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A B S T R A C T

Ceramic nanofiltration is an emerging technology for the recovery of water and nutrients (including phosphate)
from municipal sewage which becomes more imperative worldwide. In order to use ceramic nanofiltration for
phosphate recovery from municipal sewage, more knowledge is needed. This is the first paper reporting the
phosphate retention of ceramic nanofiltration membranes. Furthermore, the influence of pH, multivalent
counter ions, and membrane fouling on phosphate retention is reported in this paper. Various experiments were
executed to analyse the phosphate retention and zeta potential under varying conditions. During filtration of a
salt solution including phosphate, the phosphate retention increased, from 76% to 99%, with a change in pH
from 5 to 9. Furthermore, magnesium ions and organic fouling had a large influence on the phosphate retention:
at pH 7 the phosphate retention dropped from 92% to 42–43% due to the presence of either magnesium ions or
organic fouling.

1. Introduction

The demand for water and nutrient recovery from (municipal)
sewage is increasing worldwide [1–4]. An upcoming economic and
sustainable alternative for the conventional sewage treatment plants
are sewer mining concepts, treating municipal sewage directly for on-
site usage while recovering nutrients, water, and, possibly, energy
[5–7].

Ceramic nanofiltration (NF) is for several reasons an interesting
technology to explore for this application. First, most components in the
water can potentially be recovered, since it is based on physico-che-
mical separation in contrast to biological treatment. Second, membrane
technology has flexibility in configuration, pore size, and membrane
material which enables to tailor the treatment to achieve the highest
recovery of a specific element or compound; NF has the ability to se-
parate inorganic ions with smaller sizes and hydraulic radii than the
pore size due to electrostatic repulsion in certain pH ranges [8–11];
various membrane materials have a different membrane surface charge
with varying ion repulsion. Third, based on the high potential for re-
tention of multivalent ions, this technology could support e.g. struvite
production from sewage; when the concentrate stream of the NF is
treated in an anaerobic digester, the digestate supernatant could
afterwards be used for the production of struvite [12–15]. Fourth,
ceramic membranes are susceptible to less irreversible fouling than

polymeric membranes [16,17] which makes this technology more sui-
table for treatment of municipal sewage. Thus, theoretically, ceramic
NF is an interesting technology for phosphate recovery using municipal
sewage. However, the phosphate retention for those membranes have
not been reported in literature yet. Nor the effect of influencing factors
on the phosphate retention during ceramic NF.

In this paper ceramic NF membranes with a titanium oxide mem-
brane layer were selected. Previous research showed that phosphate
retention varies, using real municipal sewage in a bench scale sized
filtration set-up with ceramic NF membranes of the same type [7].
However, no conclusive in that study was performed to determine the
cause of this variation in phosphate retention. The negative charge in
the pH 7–9 range [18,19] suggests that ceramic NF membranes could
reject phosphate ions due to electrostatic repulsion. Moreover, Shang
et al. [20] found that ceramic ultrafiltration (UF) membranes, made of
similar material but with a larger pore size, had a high phosphate re-
tention of 87% at pH 8.5 in clean water.

Literature describes that the pH and the presence of other com-
pounds in the water can have an influence on ion retention, both in
ceramic NF [18,21] and ceramic UF membranes [22]. These com-
pounds have mainly an effect on the electrostatic interactions around
the membrane surface. For instance, multivalent counter ions can cause
suppression of the diffuse double layer [23–25] or can adsorb to the
membrane surface which changes the surface charge of the membrane
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and thus the ion retention [26]. Thus, multivalent counter ions might
also have influence on the phosphate retention during ceramic NF. In
order to get insight in the electrostatic interactions on the membrane
surface, streaming potential measurements are often executed to de-
termine the membrane charge.

Another important influencing factor on the phosphate retention
might be fouling on the ceramic NF membrane surface when treating
municipal sewage. In literature, the influence of a fouling layer on
polymeric NF membranes on ions’ retention can be found [24,27–31].
Zhao et al. [17] describes a similar effect for retention of several
pharmaceuticals during ceramic NF using model sewage. This suggest
that a fouling layer potentially affects the phosphate retention in
ceramic NF membranes when treating municipal sewage.

Both the phosphate retention in clean water and the effects of
multivalent counter ions and a fouling layer on the membrane surface,
especially relevant when using municipal sewage, have not been re-
ported in literature yet. Therefore, the objective of this paper is to de-
termine the retention (or passage) of phosphate by ceramic NF mem-
branes in the presence of multivalent counter ions and a fouling layer
on the membrane surface. This information is essential in order to be
able to design a strategy for phosphate recovery from municipal sewage
using ceramic NF.

2. Materials & methods

2.1. Ceramic NF membranes

Filtration experiments were performed using ceramic NF mem-
branes with a filtration layer of titanium oxide, and with an indicated
molecular weight cut-off (MWCO) of 450 Da mean pore size of 0.9 nm,
and open porosity of 30–40%. The hydraulic permeability of pristine
membranes was 15–20 L·(m2·h·bar)−1 according to the supplier. The
effective MWCO was measured before and after each experiment to
monitor their quality, using the method described below. For the
phosphate retention experiments, a single-channel, tubular configura-
tion was used with a length of 100mm and an effective filtration area of
0.163 dm2 (Inopor GmbH, Germany).

Moreover, ceramic NF membranes with a disc configuration were
used for streaming potential experiments. The disc membranes had the
same specifications as the tubular membranes describe above, a dia-
meter of 85mm, and a specific membrane area of 0.563 dm2. The disc
membranes were placed in the Spirlab INSIDE DISRAM™ (TAMI) disc
holder with a diameter of 90 mm.

2.2. Filtration experiments

Ceramic NF experiments were carried out with a cross-flow filtra-
tion system using a pneumatic diaphragm pump (Hydra-cell) with a
pulsation dampener. The single pass water recovery of the ceramic NF
system was<1%. In addition, the feed water was recirculated; both the
permeate and the concentrate were fed back into the feed tank, except
for the sampling volume, which was a negligible amount (< 0.1%). The
feed water composition remained constant over the duration of the

experiment: this was monitored by analysing samples throughout the
experiment. In order to ensure that the feed water remained constant
over the duration of the experiment, feed water samples were analysed
regularly. The experiments were executed at room temperature with a
transmembrane pressure (TMP) of 4.5–5.5 bar, and flux of
50–60 L·(m2·h)−1, which is a regular to high flux for these type of
membranes [18,32–34]. The cross-flow velocity was 1.0–1.2m·s−1 re-
sulting in a turbulent flow with a Reynold number of 4200, as re-
commended by the suppliers. The following equation (Eq. (1)) was used
to calculate the temperature-corrected permeability:

=°
− −

L J e
P

·
Δ

T
20Â C

0.0239·( 20)

(1)

where, L20°C is the temperature-corrected permeability at 20 °C
(L·(m2·h·bar)−1), T is temperature of water (°C), J is membrane flux
(L·(m2·h)−1), and ΔP is transmembrane pressure (bar). All permeability
values were temperature-corrected to 20 °C [35].

2.2.1. Hydraulic permeability
A demineralised water filtration test was performed before each

filtration experiment to determine the initial hydraulic permeability.
These hydraulic permeability tests were executed under similar condi-
tions as the filtration tests with a duration of 1 h.

2.2.2. Filtration with salt solution
Phosphate retention tests were performed according to the filtration

conditions mentioned earlier. The feed solution contained 1mM NaCl
salt, which served as a background to reduce the effect of pH adjust-
ment on the salinity, and it was comparable with the concentration in
municipal sewage [7,36]. Multivalent anions and cations were added to
the salt solution to test their effect in a concentration of 0.3 mM
H2NaPO4, and/or 0.3mM MgCl2 (Table 1). These concentrations were
chosen in the range of municipal sewage.

The retention tests were executed in the pH range 5 to 9, while the
pH was adjusted using NaOH or HCl. In order to maintain a pH of 9 in
the feed tank, a nitrogen blanket was created over the feed tank using
nitrogen gas. Then, feed, concentrate and permeate samples were taken
for analysing the phosphate retention. These samples were taken
60min after the pH adjustment to ensure stabilisation of the system.

2.2.3. Filtration with model sewage
Fouling tests were performed using sodium alginate as model

compound for sewage [37,38]. The feed water composition consisted of
0.8 g·L−1 sodium alginate (Sigma-Aldrich), 1 mM NaCl (Sigma-Aldrich)
as background salt concentration, 1mM NaHCO3 (Sigma-Aldrich) as
buffer, and 3mM CaCl2 (Sigma-Aldrich) adjusted to pH of 7. Sodium
alginate is known to form a gel in the presence of calcium ions and to
aggregate according to the “egg-box” model which promotes cake layer
development during filtration [38–41]. With the concentrated model
sewage a pre-sieved municipal sewage experiment of 5 days could be
simulated in two hours with the same membrane type [7].

As preparation for the streaming potential experiments of mem-
branes with a fouling layer, the disc membranes were filtered with

Table 1
Overview of the phosphate retention and streaming potential experiments performed.

Experiment Present during experiment Measured

NaCl H2NaPO4 MgCl2 Fouling layer P retention Streaming potential

1 1mM X
2 1mM 0.8 g·L−1 X
3 0.7mM 0.3mM X X
4 0.7mM 0.3mM 0.8 g·L−1 X X
5 0.4mM 0.3mM 0.3mM X X
6 0.4mM 0.3mM 0.3mM 0.8 g·L−1 X
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model sewage. During filtration the TMP was kept constant at 4 bar at a
turbulent flow with a cross-flow velocity of 6.0–7.0m·s−1, as re-
commended by the supplier. Followed by a forward flush to maintain
merely the irreversible fouling on the membrane.

2.2.4. Retention tests
During filtration samples were taken to monitor the retention of the

ions. The retention of ions Ri was calculated using Eq. (2).

⎜ ⎟= ⎛
⎝

− ⎞
⎠
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1 ·100%i
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where cp,i is the ion concentration in the permeate and ci,c the ion
concentration in the concentrate water.

2.2.5. Chemical cleaning
After each experiment using model sewage, the membranes were

chemically cleaned with sodium hypochlorite to remove all fouling.
Sodium hypochlorite is known as the most effective cleaning agent for
(organically) fouled ceramic membranes [7,19,42,43]. The chemical
cleaning was carried out by soaking the membranes in a 0.1% sodium
hypochlorite solution for 1 h. The permeability recovery was> 97%
after chemical cleaning.

After each experiment using a salt solution, the membranes were
chemically cleaned by soaking the membranes in a 0.01M sodium
hydroxide solution for 15min. Followed by a demin water filtration of
two hours under similar conditions as the filtration test to flush the
membranes. The permeability recovery was>97%. After four experi-
ments using salt solution, a chemical cleaning using sodium hypo-
chlorite was carried out, as described above.

2.3. Analytical methods

2.3.1. Ion chromatography
The ion composition of the concentrate and permeate water were

analysed using a ProfIC 15–AnCat ion chromatograph (Metrohm 881
anion (suppressed) and 883 cation system, Metrohm, Switzerland).
Prior to these analyses the aqueous samples were filtered through
0.45 μm filters (Whatman, Germany). An A Supp 150/4.0 anion column
was used with 3.2mM Na2CO3 and 1mM NaHCO3 eluent for anions.
For the cations a C5 cation column with 3mM HNO3 eluent was used.
The regeneration solution, used for the suppressor, was 50mM H2SO4.

2.3.2. Streaming potential experiments
In order to determine the membrane surface charge, the zeta po-

tential was calculated by measuring the streaming potential. Disc
membranes were used for this experiment because the streaming po-
tential can only be determined on a flat membrane surface. The
streaming potential of the ceramic NF membrane was determined using
a SurPASS electro kinetic analyser (Anton Paar GmbH, Austria). The
zeta potential was determined with the Helmholtz-Smoluchowski
equation. Several solutions with various ionic compositions were ana-
lysed, all with an total ionic strength of 10mM; 0.3 mM of the different
ions – NaH2PO4, MgCl2 and NaSO4 – were present in a NaCl salt solu-
tion. KCl solution is most commonly used for streaming potential
measurements. Puhlfürß et al. [18] found that using NaCl solution for
streaming potential measurements is comparable with using KCl solu-
tion, when using similar ceramic NF membranes. Since NaCl is present
in municipal sewage this was used during the measurements.

2.3.3. MWCO analysis
The MWCO of ceramic NF membranes was regularly measured to

monitor the quality of the membranes, using the method described by
Tam & Tremblay (1991), also used in other studies [44–48].

First, a mixture of five different polyethylene glycol (PEG) mole-
cules (200, 300, 400, 600, and 1000 Da) (Sigma-Aldrich), each in a

concentration of 6mg·L−1, was filtered using a clean ceramic NF
membrane. The same settings were used during filtration as described
for the hydraulic permeability.

Then, the feed and permeate samples were analysed using HPLC
(Shimadzu) equipped with size exclusion chromatography columns
(SEC, 5 μm 30 Å PSS SUPREMA) and a RID-20A refractive index de-
tector. The carrier liquid in the HPLC was ultrapure water at a flow rate
of 1mL·min−1. From the HPLC analyses, the molecular weight dis-
tribution curves of the dissolved PEG molecules in the feed and
permeate were derived. These were converted into retention curves by
calculating the rejection percentage of a PEG with a certain molecular
weight (Ri) using Eq. (3):

⎜ ⎟= ⎛
⎝

− ⎞
⎠

R
c c

c
(%) ·100%i

i feed i permeate

i feed

, ,

, (3)

where ci, feed is the PEG concentration in the feed samples and ci, permeate

in the permeate samples.
Afterwards, the experimental retention curves were described by a

log-normal model as function of molecular weight (MW) and MWCO
using Eq. (4) [45,46,49]. Eq. (4) was used to model retention curve to
be able to calculate the MWCO.
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where σ(MWs) is the reflection coefficient for a PEG with a molecular
weight MWs and sMW is the standard deviation of the molecular weight
distribution.

In this method, the separation of the PEG molecules is assumed to be
only based on size exclusion with negligible solute diffusion. Therefore,
the molecular size of the PEG solutes (ds in nm) is correlated to their
molecular weight (MW in Da) as shown in Eq. (5) [45,49].

=d MW0.065·s
0.438 (5)

Finally, the MWCO was estimated at 90% of the retention curve
[35,46].

3. Results & discussion

3.1. Determination of MWCO

Previous research has shown that the quality of these membranes
can vary within one batch [33]. Therefore, the quality of the three
ceramic NF membranes, used in this study, was determined before and
after each experiment by calculating the MWCO. The initial MWCO was
measured to be 500, 503, and 549 Da, respectively, and remained stable
throughout the experiments. The streaming potential experiments were
performed with two disc membranes with a measured MWCO of 495
and 538 Da.

3.2. Influence of pH on the retention of phosphate by clean membranes

The phosphate retention during ceramic NF with clean membranes
was measured in a salt solution at pH varying from 5 to 9. The phos-
phate retention increased with the pH from 76% to 99%, respectively
(Fig. 1). The phosphate was not rejected due to size exclusion, since the
pore size of the ceramic NF membranes is around 0.9 nm (according to
the supplier) and the hydraulic radii of phosphate, in the forms H2PO4

−

and HPO4
2−, are 0.302 and 0.327 nm, respectively [8,50]. Thus, elec-

trostatic repulsion, probably, played a decisive role in retention.
With an increasing pH, from 5 to 9, phosphate shifts from a

monovalent (H2PO4
−) to a divalent (HPO4

2−) form. The divalent form
has a lower diffusion coefficient (7.34·1010 m·s−2) than the monovalent
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form (8.46·1010 m·s−2)[51], which possibly enhanced the retention at
higher pH.

To confirm the role of electrostatic repulsion, the membrane surface
charge was determined by measuring the streaming potential from
which the zeta potential can be calculated (Fig. 2). The results show
that the zeta potential of the membranes was negative, −8 to −22mV
for pH 4 to 9, respectively. Upon addition of phosphate to the solution
the negative membrane charge increased to −28 to −39mV, respec-
tively, in the same pH range (Fig. 2). This probably caused the increase
in phosphate retention at high pH (Fig. 1). Apparently, phosphate ad-
sorbed on the membrane surface, resulting in a more negatively
charged membrane which is referred to as specific adsorption. This was
also observed by Shang et al. [20,52] when using ceramic UF mem-
branes of similar material.

Puhlfürß et al. [18] also determined the zeta potential of similar
ceramic NF membranes, but in a broader pH range, from 2.5 to 10.5.
They found the isoelectric point to be at pH 3.3. At pH 4 the zeta po-
tential was comparable to the results in Fig. 2, albeit with increasing pH
the zeta potential decreased faster, to −33mV instead of −22mV at
pH 9. However, Puhlfürß et al. [18] used a lower concentration of NaCl
solution, which probably caused a higher negative membrane charge.
This effect on the membrane charge was also observed by Afonso et al.
and Deon et al. [23,24].

3.3. Influence of multivalent counter ions on the retention of phosphate by
clean membranes

Co-existent ions could have an (negative) effect on the phosphate
retention, in particular, multivalent cations that are present in sewage.
Therefore, first, the phosphate retention was analysed in the presence of
MgCl2 (0.3 mM), added to the salt solution that included phosphate.
MgCl2 addition caused a drop in phosphate retention: 42% at pH 5,
ranging to 44% for pH 9 (Fig. 3). Moreover, the zeta potential showed a
lower negative charge in the presence of MgCl2, from −12 to −27mV
in the pH range from 4 to 9, respectively, compared to the membrane
charge measured in the solution with only NaCl and phosphate (Fig. 4).

Furthermore, Chevereau et al. [22] observed that magnesium ions
have the ability to adsorb to negatively charged ceramic UF mem-
branes. When this happens the membrane charge can even switch from
negative to positive due to the charge of the magnesium ion. Another
phenomenon described in literature is that divalent ions, such as
magnesium, can suppress the diffuse double layer on the membrane
surfaces [25,31,53]. The distinction between the two described phe-
nomena could not be made with the zeta potential calculations because
streaming potential is measured in the diffuse double layer, so both
adsorption and diffuse double layer suppression were determined.

3.4. Influence of fouling layer on the retention of phosphate

Subsequently, model sewage was used to examine the effect of a
fouling layer on the phosphate retention. Phosphate was added during

Fig. 1. Retention curve of phosphate for a pH range of 5–9 during ceramic NF in
0.01M salt solution.

Fig. 2. Zeta potential of ceramic NF membrane at a pH range of 4–9 using a
solution of 0.01M NaCl (diamonds) or 0.01M NaCl with phosphate (dots).

Fig. 3. Retention curve of phosphate for a pH range of 5–9 during ceramic NF.
The effect of MgCl2 on phosphate retention was determined.

Fig. 4. Zeta potential of ceramic NF membrane at a pH range of 4–9 using a
solution NaCl (squares), NaCl with phosphate (dots), and NaCl with phosphate
and MgCl2 (squares) with a total ionic strength of 0.01M.
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filtration of model sewage to analyse the effect on the permeability and
the phosphate retention. In order to also examine the influence of the
thickness of the fouling layer, phosphate was added after 60, 75, and
120min of filtration. Then, when the system stabilised, the phosphate
retention was determined (see grey crosses in Fig. 5a–c).

An additional, clear, drop in permeability was visible due to the
addition of phosphate (Fig. 5a–c). This might have been caused by the
cake-enhanced concentration polarisation [17,27,31]. Another ex-
planation of the drop could be the compaction of the cake layer in the
presence of phosphate which made the cake layer less penetrable, re-
sulting in a lower permeability [54]. The permeability drop was
0.85 L·(m2·h·bar)−1 after 60 min of filtration, 0.82 L·(m2·h·bar)−1 after
75 min of filtration, and 0.85 L·(m2·h·bar)−1 after 120min of filtration,
respectively.

The phosphate retention stabilised at 43–44% in the presence of a
cake layer. Thus, the fouling layer on the membrane surface had a large
impact on the phosphate retention (Fig. 6), when compared to clean
membranes without fouling layer which had a phosphate retention of
94% (Fig. 1). This could be explained by the occurrence of cake-en-
hanced concentration polarisation: when the concentration of phos-
phate is higher on the membrane surface due to cake-enhanced con-
centration polarisation, the concentration of phosphate was higher in
the permeate which caused a lower phosphate retention.

It should be noted that the flux was lower when the phosphate re-
tention was measured in the presence of a cake layer than with a clean
membrane. A known phenomena in membrane filtration is the dilution
effect: at higher permeate flux, a higher retention of solvents is

observed due to enhance convective transport [55]. In this case the
reverse dilution effect could explain part of the lower phosphate re-
tention measured in the presence of a cake layer, because the flux was
about 5 times lower than without the presence of a cake layer. When
assuming that the diffusion of phosphate is not changing due to the
fouling layer, it can be calculated that the rejection of the pristine

Fig. 5. a–c: Fouling experiments of ceramic NF using model sewage at pH of 7. (a–c) Permeability in time. Phosphate was added to the feed solution after 60, 75, and
120min filtration. Three samples were taken (grey crosses).

Fig. 6. Retention curve of phosphate during ceramic NF with model sewage.
Phosphate was added after 60, 75, and 120min of filtration (dark grey, black,
and light grey, respectively). When the system stabilised three samples were
taken (grey crosses in Fig. 5a–c).
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membrane of 94% (at pH 7) is decreasing to about 70% when the flux
decreases 5 times (5 times higher permeate concentration). So, the
lower flux cannot fully explain the measured decrease of the phosphate
rejection.

The results of the zeta potential analysis of ceramic NF membranes
with and without a fouling layer are presented in Fig. 7. When com-
pared to the clean membranes in a NaCl solution, the membranes with
fouling layer were more negatively charged. This can be explained by
the negative charge of sodium alginate present in the model sewage
[17,56]. However, when phosphate was present in the solution, the
membranes without fouling layer were more negatively charged
(−37mV at pH 7) than in the presence of the fouling layer (−31mV at
pH 7) (Fig. 7). This could indicate that the fouling layer reduced the
effect of the phosphate adsorption on the membrane layer which lead to
a lower phosphate retention. Thus, three phenomena caused the re-
duction of the phosphate retention: (i) cake-enhanced concentration
polarisation, (ii) the reverse dilution effect, and (iii) the lower zeta
potential of the membranes.

4. Conclusions

In this paper the phosphate retention during ceramic NF was re-
ported for phosphate reclamation purposes from municipal sewage. The
phosphate retention during ceramic NF in a (monovalent) salt solution
was 76 to 99% for a pH from 5 to 9, respectively, probably due to
electrostatic repulsion. Specific adsorption of phosphate onto the
membrane surface increased the membrane charge and thus the elec-
trostatic repulsion. However, this effect was negatively influenced by
multivalent counter ions such as magnesium, resulting in a drop in
phosphate retention to only 42 to 44% for a change in pH from 5 to 9,
respectively. The phosphate retention was lower due to a lower zeta
potential which was caused either by adsorption of magnesium ions on
the membrane surface and/or suppression of the diffuse double layer
due to presence of magnesium ions.

The fouling on ceramic NF membranes also reduced the phosphate
retention (43–44%). Even though the model foulant sodium alginate is
negatively charged, the zeta potential on the membrane surface de-
creased in the presence of the fouling layer compared to a clean
membrane. Moreover, occurrence of cake-enhanced concentration po-
larisation and the reverse dilution effect also contributed to the reduced
phosphate retention in the presence of a cake layer.
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