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ABSTRACT

Application of nanofiltration (NF) membranes has increased during the last years: many
industries from drinking water treatment and water re-use to the pharmaceutical and food
industry deal with the application of NF and its drawbacks. One of the main problems of
membrane technology is fouling. Fouling during NF is a complex problem because of the
importance of the membrane surface properties (e.g. charge and structure) and the corre-
sponding interactions between the water constituents and the membrane. In this work, the
fouling layer composition of three membranes was investigated using different raw waters
and it was correlated with the membrane performance. Rejection properties depended to a
great extent on the water composition and the ionic strength of the raw water. Investigations
of fouling layer compositions suggest that the membrane properties play a key role for flux
decline and the related “amount” of fouling material on the membranes and its constituents.
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1. Introduction

Nanofiltration (NF) is a relatively young mem-
brane technique that has gained importance in many
applications during the last decade, reaching from
drinking water treatment and wastewater reclamation
to manifold industrial applications. Sometimes the
implementation of NF is limited because of fouling
formation and the corresponding decline of perme-
ability, leading to enhanced operational costs and a
reduction of the membrane’s lifetime. In various
publications, membrane fouling has been related to
feed water chemistry, operating conditions and
membrane surface properties [1–5].

Membrane surface roughness was found to be
strongly correlated with fouling in studies performed

by Zhu and Elimelech [3], Elimelech et al. [1] and
Vrijenhoek et al. [2]. Cho et al. [6] and Boussu et al.
[7] found that a high negative zeta potential of the
membrane minimized fouling, whereas the influence
of the membrane’s hydrophobicity depended on the
feed water composition. In AFM (atomic force micros-
copy) experiments, Yamamura et al. [8] found a posi-
tive correlation between natural organic matter
(NOM) adsorption, as well as the amount of foulant
functional groups and membrane blockage.
Concerning the operating conditions, a low perme-
ation drag (controlled by permeate flux) and a high
crossflow velocity decreased fouling in studies con-
ducted by Zhu and Elimelech [3], Amy and Cho [9]
and Seidel and Elimelech [10]. In addition, several
raw water properties have been proven to signifi-
cantly influence fouling formation. Generally, the
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presence of divalent cations, especially Ca2+ [4,9–16],
the increase in ionic strength [4,9,11,15–17] and lower
[11,17] or higher pH-value [14] were shown to
enhance NOM fouling due to charge interactions
between membrane and NOM functional groups as
well as changes in NOM configuration. Ahn et al. [4]
investigated the addition of different cations at the
same ionic strength and found that fouling increased
in the order Ca2+ >Mg2+ >Na+. Autopsy tests per-
formed by Gwon et al. [18] revealed inorganically
bound Ca2+and organically bound Si as major foulants
and Fe as main contributor to irreversible fouling of
the membrane after filtration of groundwater. Further-
more, the properties of organic water constituents
were found to have a strong influence on their ten-
dency to accumulate on the membrane surface
[12,19,20]. Intensive fouling characterization with 13C
NMR and Fourier transform infrared spectroscopy
(FTIR) by Frimmel et al. [21] and Her et al. [5] showed
that protein- and polysaccharide-like substances play
a major role in organic fouling during filtration of nat-
ural waters.

Based on their experimental results, Lin et al. [22]
quantified the amount of dissolved organic matter
(DOM) deposited on ultrafiltration (UF) membranes
and proposed two classes of fouling schemes. For a
denser UF membrane (molecular weight cut-off
MWCO=10kDa), DOM was assumed to cause flux
decline by binding or aggregation and, hence by for-
mation of a surface gel layer, whereas a loose UF
membrane (MWCO=100 kDa) was assumed to be
fouled by inner pore adsorption and pore blockage.
For NF, similar information is missing. Therefore,
quantitative information about the identity and locali-
zation of membrane foulants will help to enhance the
understanding of fouling mechanisms and to improve
pre-treatment methods and operating parameters with
the objective of increasing the membrane’s lifetime.

The aim of this study was to identify the fouling
constituents after NF of a soft and NOM-rich water
with and without addition of multivalent ions at dif-
ferent concentrations. More precisely, the substances
deposited on the membrane surface on the one hand
and in the membrane pores on the other hand should
be distinguished and quantified. Therefore, batch
experiments were conducted in a bench-scale cross-
flow plant. Six flat-sheet modules were equipped with
three different membranes (each one in duplicate).
After filtration of a defined permeate volume per
module, parts of the fouling layers (FL) were scraped
of the membranes and both FL and membranes were
analysed concerning deposited organic carbon (OC)
and ions. Additionally, the structure and properties of
the FL and membranes were characterized using

scanning electron microscopy (SEM), attenuated total
reflection Fourier transform infrared spectroscopy
(ATR-FTIR) and contact angle measurements to
quantify hydrophobicity.

2. Materials and methods

Experiments were carried out with a crossflow
membrane set-up consisting of six flat-sheet units
equipped with three membranes (NF200, Polypiper-
azine, Dow Filmtech, MWCO=200Da, Desal HL,
PA, Osmonics, MWCO=190Da and P005F, PES,
Nadir, MWCO=1,400Da). During the experiments
the temperature was maintained at 25 ± 0.5˚C, and the
transmembrane pressure was set at 5 bar. Before the
experiments, deionized (DI) water was filtered
through the membranes for 24 h for elimination of
water-soluble organic substances in the membrane
structure. Membrane molecular weight cut-off was
determined with the crossflow set-up (filtration condi-
tion: 5 bar and 25˚C) using different saccharides and
polyethyleneglycols (PEG).

The raw water used in this work was soft and
NOM-rich (Lake Hohloh, Black Forest, Germany, sam-
ple nr. 22, HO22). Table 1 shows the main properties
of the water matrix.

Before the experiments, the water matrix was
0.45lm filtered in order to eliminate particulate sub-
stances and diluted with ID-water to a DOC-concen-
tration of approximately. 5.5mg/L. Experiments were
carried out by adding different cations (calcium and
iron as CaCl2 and FeCl3, Merck, Germany) and anions
(sulphate, phosphate as sodium salts, Merck, Ger-
many) at different concentrations to the NOM-rich
water. The pH-value of the feed solutions was
adjusted to 7.5 ± 0.2 with NaOH. Additionally, NaN3

(4mg/L, Merck, Germany) was added to the feed
water to inhibit bacterial growth. All experiments
were performed in duplicate.

The structure and properties of FL and membranes
were characterized using SEM (scanning electron
microscopy, LEO 1530, Gemini), ATR-FTIR spectros-
copy (attenuated total reflection Fourier transform
infrared, IFS 55, EQUINOX, Bruker optics, Germany),
Z-potential (EKA, Anton Paar, Austria) and contact
angle (hydrophobicity) measurements (OCA10,
Dataphysics, Germany). Additionally, the OC-concen-
tration, cation and anion concentrations in the FL and
in the membrane “pores” were measured. Distinction
between pore and surface fouling was conducted
mechanically applying the method proposed by
Gorenflo et al. [23]. The method consists of fixing the
membrane on a flat surface between two virgin and
wet membrane pieces. The fouling layer is removed
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using a polyvinylidene fluoride (PVDF) slide. The
presence of the new membranes on both sides of
the fouled membrane served as spacers that prevented
the damage of the fouled membrane by the slide. For
OC-determination, FL were dissolved in 0.01M NaOH.
For the measurement of cations and/or anions, FL
were added to a HCl solution (0.01M) for 12 h, and the
cation concentrations were measured in the superna-
tant solution. A similar procedure was performed with
the membrane after fouling layer removal: one piece of
membrane with “pore fouling” was submerged for
12 h in NaOH (0.01M) and a second piece of mem-
brane was submerged for 12 h in HCl (0.01M). In the
supernatant solution belonging to the first piece of
membrane, OC was measured, and in the supernatant
solution belonging to the second piece of membrane,
the cation and/or anion concentrations were deter-
mined. OC, cation and anion concentrations for the FL
and for the pores are reported as mg (DOC/ions) per
permeate volume (in L), per m2 membrane surface,
within this article.

During the experiments, typical parameters such
as feed and permeate flow, pressure, temperature and
TOC (total organic carbon)/ions removal were mea-
sured. The TOC concentration was measured with the
TOC-Analyzer, Model 800 (Sievers Instruments, USA).
Cation concentrations of feed and permeate samples
were measured with a ICP-OES (Inductively Coupled
Plasma Optical Emission Spectroscopy) spectrometer
(Varian, Vista PRO CCD). A Dionex ion chromatogra-
phy system (DX 500, Dionex) was used to determine
the phosphate and sulphate concentrations.

For further characterization of the NOM removal,
LC-UV/OCD chromatograms of feeds and permeates
were measured. LC-UV/OCD measurements were
carried out using a TSK-HW-50S column. A phos-
phate buffer (0.028mol/L) at pH=6.8 was used as
eluent. The flow rate was set at 1mL/min [24].

3. Results and discussion

3.1. NOM removal

NOM-removal represents the percentage of NOM
in raw water eliminated by the membrane and was
calculated from the TOC-values in raw water and

permeates. During the experiments, the NOM-removal
was: 95–99% for NF200, 91–99% for Desal HL and
85–96% for P005 F. In almost all experiments, a light
increase in NOM-removal (max. 3%) with increasing
filtration time was observed, probably due to fouling
formation.

All LC-OCD chromatograms of the experiments
showed a similar trend, independent on the ion
concentration in the raw water. As an example, Fig. 1
shows the LC-OCD chromatograms of raw water and
permeates for the experiment with a calcium concen-
tration of 40mg/L. NF200 and Desal HL presented
similar removal properties: the high molecular weight
fraction, also called biopolymer fraction, containing
polysaccharide and polysaccharide-like substances
([25], retention time, tr, between 25 and 32min) and
the humic fraction (between 32 and 50min) were com-
pletely removed after filtration. The last fraction
(retention time> 50min), containing hydrophobic
structures and low molecular weight organic acids
[24] was eliminated to more than 93% by the
NF-membranes. In the permeate of P005, it can be
observed that parts of the humic acid fraction and the
low molecular weight/hydrophobic fraction remained
in the permeate. P005F has a higher MWCO and,
hence, less organic material can be retained by the
membrane. Furthermore, it must be taken into consid-
eration that during membrane filtration apart from
size exclusion several other effects affect the rejection

Table 1
Properties of the raw water matrix (Lake Hohloh, HO22, 0.45 lm filtered)

pH (12˚C) El. cond. (16˚C)
(lS/cm)

DOC
(mg/L)

UVA (254 nm)
(m�1)

VIS (254 nm)
(m�1)

Ca2+

(lg/L)
Na+

(lg/L)
Cl�

(mg/L)
SO2�

4

(mg/L)

4.5 27.8 29.8 148 15.5 405 446 1.38 2.07

Fig. 1. LC-OCD chromatogram of raw water and
permeates (NF200, Desal HL and P005F). Experiment with
q(Ca2+) = 40mg/L.
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properties of membranes. The organic substances
contained in the feed can interact with the membrane
and accumulate on its surface or pores altering the
separation properties and achieving rejection rates
which do not directly relate to the nominal size of the
membrane pores [15,26].

3.2. Ion removal

Filtration experiments using calcium as model ion
for divalent cations showed that with increasing
calcium concentration in the feed all membranes pre-
sented an increase of calcium in the permeate (Fig. 2).
The decline of calcium removal can be explained by
the Donnan effect [10]. In addition, calcium causes a
shielding effect on the negatively charged membrane
[27] and therefore changes the electrostatic interaction
of the membrane surface and charged water constitu-
ents. The Ca2+-rejection in the experiments with the
“mix” solution showed for all membranes a higher
rejection rate than it was seen in experiments with
similar Ca2+-concentration were calcium was only
added as CaCl2. In the experiments with “only” cal-
cium, the electro neutrality of the permeate solution
can be achieved only if Ca2+-ions flow through the
membrane in order to compensate the charge of the
small, monovalent Cl�-ions. Therefore, the calcium
concentration in the permeate increases (resulting in a
decreasing Ca2+-removal rate). In the experiments
with the “mix”-solution, Na+-ions are available to
compensate the anions in the permeate and the
calcium concentration in the permeate decreases
(increasing the Ca2+-removal rate). A similar trend
was observed by increasing sulphate concentration in
the feed.

Due to their high hydration diameter and the size
of the ions, iron and phosphate removal rates were
very high (>97%).

3.3. Permeability

The membrane flux during filtration remained
relatively constant for NF200 and Desal HL with a
maximum decrease of 90 and 83%, respectively, after
5,000 L permeate per m2 membrane surface, compared
with the initial fluxes J0. An influence of water
composition on flux decline could be clearly seen for
P005F (Fig. 3). For this membrane, flux decline was
stronger and increased with increasing raw water
concentration of calcium.

The denser membranes NF200 and Desal HL
showed similar MWCOs (200 and 190Da, respectively)
and similar intrinsic resistances (4.4 and 3.7� 1013 1/m,
respectively). P005F, in contrast, had a higher MWCO
and a resistance of 2.8� 1013 1/m. Since the experi-
ments were performed at a fixed transmembrane pres-
sure, the lower resistance led to an enhanced permeate
drag for P005F and, consequently, to a higher ratio J0/k
(k: mass transfer coefficient from the concentration
polarization layer [28]). The higher convective flow to
the membrane surface may result in an increased
deposition of water constituents on the membrane and
in a compactation of the fouling layer. Additionally, a
higher MWCO may enhance the membrane’s
sensitivity to pore blocking as will be shown later.

3.4. Fouling characterization

3.4.1. Organic fouling

For all the investigated membranes it was
observed that

Fig. 2. Calcium rejection (%) by NF200, Desal HL and
P005F. Experiments with different calcium concentrations
(q(Ca2+) = 12.9, 25.3, 40.2mg/L) and a mix of salts
(q(Ca2+) = 24.3mg/L as CaCl2, q(Fe

3+) = 0.19mg/L as FeCl3,

qðSO2�
4 Þ ¼ 28:7mg=L as Na2SO4).

Fig. 3. Permeability decline in the experiments with the
membrane P005F.
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• a higher flux decline was correlated with a higher
amount of organic deposits and

• a higher calcium concentration in the feed resulted
in a higher accumulation of NOM at the membrane
surface.

The latter was found to be especially pronounced
in the experiments with Desal HL, where the OC-
concentration in the fouling layer grew from 1.6mg per
permeate volume (in L), per m2 membrane surface with
no addition of calcium to 7.5mg/Lm2 with 12.9mg/L
calcium addition (Fig. 4).

SEM-pictures of the membrane showed a similar
trend than the OC-concentrations on membrane sur-
face (see Fig. 5, cross section of the FL). On the NF200
Membrane, a very thin fouling layer was observed
(see also Fig. 6), whereas in the Desal HL and the
P005, thicker FL were found.

Considering the different properties of the
membranes used, P005F presents a Z-potential of
approx. 0mV at a pH value of 7, while at this pH,
NF200 and Desal HL show Z-potentials of approxi-
mately. �17 and �18mV [2], respectively. Membranes
with low Z-potential may exhibit less NOM-fouling
because of higher electrostatic repulsion between
membrane surface and negatively charged NOM-
molecules. In the experiments, Z-potential values
and membrane resistance corresponded with a high
deposition rate of NOM with and without Ca-addition
for P005F. The differences in the influence of calcium
between NF200 and Desal HL can be related to other
surface parameters such as roughness [2]. The
OC-concentration in the membrane pores was below
the limit of detection of the TOC-measurement system
(0.1mg/L).

Table 2 shows the contact angle measurements of
the membranes. NF200 was clearly the most hydro-
philic membrane, and thus, there was a minimal accu-
mulation of hydrophobic organic substances. Desal
HL and P005 present higher contact angle values, cor-
responding to less hydrophilic surfaces. Additionally,
for P005F, the difference between advancing and
receding contact angle (contact angle hysteresis) is rel-
atively high. Wenzel [29], Adam [30] and many others
authors showed that the roughness influences the con-
tact angle measurement. Cassie and Baxter [31], Chen
et al. [32] and Extrand [33] presented in their works
that the difference between advancing and receding
contact angle depends first on the molecular interac-
tions between the liquid and the surface, and second

Fig. 4. OC-concentration in the surface FL of different NF-
membranes after filtration of NOM-rich water. The
calcium concentration in the raw water was adjusted by
addition of CaCl2.

Fig. 5. SEM-pictures (cross-section) of the FL after
filtration. Experiment with q(Ca2+) = 0.2mg/L.

Fig. 6. SEM-pictures of the FL on the NF200 surface after
filtration. Experiment with q(Ca2+) = 0.2mg/L. A: virgin
membrane, B: fouled membrane.

Table 2
Contact angle of the applied membranes (n= 12)

Membrane NF200 Desal
HL

P005F

ha (standard deviation) 7.2˚ (2.1) 26.3˚ (2.3) 66.0˚ (1.8)

hr (standard deviation) 5˚ (2.2) 16.1˚ (2.3) 26.5˚ (1.1)

Dh (contact angle
hysteresis)

2˚ 10.2˚ 39.5˚
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on the surface properties (principally the roughness)
of the surface. Small differences (<5˚) between advanc-
ing and receding angles suggest that the surface is
smooth. The membranes (Desal HL and P005F) with
higher contact angles (more hydrophobic) and higher
contact angle hysteresis (higher roughness) presented
the highest OC accumulation on their surfaces.

Apart from the adsorption bands corresponding to
the original membrane material, the ATR-FTIR spectra
of the fouled membranes clearly exhibited two addi-
tional bands at 916–918 and 1,032 cm�1, which corre-
spond to carbohydrates or carbohydrate like
substances [34]. The results confirm that polysaccha-
ride like substances are a principal component of FL
[6,21].

Additional bands corresponding to the fouling
layer were interfered by the strong signals of the vir-
gin membrane. Fig. 7 shows the spectra of virgin and
fouled NF200 samples. The typical adsorption bands
at around 1,592 and 1,110 cm�1 (aromatic double
bonded carbons), at 1,492 cm�1 (methyl groups), at
1,016 cm�1 (ether groups), at 1,151 and 694 cm�1

(sulphone groups) correspond to the membrane
support material (PS) [14].

3.4.2. Ions in surface and pore fouling

Measurement of ion-concentration showed a con-
stant concentration of calcium in the pores of NF-200
and an almost constant concentration in case of Desal
HL independent of the Ca-concentration in the raw
water (see Fig. 8), but an increasing amount in the
fouling layer with higher Ca-concentration in the feed
(see Fig. 9).

Like for OC, the amount of Ca in the P005F surface
FL was not significantly higher in comparison with
the other membranes. However, P005F showed a con-
siderably higher amount of calcium in the membrane

structure for all experiments. This supports the
hypothesis that the stronger flux decline of P005F and
its more distinctive sensitivity to the raw water cal-
cium concentration can be attributed to pore-blocking
phenomena caused by its higher MWCO.

It can be suggested that in the “pores” or polymer
matrix of the tight NF-membranes calcium may
adsorb (as cation) or accumulate (as a complex with
NOM) achieving a maximal amount, which depends
on pore-size, shape and charge. In the FL, as expected,
the amount of calcium increased with increasing OC
deposited on the membrane surface.

For P005 F and Desal HL, the ratios of calcium
and OC amount in the FL were similar and the ratios

Fig. 7. ATR-FTIR spectra of a virgin NF200 membrane (in
grey) and a fouled NF200 membrane (in black).

Fig. 8. Calcium content in the pores of different NF-
membranes after filtration of NOM-rich water. The
calcium concentrations in the raw water were adjusted by
addition of CaCl2. Mix solution: q(Ca2+) = 24.3mg/L as
CaCl2, q(Fe3+) = 0.19mg/L as FeCl3, qðSO2�

4 Þ ¼ 28:7mg=L
as Na2SO4.

Fig. 9. Calcium content in the surface FL of different NF-
membranes after filtration of NOM-rich water. Calcium
concentration in the raw water was adjusted by addition
of CaCl2. q(Ca

2+) = 24.3mg/L as CaCl2, q(Fe
3+) = 0.19mg/L

as FeCl3, qðSO2�
4 Þ ¼ 28:7mg=L as Na2SO4.
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of Ca2+(FL)/OC(FL)/q(Ca2+RW) were constant for dif-
ferent calcium raw water concentrations. For NF200,
the ratios of calcium and OC amount in the FL were
higher and the ratios of Ca2+(FL)/OC(FL)/q(Ca2+RW)
decreased with increasing calcium concentration in
the raw water. Hence, calcium was present mainly in
form of Ca–OC complexes in the case of P005F and
Desal HL FL, but not only as Ca–OC complex in the
case of NF200. For NF200, the calcium concentration
in the gel layer just upon the membrane surface seems
to be higher than for P005F and Desal HL at low
calcium raw water concentrations. This effect becomes
smaller at higher raw water concentrations due to
shielding effects.

In the experiments with the mix solution the
Ca-content in the fouling layer was significantly higher
compared to the experiments with addition of CaCl2.
Calcium removal rates in the experiments with the
mix solution were relatively high. In combination with
the low-solubility products of CaSO4 and Fe(OH)3, this
lead to an increased deposition of calcium (and Fe) in
the surface fouling layer. This effect was even more
pronounced for the accumulation of ions within the
membrane structure.

4. Conclusions

Fouling formation is generally influenced by the
raw water characteristics, membrane properties and
the filtration procedure. The amount of fouling (mea-
sured as mg OC per m2 membrane surface and L
permeate volume) correlates with the membrane prop-
erties: membranes with a low (negative) Z-potential
and a high intrinsic resistance (NF200 and Desal HL)
showed a lower amount of fouling layer on their sur-
face and a more stable permeate flux in comparison to
experiments with no addition of salts. In the experi-
ment with addition of calcium, an increase in fouling
layer mass and an increasing flux decline were
observed. Calcium obviously forms complexes with
NOM and at the same time shields the negatively
charged membrane surface causing a higher deposi-
tion of NOM on the membrane surface. The concen-
trations of calcium and iron in the FL correlated for
NF200 and P005F with the Z-potential of the mem-
branes as well: in the FL of P005F (neutral at pH=7)
high calcium and iron concentrations were detected.
Unexpectedly, high calcium and iron concentrations
(data not shown) were found in the FL of Desal HL.
In this case, the high calcium and iron concentrations
went along with an increase in OC on the membrane
surface. This membrane charge seems to be shielded
by the addition of salts to a greater extent than
NF200. Differences in the performance of NF-200 and

Desal HL can be explained by different surface
roughness and/or surface treatments.

The concentration of ions in the membrane “pores”
correlated directly with the MWCO of the
membranes.

However, the organic constituents of the FL were
independent of membrane material and/or their prop-
erties. Polysaccharides were generally recognized by
ATR-FTIR as major foulants in all investigated
membranes irrespective of the membrane material or
properties.
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