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ABSTRACT

This paper describes the results of experiments performed in a high-recovery system to eluci-
date the silica scaling phenomenon and characterize the scaling. In this research, cation
exchange pretreatment is used to reduce Ca2+, Ba2+, and Mg2+ levels to prevent scaling dur-
ing subsequent nanofiltration (NF) and reverse osmosis (RO) filtration, in which RO is fed
with NF concentrate. In a pilot plant, a series of experiments were carried out at a total (NF
+RO) recovery of 91, 94, 96 and 98% with locally available tap water as feed water. Autopsy
studies were performed with the RO membranes after each experiment. The fouling layer
was studied using SEM-EDX, ATR-FTIR and fouling extraction to determine the structure
and the composition of the fouling deposits. A thin dense fouling layer was observed, which
covered approximately half of the membrane surface, after operating for 20 days at 91 and
94% recovery. At 96 and 98% recovery, the fouling layer was thicker and completely covered
the membrane surface. The scaling layer was mainly composed of Si, Al, Fe and O. The
amount of Si increased with increasing recovery. To work at these high recoveries for an
extended period, further measures need to be taken to prevent silica scaling.

Keywords: Concentrate; Membrane fouling; Silica scaling; Colloidal fouling; Concentration
polarization

1. Introduction

Silica scaling is one of the main issues in brackish
water desalination where high recoveries are reached.
The presence of silica in all kind of natural water
complicates desalination processes owing to its high
scaling potential [1–3]. The intricate chemistry of silica

enhances the complexity of this problem. It is impor-
tant to gain further insight in the way silica scales the
membranes to prevent it.

To work at high recoveries in nanofiltration (NF)
and reverse osmosis (RO) membranes, the scaling salts
must be removed in the pretreatment steps. This is
rather easy for bivalent ions, such as Ca2+ and Mg2+,
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which can be removed by using a cation exchange
resin. When the bivalent cations are removed before
membrane treatment, silica can become the limiting
factor in RO, especially at high recoveries. Silica can
be removed by an anion exchange resin, but unfortu-
nately the affinity of silica for these resins is very low.
The removal of silica is crucial to reach high recover-
ies, and further investigations are needed. Silica has a
low solubility of about 117 ppm in water at pH 7 and
at 25˚C. When its solubility limit is exceeded in the
absence of a suitable crystallization surface on which
the soluble silica might be deposited, the monomer
polymerizes by condensation of the silanol groups [4].

In a previous work, we investigated the feasibility
of achieving a high total recovery (91–98%) in a sys-
tem composed of a cation exchange (CIEX) resin, fol-
lowed by an NF membrane and an RO membrane,
which treats the NF concentrate [5]. The feed water is
tap water, which is produced from ground water pre-
treated by aeration and rapid sand filtration. We
found that the cation exchange unit removes most
(>99%) of the bivalent cations, thereby preventing the
deposition of sparingly soluble salts in the RO mem-
brane. The CIEX is followed by a feed and bleed NF
unit at a recovery of 75–90%. Subsequently, the con-
centrate stream is fed to a feed and bleed RO unit at a
recovery of 75–90%. For the NF+RO system, this
leads to a NF+RO recovery of 91–99%. In practice,
the total recovery of the system including CIEX is
about 1% lower than the recovery reached with the
two membrane stages, as a result of water losses due
to regeneration of the CIEX.

In this research, the main objective is to investi-
gate the layer of silica scaling on the RO membrane
that is formed even after removing bivalent cations
with CIEX prior to NF and RO at high recoveries of
91–98%. Previously, we have found that scaling
takes place at these recoveries [5]; here, we present
a more extensive analysis of the scaling of the RO
membrane.

2. Materials and methods

2.1. Pilot plant

A pilot plant has been constructed at KWR Water-
cycle Research Institute to carry out silica scaling
research at high-recovery RO (see Fig. 1). The pilot
was described previously [5].

The membrane permeability, normalized pressure
drop (NPD) (feed-concentrate) and salt passage, based
on electrical conductivity (EC) measurements, were
monitored for both membranes to investigate the
beginning of scaling and other types of fouling.

2.2. Water analysis

The different water streams (feed water, CIEX trea-
ted (feed) water, the NF feed, NF permeate, NF con-
centrate, RO feed, RO permeate and RO concentrate)
were analyzed to determine the concentration of inor-
ganic compounds including the scaling salts and cal-
culate the rejection behavior of the membranes. With
these analyses the mass balance within the system
was calculated.

Dissolved organic carbon (DOC) was analyzed in
accordance with ISO 8245 and ISO 1484. Before pres-
ervation, the samples were filtered using a 0.45-lm
membrane filter.

Most of the inorganic compounds present in the
different streams were measured with ion couple
plasma mass spectrometry (ICP-MS) (Elan 6000, from
Perkin Elmer). These analyses were conducted by the
Laboratory of Materials Research and Chemical Anal-
yses of KWR.

Chloride and sulfate concentrations, however,
were measured with an in-house method by Vitens
Laboratorium B.V. (Leeuwarden, the Netherlands).
HCO�

3 and CO2�
3 concentrations were measured by

pH titration, according to the NEN 6531.
Also, the water after CIEX was monitored with a

Ca2+ selective electrode (Thermo Scientific Orion 9700
BN WP) to determine the Ca2+ concentration of the
feed water of the first circulation stage. The regenera-
tion of the resin was done regularly based on these
measurements and the need to prevent breakthrough
of bivalent cations to the NF.

The feed water of the installation was locally avail-
able drinking water from groundwater treated at plant
Tull en ‘t Waal (Water Supply Company Vitens) by
aeration and rapid sand filtration with the addition of
polyaluminum chloride and without post-chlorination.
The quality of the water is given in Table 1. The water
had an average temperature of 12˚C.

Fig. 1. Scheme of the pilot plant used in this research.
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2.3. Membrane autopsy

2.3.1. Membrane surface characterization

After each run, a membrane autopsy was per-
formed of the RO membrane. A visual inspection of
the two leafs of the membrane was first carried out
followed by the collection of 3 representative sam-
ples of 3 � 3 cm2 taken at different locations of the
membrane (inlet, middle, outlet). The samples were
analyzed using a JEOL-6480LV Scanning Electron
Microscope (SEM) (JEOL Company) equipped with
Noran System SIX X-ray microanalysis (EDX) system
(Thermo Electron Corporation) to determine the
structure and the composition of the fouling (scal-
ing) layers. The samples were coated with a thin
(10 nm) Au layer. An accelerating voltage of 6 kV
was used for SEM observation and 10 kV for the
EDX analysis.

Different techniques have been used to try to char-
acterize qualitatively the scaling formed in the mem-
branes, such as Raman spectroscopy (Horiba/Jobin
Yvon, Labram HR L/2/719), powder X-ray diffraction
(XRD) (Bruker D8 Advance) and infrared spectros-
copy (ATR-FTIR) (Shimadzu 4800).

2.3.2. Extraction of silica from the fouled membranes

To quantify the amount of silica scaling attached
to the membrane a method to dissolve the silica
was developed. The solubility of silica is much
higher at high pH; therefore, we used a concen-
trated NaOH solution to dissolve the layer of silica

scaling [6,7]. Representative samples of 3 by 3 cm
from each membrane were placed in plastic beakers
with NaOH solution. Among the different pH and
stirring times that were tested, pH 14 and three
days were found to be the optimal conditions. At
lower pH and/or shorter time, the layer was (prob-
ably) not completely dissolved, and at pH 14 and
longer time the membranes were visually damaged.
After three days, the pieces of membrane were
removed and the solutions were analyzed by means
of ICP-MS. A blank (dry clean membrane piece
added) experiment was performed and used for cor-
rection. All experiments were performed in quadru-
plicates. The obtained values for the experiment at
98% recovery were multiplied by two to correct for
the shorter run time of this experiment (11 days vs.
20 days for the other recoveries).

2.4. Concentration polarization

The concentration polarization factor (CP) has been
calculated according to the classical film model [8]:

CP ¼ exp
Jv
km

� �
ð1Þ

where Jv is the flux and km the mass transfer coeffi-
cient.

However, this equation only holds when there is
no fouling on the membrane surface, because fouling
hinders the solute diffusion across the fouling layer.

We have estimated the CP factor for a fouled
membrane according to Chong [9]:

CP ¼ exp
Jv
keff

� �
ð2Þ

with 1
keff

¼ 1
km

þ 1
kf

Here, keff is the effective mass transfer coefficient that
combines the mass transfer in an un-fouled membrane
and the mass transfer, kf, in a fouled membrane.

kf ¼ Df

df

Where Df is the solute diffusion in the cake layer and
df the cake layer thickness.

Df ¼ Dð e
1� ln e2

Þ

Where e is the porosity of the cake layer.

Table 1
Average quality of the feed water (all concentrations as
mg/L except pH)

Ca 70

Na 14

Mg 5.86

Al 0.02

K 1.25

Fe 0.01

Ba 0.05

Cr 0.01

Cu 0.05

Sr 0.23

B 0.01

Cl 9.19

HCO3 277

SO4 <2

SiO2 20

DOC 1.95

pH 8.12
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3. Results

3.1. Silica scaling experiments at different recoveries

3.1.1. Operation parameters

Experiments were carried out with the pilot plant
at different operational settings to achieve different
total system recovery values (Table 2).

During the experiments, the EC passage, mem-
brane permeability and NPD were monitored for both
membranes, with a focus on the RO membrane, due
to its high potential for scaling. All the experiments
were carried out during 3weeks, except the last exper-
iment, which was stopped after 11days, due to the
higher decrease in the RO permeability.

During the four experiments, there was no signifi-
cant increase in the NPD (smaller than 0.5 bar). There-
fore, no blocking of the feed channel seemed to occur.

A decrease was observed in the salt passage and
membrane permeability of the RO membranes at all
the different recoveries during the four runs. The
decrease in the membrane permeability was higher at
98% recovery. These results are reported elsewhere [5].

3.1.2. Membrane surface characterization

The SEM-EDX analysis performed on the four RO
membranes after the experiments revealed varying
amounts of scaling.

At 91 and 94% recovery, about half of the mem-
brane was covered with a 1–2-lm-thin layer of scaling
([5] and Fig. 2), while at 96 and 98% the complete sur-
face was covered with a 5– to 10-lm-thick layer ([5]
and Fig. 3). In all cases, the composition of the scaling
was composed of organic matter, silicon (increasing
with recovery), aluminum, sodium and iron. EDX
results are reported elsewhere [5]. However these
results are just a qualitative indication, since the mem-
brane itself is also detected by the EDX. The percent-
age of membrane detected increases with decreasing
the recovery but is not exactly known; hence, it is
hard to quantify the relative occurrence of the ele-
ments in the scaling layer at different recoveries.

To further characterize the scaling layer, ATR-FTIR
was performed on the four fouled RO membranes
and a virgin RO membrane (Fig. 4).

The ATR-FTIR spectra from the four different sam-
ples reveal the same peaks. Peak intensity is higher
for the membranes at 96 and 98% due to a higher
amount of scaling on the membrane. All spectra show
a large peak at 1,015 cm�1. It possibly belongs to
amorphous SiO2, which normally has a peak at
around 1,100 cm�1 [10] or amorphous aluminosilicates,
which present a large peak around 1,000 cm�1 [11,12].
The broad band between 2,800 and 3,600 cm�1 can be
attributed to hydrogen-bond OH surface groups,
physisorbed water and other surface species [13]. In
the experiments carried outat 91 and 94% recovery,

Table 2
Summary of the experiments performed in our system

Total
recovery (%)

NF
recovery (%)

RO recovery
(%)

Feed flow (l/h) Feed pressure (bar) NF flux (l/m2 h) RO flux (l/m2h)

90.9 69.4 70.2 65 10 17.26 19.94

93.8 76.1 74.3 69 11 18.24 17.80

96.3 78.2 83.3 88 17 23.75 21.30

98.2 89.0 83.2 122 17 38.98 16.90

Fig. 2. SEM pictures of the RO membrane fouled at 91% total recovery (left) and 94% total recovery (right).
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some weaker modes between 1,100 and 1,300 cm�1

can be seen, which probably belong to the virgin RO
membrane.

We also tried to analyze the membrane samples
with XRD, but the amount of scaling attached to the
membrane was not enough and no peaks could be
identified. With Raman spectroscopy, we detected no
signal in the membrane samples, so we could not
obtain any information from this technique. This may
be due to the fact that silica has an extremely weak
Raman spectrum [10].

3.1.3. Extraction of silica from the fouled membranes

Small pieces of fouled membrane were soaked in
NaOH solution at pH 14 for 3 days and then the solu-
tion was analyzed with ICP-MS. The compounds
found in the solution were mainly Si and Fe and some
traces of K and Al. Although Al is a part of the scal-
ing layer as was determined with EDX [5], Al3+ is not

soluble at high pH values. Therefore it was only
found at trace levels with this method.

Fig. 5 shows the amount of Si and Fe in mg per
square meter of membrane found at the four different
recoveries. The Fe content seems to increase slowly
with the recovery, whereas the Si content shows a
slow increase from 91 to 94% recovery and a much
faster increase at > 94% recovery.

3.1.4. Concentration polarization

The CP factor for a clean and fouled membrane
was calculated for every experiment. We know the
average cake layer thickness from observing the cross-
section SEM images ([5] and Table 3). Chong [9]
found in his research that porosity values for colloidal
silica range from 0.6 to 0.4 at zero to 10,000 ppm NaCl,
respectively. In our case, we know the total dissolved
solids (TDS) in the bulk solution of the feed of the
RO, and therefore, we can estimate the porosity (e1)
according to these values.
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Fig. 5. Foulant weight in the membrane at different
recoveries.

Fig. 3. SEM pictures of the RO membrane fouled at 96% total recovery (left) and 98% total recovery (right). Notice the
different magnification compared with Fig. 2.
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Fig. 4. ATR-FTIR spectra of an RO virgin membrane and
the fouled membranes at 91, 94, 96 and 98% recovery.
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In addition, from the SEM observations on the
thickness of the layer (see Table 3), the weight of Si
and Fe found in the dissolution experiments and the
estimated densities of the silica and iron (III) oxyhy-
droxides, one can calculate the volume and weight of
scaling and thus obtain an estimate of the effective
average porosity (e2) of the fouling layer. However,
the fouling layer was only present on about 50% of the
membrane surface for the experiments at 91 and 94%
recovery. In addition, we observe in the SEM images
that the fouling layer shows large empty volumes at
recoveries of 94% and higher [5]. This is why the cal-
culated values for porosity are much higher than val-
ues reported in the literature for colloidal silica (the
majority component of fouling at higher recoveries) of
around 0.5 [9]. We have to point out that the experi-
ment at 98% ran for 11days (the other experiments ran
for 3weeks). Therefore, if it had ran for the same per-
iod, we assume we would have had a higher thickness
of the fouling layer and also a lower porosity.

In the literature, we also found porosity values for
a layer of silica scaling of 0.99 [2]. However, looking
at the SEM pictures (Figs. 2 and 3 and [5]) one can see
that the fouling layer is quite complex and, for
instance, at 96 and 98%, it is possible to differentiate
two areas––one compact layer close to the membrane
surface and one more open area on the top of it. We
estimate a more realistic value of the porosity by aver-
aging the two different estimated porosities.

In the following table, we show the values of CP
for a clean and a fouled membrane for different recov-
eries (Table 3), as calculated with Equation (2).

The CP for a clean membrane is similar to that of
the four membranes. However, at 91 and 94 % recov-
ery the CP for a fouled membrane has the same value
as for the clean membrane, but at 96 and 98% recov-
ery it is slightly higher.

The silica concentration in the bulk solution of the
RO feed was measured by means of ICP-MS and is
shown in Fig. 6. These are depicted together with the
correction for the CP of clean and fouled membrane

and the silica solubility at the experimental conditions
(Fig. 6).

We can see from Fig. 6 that the calculated silica
concentration at the membrane surface using CP for a
clean and fouled membrane makes a more pro-
nounced difference in the experiments at 96 and 98%
recovery. At 91% recovery, the calculated silica con-
centration at the membrane surface remains below the
silica solubility. At 94% recovery, the concentration is
slightly above it, and at 96 and 98% the solubility is
exceeded. However, the presence of iron and alumi-
num significantly increases the precipitation of silica,
as we showed before [5].

4. Discussion

4.1. Membrane autopsy

From the SEM-EDX analysis, significant differences
were observed between the SEM images of the RO
membranes obtained at different recoveries. At 96 and
98% recovery, we observed fouling on the membrane
from the feed to the concentrate side (not all the
images are shown here). The fouling consisted of
voluminous amorphous agglomerates. However, at 91
and 94% recovery we observed thin deposits at some
areas of the membrane (about 50% coverage).

Table 3
CP for a clean and fouled membrane

Recovery
(%)

Cp clean
membrane

Cake layer
average thickness
(lm)

TDS
(ppm)

TDS
equivalent
NaCl (ppm)

Estimated
Porosity 1
(e1)

Estimated
porosity 2
(e2)

Average
porosity
(e)

Cp fouled
membrane

91 1.20 0.5 3,331 2,389 0.55 0.87 0.71 1.20

94 1.18 1 4,768 3,294 0.53 0.88 0.71 1.19

96 1.21 3 7,742 5,273 0.49 0.82 0.66 1.27

98 1.17 5 15,251 10,890 0.38 0.92 0.66 1.25

0

50

100

150

200

250

300

90 91 92 93 94 95 96 97 98 99 100

Recovery (%)

Si
lic

a 
(p

pm
)

Corrected CP clean membrane
Corrected CP fouled membrane
ICP-MS
Silica solubility

Fig. 6. Silica concentration in the RO feed at different
recoveries.
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To characterize the scaling, several techniques were
performed. The bulk structures of silica are classified
as crystalline and amorphous polymorphs. More than
35 well-defined forms of crystalline silica are known;
however, amorphous silica remains poorly character-
ized. This is due to the lack of sufficiently precise
methods to assess the long-range structural order [14].

After trying different techniques to characterize
qualitatively the scaling, we only got some results
with ATR-FTIR. The four samples from the fouled
membranes showed a similar spectrum. The intensity
was stronger for the membranes at 96 and 98% recov-
ery due to a higher amount of scaling. All fouled
membranes gave a large peak at 1,015 cm�1. This peak
could belong to amorphous SiO2, which normally has
a peak at around 1,100 cm�1[10] or amorphous alumi-
nosilicates, which present a strong broad band at
1,032 cm�1, assigned to asymmetric M–O–M stretching
(M:Si, Al) [12]. Furthermore the small peak at
800 cm�1 is also found in amorphous silica and alumi-
nosilicates [10,12]. In addition, the four membranes
showed a broad peak between 3,100 and 3,500 cm�1,
which also could be seen in the virgin membrane.
However, in the virgin membrane there was also a
peak between 2,800 and 3,000 cm�1, but it seemed to
disappear or become part of the broad peak between
3,100 and 3,500 cm�1 with increasing recovery. This
broad band between 2,800 and 3,600 cm�1 can be
attributed to hydrogen-bond OH surface groups,
physisorbed water and other surface species, and also
appears in amorphous aluminosilicates, where it is
assigned to M–OH stretching. The fact that at 91 and
94% recovery some peaks from the virgin membrane
could be seen confirms that the scaling layer at these
recoveries was not homogenous along the membrane
surface and was thinner.

4.2. Extraction of silica from the membrane

From the experiments to dissolve the scaling,
shown in Fig. 5, it can be observed that the amount of
Si increased with increasing the recovery. The increase
from 91 to 94% is not as high as the increase from 94
to 96%. Therefore, together with the SEM-EDX analy-
sis we can conclude that the Si-scaling increased shar-
ply after 94%, considering it as the scaling threshold
for our system and time scale.

The amount of iron in the scaling layer also
seemed to increase with the recovery, albeit slowly.
The presence of iron confirmed that it plays an
important role in silica scaling. As Al3+ is not soluble
at the high pH used in these experiments, it is not
surprising that only trace levels were found. How-

ever, Al is also a part of the fouling layer, as was
shown elsewhere by SEM-EDX analysis of the fouled
membranes [5].

For the estimation of the porosity based on the dis-
solution experiments, only the Si and Fe were consid-
ered. However, there are also other elements present,
such as Al and C. Therefore, the average porosity of
the scaling layer is most likely lower than the esti-
mated values from the dissolution experiments.

4.3. Concentration polarization

The CP is an important factor to take into account,
since it results in a higher local concentration at the
membrane surface. The calculation of the CP for a
fouled membrane is not an easy task, mainly because
it is difficult to obtain reliable porosity values. In this
paper, we made several assumptions (see section
3.1.4) to calculate it.

While for a clean membrane the CP has the same
value for the four experiments (about 1.2), for a suffi-
ciently fouled membrane there is a difference, giving
estimated values of CP of 1.27 and 1.25 at 96 and 98%
recovery, respectively. Once the membrane has a sig-
nificant cake layer, the diffusion of the solutes through
the cake is hindered and the concentration of silica
near the active layer of the RO membrane increases.
This means that the supersaturation of silica is also
increased at higher recoveries (see Fig. 6), which in
turn leads to faster deposition (scaling) and higher
detected levels of Si per m2 in the dissolution experi-
ments (Fig. 5). The presence of scaling thus enhances
the growth speed of the fouling layer.

4.4. General discussion

Previously, we concluded that the layer of fouling
found in our system at high recoveries probably con-
sisted of aluminosilicates [5]. Further work has been
conducted to confirm this hypothesis. The additional
analyses on the fouling layer presented in this paper
suggest that whether amorphous silica or amorphous
aluminosilicates were the main inorganic component
of the fouling layer. In our previous paper, we sug-
gested that the fouling mechanism was a combination
of colloidal fouling by either iron (oxy)(hydr)oxides or
small colloids with Al, and subsequent growth of alu-
minosilicates on these colloids. Looking at the obser-
vations and data provided in this paper, we could
confirm this. Furthermore, we postulated that alumi-
nosilicate scaling took of above 94% recovery, which
can be explained with Fig. 6 where it can be seen that
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from 94% recovery on we have sufficient silica
supersaturation.

5. Conclusions

In our system, the limiting recovery to prevent
problematic scaling in the RO membrane is about 94%
based on the experiments for our time scale. To oper-
ate the system at recoveries above 94%, the silica must
be either removed prior to RO treatment or kept in
solution during RO treatment [5]. Here we show the
following:

• The SEM-EDX analyses can be used to determine
the amount, structure and composition of the scal-
ing layer qualitatively.

• The ATR-FTIR analyses suggested that the main
compound in the scaling layer could be either
amorphous silica or amorphous aluminosilicates.

• The extraction of silica from the fouled membranes
can be used to determine the amount of Si and Fe
in the membrane. The amount of Fe only slowly
increases with recovery, but the amount of Si
increases very quickly above 94% recovery, indicat-
ing the onset of (alumino)silicate scaling.

• CP is an important factor that greatly enhances the
silica concentration at the active layer of the mem-
brane and leads to enhanced scaling.
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