning. Frequent chemical cleaning can lead

Fig. 6. Normalized permeability of both the pristine membranes and CaCO3 precoated membranes after (a) citric acid cleaning; (b) formic acid cleaning; (c) and
hydrochloric acid cleaning.
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Fig. 7. (a) Comparison of citric acid, formic acid and hydrochloric acid on the precoated membrane (b) CaCO3 consumption after different acids reactions.

Table 3
Permeability recovery after three acid cleaning methods.

Acid cleaning Citric acid permeability recovery Formic acid permeability recovery Hydrochloric acid permeability recovery

First cleaning 86 % 76 % 70 %
Second cleaning 67 % 63 % 45 %
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Fig. 8. Mechanism diagram of (a) citric acid (b)Formic acid (c) HCl acid cleaning effect towards membrane fouling removal.

Fig. 9. Comparison of initial permeance without pre-coating and with different amounts of precoating in fouling filtration experiments.
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to membrane degradation and shorter membrane lifespan [54]. The
application of CaCO3 precoat in combination with citric acid cleaning
could thus greatly reduce the frequency of chemical cleaning (Table 4),
thereby extending the life of the ceramic NF membrane and diminishing
the impact on the environment [55]. From Fig. 10(a), it can be observed
that from the fourth cycle onwards, the membrane cleaned with HCl,
and formic acid cleaning fouled too quickly and could not complete the
filtration test (40 min) anymore.

4. Conclusion and perspective

CaCO3 precoating combined with acid cleaning was studied for
cleaning sodium alginate gel-like fouling of ceramic NF membranes.

The conclusions are summarized in the following aspects:

• Coating solutions remained well dispersed with a zeta potential of +
25.9 mV.
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Fig. 10. (a) Six cycles of fouling tests under cleaning with citric acid on the precoated membrane (b) CaCO3 consumption after citric acid reactions.

Table 4
Permeability recovery after acids cleaning methods for 6 cycles.

Acid
cleaning

Citric acid
permeability
recovery

Formic acid
permeability
recovery

Hydrochloric acid
permeability
recovery

First
cleaning

95 % 82 % 76 %

Second
cleaning

88 % 68 % 48 %

Third
cleaning

58 % 57 % 31 %

Fourth
cleaning

30 % 13 % 19 %

Fifth
cleaning

9 % 12 % 6 %
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• The smaller precoat CaCO3 particles protected the membrane against
fouling better than the larger CaCO3 particles and were thus more
effective as a precoat.

• Citric acid cleaning performed best with the highest permeability
recovery of the CaCO3 precoated membrane, with 86 % after first
cycle and 67 % after second cycle. The complexing (chelating) of
calcium ions with the citric acid carboxylic groups, in combination
with adsorption of sodium alginate, probably enhances the cleaning
process.

• Six fouling-acid cleaning cycles with 40 min filtration time, a flux of
20 l⋅m− 2⋅h− 1 and a cross-flow velocity of 0.67 m⋅s− 1 were effective
with a starting precoat of 7655 mg CaCO3/m2. Meanwhile, the initial
permeance with precoating was only reduced by 9 %.

• It is expected that, when filtering real sewage water, these mem-
branes can operate with one precoat during about 25 days with five
consecutive citric acid cleaning cycles before a chlorine-based
chemical treatment should thoroughly clean the membrane module.

• Applying domestic or industrial sewage as influent to further verify
the feasibility of the CaCO3 precoat method in practice. Because of
much slower fouling of raw sewage water, pilot experiments are
needed with acid/cleaning cycles about every 5 days.
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