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ARTICLE INFO ABSTRACT

One of the perceived benefits of ceramic membranes is their robustness, which makes them suitable for treating
high organic load waste streams. In particular, ceramic tight ultrafiltration (tUF) and nanofiltration (NF) form an
important barrier against small colloids and organic molecules. In order to achieve this barrier, the quality of the
membranes should be uncompromised.

An extension on a commonly used size exclusion method was developed in order to quantify defects in
membranes and calculate the MWCO accurately excluding the defects. This approach gives a better re-
presentation of the membrane quality than the original method. The quality of a broad range of commercial
ceramic membranes was investigated by determining the (i) hydraulic permeability, (ii) molecular weight cut-
off, and (iii) quantitative defects. Several membranes — both tubular and disc membranes, selected from various
suppliers — were tested to investigate their variability. Furthermore, the robustness of tubular NF membranes
was studied by monitoring the effect of long-term exposure to sodium hypochlorite, which is commonly used to
mitigate organic fouling.

The results showed that batches of both tubular and disc membranes of different pore size and suppliers
included membranes with defects. Furthermore, the long-term treatment of tubular ceramic membranes with
sodium hypochlorite negatively affected, beyond expectation, the quality of the membranes. The separation
layer in these membranes was not notably compromised by sodium hypochlorite exposure, but the end seal layer

Keywords:

Ceramic membranes
Water treatment
Molecular weight cut-off
Defects

Sodium hypochlorite

was damaged.

1. Introduction

Due to their robustness, ceramic membranes have become more
popular in water treatment applications over the last decade. These
membranes are not only perceived to be resistant to high pressure,
temperature, and concentrations of chemicals but also to have a
homogeneous distribution of narrow pores and a long lifetime [1-4].

Ceramic membranes have proven to be effective for drinking water
treatment [2]. In literature, studies can also be found on the treatment
of water streams with a high organic load originating from various
industries, such as the treatment of textile industry waste streams, both
on the laboratory [1,5,6] and pilot scale [7]. In addition, the pulp and
paper industry has interest in the use of ceramic membranes since its
wastewater is one of the major sources of industrial water pollution.
The main goal is to recover residual lignin, organic matter and water
[8-11]. Furthermore, much research is conducted in the oil and gas
industry [11-16] as well as in the vegetable oil industry [11,15]. Lastly,
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ceramic membranes are forthcoming for sewage treatment [17,18] or
its effluent [19] and for seawater desalination, specifically as pre-
treatment for reverse osmosis [20-23].

A major advantage of using ultrafiltration (UF) or nanofiltration
(NF) for the treatment of high organic load waste streams is that UF/NF
forms a barrier against small colloids and organic molecules, which are
abundantly present in those waste streams. Therefore, the quality of
ceramic membranes is of utmost importance and should be monitored
accurately and regularly.

Several quality tests were reported, which can be divided into direct
and indirect quality methods; methods that will analyse the membrane
itself and methods that will monitor the water quality of the permeate
water, respectively [24]. The most commonly used direct methods for
microfiltration membranes are a pressure decay test (PDT) and a dif-
fusive airflow (DAF) test, which are simple and reliable but must be
monitored off-line. Indirect methods include particle counting, tur-
bidity monitoring, and size exclusion methods can be performed online
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Table 1
Overview of tested ceramic tUF and NF membranes.
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Purchased cut-off Geometry Length or diameter Filtration area Pore size Porosity Glass seal layer Filtration layer Total membranes tested
450 Da Tubular 100 mm 0.163 dm? 0.9 nm 30-40% Yes TiO, 29 (3 batches)
450 Da Disc 85 mm 0.563 dm? 0.9nm 30-40% No TiOy 14 (1 batch)
1000 Da Disc 85 mm 0.563 dm? 1nm 30-40% No TiO, 10 (1 batch)
2000 Da Disc 85 mm 0.563 dm? 3nm 30-55% No ZrO, 3 (1 batch)
3000 Da Disc 85 mm 0.563 dm? 5nm 30-55% No TiO, 4 (1 batch)
[25]. Thus, the main purpose of this research was (i) to develop a suitable

For analysing the quality of ceramic UF or NF membranes, size
exclusion and permporometry methods are most commonly used
[26-28]. The disadvantage to permporometry is the requirement of
specific equipment [28-30]. When using size exclusion methods, the
molecular weight cut-off (MWCO) is determined using a multiple
monodisperse molecules of different sizes, e.g. polyethylene glycol
(PEG) molecules [31]. By using a mixture of PEG molecules only a
single filtration experiment is needed to calculate the MWCO which can
only be successfully achieved when using high accuracy in detection,
e.g. with High Performance Liquid Chromatography (HPLC). However,
the size exclusion method has its limits. When a MWCO higher than the
MWCO according to the specifications of the supplier (from now on
referred to as the purchased cut-off) is measured, the distinction between
enlarged pore sizes (larger than the purchase cut-off) and potential
cracks or gaps in the membrane cannot be made. The cracks and gaps,
defined as defects on the membrane surface, cause short circuiting of
the feed water to the permeate; when these defects occur, the quality of
the membranes is compromised. This existing method will average the
overall pore size with the defects in the membranes, which will not give
a good representation of the overall pore size of the membrane.
Therefore, a new method is required to quantify the defects in the
membrane to be able to determine whether the membrane is compro-
mised which will be presented in this paper.

Other encounter of the exclusion method is the effect of pore-
plugging by large PEG molecules. When pore-plugging occurs, large
sized PEG molecules block the (enlarged) pores or the gaps and cracks,
resulting in a lower calculated MWCO than the actual MWCO. This can
be prevented by keeping the range of the PEG molecules as small as
possible. Therefore, we set guidelines in this paper to prevent pore-
plugging to occur.

Thibault et al. found that when using ceramic membranes during
the recovery and recycling of oil sands produced water, linear defects
on the filtration layer occurred [12]. The study noted these linear de-
fects were likely induced by solvent evaporation during the fabrication
of the selective layer using the sol-gel method [12,32]. Furthermore,
Buekenhoudt reviewed stability of porous ceramic membranes espe-
cially the corrosion and thermal instabilities [33]. They found that
microporous TiO, membranes sintered at 450 °C showed no significant
membrane degradation during dynamic corrosion tests using cross-flow
filtration [4,33]. However, only the chemicals used for the dynamic
corrosion tests were limited to HNO3 (pH 2-3) and NaOH (pH 11-13).
Other studies on the quality and robustness of ceramic tight ultra-
filtration (tUF) and NF membranes are limited, according to the au-
thors’ knowledge.

Sodium hypochlorite is widely used for chemical cleaning in order
to remove organic and inorganic fouling from membranes
[2,6,17,21,23]. However, there are few long-term studies on the effect
of this chemical treatment in literature. Almecija et al. showed that
long-term treatment with a caustic surfactant solution at a temperature
of 60°C damaged ceramic MF membranes made of ZrO,-TiO, [34].
Conversely, van Gestel et al. reported a long-term chemical resistance of
ceramic NF membranes between pH 1.5 and 13 using HNO; for acid-
ification and NaOH for alkalisation with an exposure time of six weeks
[4]. Studies on the long-term effect of hypochlorite have not yet been
reported in literature.
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method to quantitatively analyse the defects in ceramic membranes in
order to investigate the quality and (ii) to investigate the long-term
robustness of commercially manufactured ceramic tUF and NF mem-
branes. This information is essential to outline the potential of these
membranes for the treatment of high organic load waste streams.

Firstly, the quality of the membranes was determined by in-
vestigating the (i) hydraulic permeability, (ii) MWCO of the mem-
branes, and (iii) quantitative defects. Sixty membranes, both tubular
and disc membranes, with different MWCOs from various suppliers
were investigated.

Secondly, the robustness of the membranes over long-term testing
was studied by exposing tubular NF membranes to 100 h of sodium
hypochlorite cleanings, which is the equivalent of one year of operation
with regular chemical cleaning. Furthermore, the pore size distribution
and defects were measured by determining the MWCO of the mem-
branes before and after each experiment.

2. Materials and methods
2.1. Membranes

A total of sixty ceramic tUF and NF membranes, both tubular and
disc membranes from various suppliers, with a purchased cut-off ran-
ging from 450 Da to 3000 Da were tested (Table 1). The following de-
finitions were used based on the MWCO of the membranes: ceramic
membranes with a MWCO between 500 Da and 3000 Da were defined
as tUF membranes, and those with a MWCO smaller than 500 Da as NF
membranes [17,18,35]. The tubular membranes had a silica glass seal
of 13mm on the edges of the membranes to prevent feed water from
entering the permeate side (Fig. 1). The glass seal was not present for
disc membranes because the feed and permeate were separated by an
O-ring. The disc membranes were housed in the Spirlab INSIDE
DISRAM™ (TAMI) disc holder with a diameter of 90 mm.

2.2. Hydraulic permeability

The hydraulic permeability of the ceramic tUF and NF membranes
was determined by filtration in cross-flow mode using demineralised
water at room temperature with a duration of 1h. During these tests,
the flow was measured continuously and the trans-membrane pressure
(TMP) was kept constant at 4 bar. As recommended by the suppliers,
the cross-flow velocity was between 1.0 and 1.2 m/s for tubular and
6.0-7.0 m/s for disc membranes. Both cross-flow velocities correspond
to turbulent flow conditions which minimises the effect of concentra-
tion polarisation. Within 10 min, the hydraulic permeability became
constant, and the reported values are the average of these constant
values. In order to correct for the temperature, the following equation
was used to calculate the permeability:

J.@—0-0239-(T—20)

Lyoacc = AP

@
where, Ly, ¢ is the temperature-corrected permeability at 20°C
(L:(m*h-bar)™1), T is temperature of water (°C), J is membrane flux
(L-(m*hbar) ™), and AP is transmembrane pressure (bar). All perme-
ability values were temperature-corrected to 20 °C [36].
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Fig. 1. Illustration of the tubular membranes in the membrane module during
filtration. The detailed illustration shows the glass seal layer at the edges of the
tubular membrane. These glass seal layers prevent the feed from short-cir-
cuiting to the permeate side via the support layer of the membrane.

2.3. MWCO analysis

2.3.1. MWCO calculation

The MWCO and hydraulic permeability of pristine ceramic tUF and
NF membranes were measured to determine the quality of the mem-
branes. Tam & Tremblay (1991) described that with a five component
mixture of PEGs, the MWCO of membranes can accurately be de-
termined [37]. This method is widely used for the determination of the
pore size distribution of membranes [26-28].

The MWCO was investigated by filtering a mixture of five different
PEGs (0.2-6 kDa) (Sigma-Aldrich) each in a concentration of 6 mg-L’l.
Similar settings were used as described for the hydraulic permeability.
The range of the PEGs, PEG,-; to PEG, s, was selected based on the
purchased cut-off of the membranes (Egs. (2) and (3), Table 2). It’s
imperative to keep the PEG range as small as possible to prevent pore
plugging by large PEG molecules.

1
PEGn:l < E'MWCOmembrane (2)

PEGn:S > 2'MWCOmembrane (3)

The feed and permeate samples were analysed using HPLC
(Shimadzu) equipped with size exclusion chromatography columns
(SEC, 5um 30 A PSS SUPREMA) and a RID-20A refractive index de-
tector. Ultrapure water was used as carrier liquid in the HPLC at a flow
rate of 1 mL-min~'. The molecular weight distribution curves of the
dissolved PEG molecules in the feed and permeate, derived from the
HPLC analyses, were transformed into retention curves by calculating
the rejection percentage of a PEG with a certain molecular weight (R;)

Table 2
Content of the PEG mixture used during MWCO analysis for each purchased
cut-off.

Purchased cut-off PEG mixture

450 Da 200, 300, 400, 600, 1000 Da
1000 Da 600, 1000, 1500, 2000, 3000 Da
2000 Da 1000, 1500, 3000, 4000, 6000 Da
3000 Da 1000, 1500, 3000, 4000, 6000 Da
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using Eq. (4):

Ri (%) — (Ci,feed - Ci,permeale]'loo%

Cifeed ()]
where, ¢; feeq and ¢; permeate are the PEG concentration in the feed and
the permeate samples. Afterwards, the experimental retention curves
were described by a log-normal model as function of MW and MWCO
using Eq. (5) [26,27,38]. Eq. (5) was used to model retention curve (see
Fig. 2) to be able to calculate the MWCO.

MW 1 1
T = f S
— . 2
ecp | 0ROIW) = INIWCO) + 056 5 Y |
2-Syw 5)

where, a(MW;,) is the reflection coefficient for a PEG with a molecular
weight MW, sy is the standard deviation of the molecular weight
distribution.

It is assumed that the separation of the PEG molecules is only based
on size exclusion with negligible solute diffusion. Therefore, the mo-
lecular size of the PEG solutes (d; in nm) is correlated to their molecular
weight (MW in Da) as shown in Eq. (6) [26,38].

dy = 0.065-MW 438 (6)

The MWCO was estimated at 90% of the retention curve [27,36].
Fig. 2 shows an example of a retention curve derived from the HPLC
data.

2.3.2. Corrected MWCO calculation

The MWCO calculation described in the previous section is com-
monly used for membrane research. However, it is not applicable for
membranes with defects. Defects are (small) gaps or cracks in the
membrane with a size larger than the largest PEG molecule used in the
test, as illustrated in Fig. 3. Defects can occur in the filtration layer and/
or the glass seal layer on the edge of the membrane (Fig. 1). Fig. 2
shows the PEG-retention curve of a membrane with defects. The re-
tention curve does not reach 100%, meaning that not all of the largest
PEG-molecules are rejected by the membrane. Due to defects, PEG
molecules with a MW larger than the pore size of the membrane will be
able to pass the membrane (Figs. 2 and 3). Therefore, we developed an
extension to the MWCO calculation in order to correct for the defects. In
this calculation, it is defined that the defects are the percentage of the
largest PEG molecule passing through the membrane, which is also the
percentage of feed water leaked to the permeate via the defects. Thus,
the percentage of defects can be calculated with Eq. (7):

defects (%) = (1 — Rpgg,n=5)-100% 7)

where Rpgg, n—s is the rejection rate of the largest PEG molecule by the
membrane. For example, it can be concluded from Fig. 2 that 30% of
the PEGs passed the defect(s) in the membrane. By correcting the re-
jection curve to 100%, an estimation of the rejection of the filtration
layer is given (Fig. 2). Thus, the defects are excluded to be able to
calculate the overall MWCO of the filtration layer without the defects,
while also quantifying defects. Fig. 3 illustrates the derivation of the
rejection percentage from Eq. (4) to Eq. (8) for the mass balance, where
the rejection rate is corrected for defects (R; 4). Eq. (8) is found below:

Ci,feed - (Ci,permeale +Cijeed'(1 - RPEG,n:S))

Ci feed

R4 (%) = ( )-100%

(€))

where, ¢; feeq and ¢; permeare are the PEG concentrations in the feed and
the permeate samples, respectively, and Rpgg, »—5 is the removal rate of
the largest PEG molecules, permeating through the defects. 1 —Rpgg,
n=s5 represents the ratio of the largest PEG molecules flowing through
the defects (Fig. 3). This equation can be simplified to Eq. (9).
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Fig. 2. (a-b): (a) Output of the HPLC: the intensity versus time for a feed and permeate sample of a membrane with a purchase cut-off of 450 Da. The difference
between feed and permeate was large indicating a high retention of PEG’s; no defects were measured in this membrane. The retention was calculated using Egs. (4) or
(9). (b) The original and corrected retention curve of a pristine disc membrane with a purchased cut-off of 1 kDa, calculated with HPLC data and Egs. (4) or (9). The
fitted curve was derived from Egs. (5) and (6). It was not possible to determine the MWCO from the original graph because the retention curve never reaches 90%
retention due to the defects in this membrane. Using the MWCO calculation with correction for defects (corrected graph) makes it possible to calculate the MWCO of

this membrane with defects.

Filtration layer with defects
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Fig. 3. Illustration of the concentration of PEGs passing the membrane surface
based on the mass balance for membranes without (left side) and with (right
side) defects. When defects occur in the membrane, a greater amount of PEG
compounds can pass the membrane to the permeate side. This should be taken
into account when calculating the MWCO of the membrane filtration layer.

Cijeed’RPEG,n:S - ci,permeate

Riq (%) = ( )-100%

ci,feed

©)]

The corrected rejection percentage of a PEG with a certain mole-
cular weight (R; correctea) Used for membranes with defects was calcu-
lated using Eq. (10).

Rig

Ri corrected (%) =
PEG,n=5

)-100%

(10)

It must be noted that the corrected MWCO only corrects for defects

larger than the largest PEG used for the analysis, PEG,, -5 (Egs. (7), (8)

and (10)). Due to this assumption, smaller sized defects were not ac-

counted for in this calculation. These smaller sized defects would range
between the pore size and the largest PEG used for the analysis.

2.4. Chemical cleaning

The effect of long-term chemical cleaning with sodium hypochlorite
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on the tubular ceramic NF membranes was investigated because it is
known as the most effective cleaning agent for (organically) fouled
ceramic membranes [2,6,17,21]. The permeability and MWCO were
tested after 100 h of chemical cleaning with 1% sodium hypochlorite to
simulate the cleaning intensity of one year of operation, assuming five
days of continuous filtration followed by 1.33h of chemical cleaning
with 1% sodium hypochlorite for 365 days [17]. These concentrations
were within the specifications of the supplier. In addition, a more in-
tense chemical cleaning was tested, using 2% sodium hydroxide at 97 °C
for 30 min.

2.5. Applying epoxy glue on the edges of the tubular membranes

After chemical cleaning, the edges of the tubular membranes were
sealed again with a two-component epoxy glue, Araldite 2020. Fig. 1
illustrates the glass seal layer at the edges of the tubular membranes.
The resulting glued layer was microscopically examined to ensure that
the edges were properly sealed.

3. Results and discussion
3.1. Quality of pristine ceramic tUF and NF membranes

An extension on the commonly used size exclusion method de-
scribed by Tam and Tremblay (1991) was developed to be able to
quantify defects in membranes and accurately calculate the MWCO
excluding the defects. In this section, the MWCO values of the extended
method (corrected MWCO) and the original MWCO method (uncorrected
MWCO) were compared. The uncorrected MWCO calculation gives an
average of the overall pore size of the membrane, including the po-
tential defects. Whereas, the corrected MWCO calculation gives a re-
presents the overall pore size by excluding the defects in the calculation
for the MWCO while also quantifying the defects present in the mem-
brane. Thus, the corrected MWCO together with the defects gives a
better representation of the quality of the membrane. This method is
described in the Materials & Methods.

In this section, the quality of sixty pristine ceramic tUF and NF
membranes was analysed by measuring the MWCO, hydraulic perme-
ability, and defects. The results of three batches of pristine ceramic NF
membranes with a purchased cut-off of 450 Da were compared (Fig. 4).
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Fig. 4. (a—f): MWCO in kDa (left) and hydraulic permeability in L-(m*h-bar) ! (right) of pristine ceramic NF membranes. MWCO of tubular membranes with a
purchased cut-off of 450 Da (red dashed line) was calculated without (white bars) and with correction for defects (grey bars). The percentages of defects in the
membrane are shown (blue dots). The error bars represent the standard deviation of triplicate measurements. Three different batches are shown consisting of 16, 5,
and 8 membranes, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

The defects were shown in the graph with the both the MWCO and the
permeability data, to be able to compare. First, there is a notable var-
iation in the (i) uncorrected and corrected MWCO, (ii) hydraulic per-
meability, and (iii) percentage of defects measured in the pristine
membranes, even within one batch. This indicates that the production
process is not consistent for these tested batches.
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Second, the graphs in Fig. 4 show that a higher percentage of defects
in the membranes led, as expected, to a higher uncorrected MWCO.
There was a clear relation between the uncorrected MWCO and defects:
this is visible in Fig. 5a. A higher percentage of defects also led to a
higher corrected MWCO, even though the defects are excluded in this
calculation. This means that defects occurred in the range between 450
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Fig. 5. (a—c): Uncorrected MWCO in kDa versus (a) the permeability in L:(m*h-bar) ~! and (b) percentage of defects. (c) Permeability versus the percentage of defects.
The graphs show data of tubular membranes with a purchased cut-off of 450 Da (red dashed line). Three batches are shown consisting of 16, 5, and 8 membranes.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

and 1000 Da, and defects in this range were not excluded from the
MWCO calculation as explained in the Materials & Methods.

Third, the hydraulic permeability varied between 5 and 37
L-(m*h-bar) ~! (Fig. 4b, d, f). This could also be explained by the oc-
currence of defects on the membrane surface; the feed solution can pass
the membrane surface more easily through the defects, leading to a
higher permeability. However, the results in Fig. 5c show no clear re-
lation between the permeability and the percentage of defects for the
twenty-nine tubular 450 Da membranes tested. Moreover, there was
also no direct link between the uncorrected MWCO and the perme-
ability (Fig. 5b). Another explanation for the increase in permeability is
the variation in thickness of the filtration layer. Fig. 10 shows an
electron microscopy photo with variations of 1.4-2.4 um of filtration
layer thickness on the ceramic membranes with a purchased cut-off of
3kDa. According to the Carman-Kozeny relation, the thickness of the
filtration layer exhibits an inverse linear relationship with the perme-
ability [36]. So, a thinner filtration layer thickness leads to a higher
permeability. This indicates variation in the filtration layer thickness of
the analysed pristine membranes.

Next, membranes with a different geometry, disc membranes, were
compared to the tubular ceramic NF membranes. First, disc membranes
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with a purchased cut-off of 450 Da were tested (Fig. 6). The results were
better than the tubular ceramic NF membranes; 13 out of 14 disc
membranes contained less than 2% defects, whereas one membrane had
6% defects (Fig. 6).

In addition, disc membranes with a purchased cut-off of 1 kDa were
tested, with defects ranging from 4 to 18%. The corrected MWCO
ranged from 1.1 to 1.4kDa, with permeabilities between 77 and 210
L-(m%hbar) ! (Fig. 7). The three disc membranes with a purchased cut-
off of 2kDa showed no defects. However, the corrected MWCO ranged
between 3 and 4 kDa, which indicates that the pores of these mem-
branes were considerably larger than the purchased cut-off. The hy-
draulic permeability was about 150 L-(m?h-bar) ! for all tested mem-
branes (Fig. 8). The highest percentage of defects were measured in disc
membranes with a purchased cut-off of 3kDa, where defects ranged
between 10 and 61% and permeability ranged from 23 to 82
L-(m*hbar)~! (Fig. 9).

3.2. Robustness of ceramic NF membranes

The robustness of the ceramic membranes was investigated by ex-
posing the membranes to sodium hypochlorite for the equivalent of one
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Fig. 6. (a-b): MWCO in kDa (a) and hydraulic permeability in L:(m>*h-bar) ~* (b) of pristine ceramic NF membranes. MWCO of disc membranes with a purchased cut-
off of 450 Da (red dashed line) was calculated without (white bars) and with correction for defects (grey bars). The percentages of defects in the membrane are shown
(blue dots). The error bars represent the standard deviation of triplicate measurements. One batch is shown. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

year of chemical cleaning. Results showed that long-term treatment
with sodium hypochlorite caused a considerable increase of the MWCO
and hydraulic permeability (Fig. 11). In this section the corrected
MWCO method was used to calculate the corrected MWCO and the
defects, since these represent the membrane condition the best. The
four pristine ceramic NF membranes used for this experiment had a
corrected MWCO between 482 and 566 Da, defects lower than 7%, and
a hydraulic permeability ranging between 3.2 and 5.7 L(m*h-bar) .
After 100 h of sodium hypochlorite treatment, the percentages of de-
fects in all of the membranes increased up to 16%. Moreover, the cor-
rected MWCO increased to 769-799 Da. Thus, this increase in MWCO
was caused by the occurrence of additional defects, in the range of the
pore size of the membrane (Fig. 11a). Furthermore, the increase in
hydraulic permeability to 32-41 L-(m>h-bar) ~! is explained by the oc-
currence of additional defects (Fig. 11b).

After chemical treatment, one of the ceramic NF membranes had a
visible crack in the glass seal layer on one edge of the membrane, see
Fig. 12a. After repair with epoxy glue, the MWCO and the permeability
of the membrane decreased to their original value (Fig. 11). This
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suggests that the additional defects, caused by sodium hypochlorite
exposure, only occurred in the glass seal edges of this membrane. This
hypothesis was tested by repeating the experiment for all membranes;
similar effects were revealed for all membranes (Fig. 11).

It should be noted that after repair, no defects were measured in the
membranes, while the pristine membranes contained 2-7% defects.
Thus, the repair removed not only the additional defects due to the
chemical treatment but also the initial defects. This suggests that the
initial defects in the pristine membranes were also located in the glass
seal layer, which explains the decrease of the corrected MWCO after
repair compared to the pristine membranes. It should be noted that this
conclusion does not apply for all pristine membranes; we cannot state
that defects in pristine membranes e.g. the membranes analysed in
Section 3.1 only occur on the glass seal layer.

These results thus suggest that the sodium hypochlorite damaged
the silica glass seal layer on the edge of the membranes, which is also
shown on the scanning electron microscope (SEM) image of the glass
seal layer (Fig. 12b). Not only is the crack on the edge of the membrane
visible in this picture but also the cracks in the entire silica glass seal
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Fig. 7. (a-b): MWCO in kDa (a) and hydraulic permeability in L:|(m*h-bar) ~* (b) of pristine ceramic tUF membranes. MWCO of disc membranes with a purchased cut-
off of 1 kDa (red dashed line) was calculated without (white bars) and with correction for defects (grey bars). The percentages of defects in the membrane are shown
(blue dots). The error bars represent the standard deviation of triplicate measurements. One batch is shown. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 9. (a-b): MWCO in kDa (a) and hydraulic permeability in L-(m%*h-bar) ~* (b) of pristine ceramic tUF membranes. MWCO of disc membranes with a purchased cut-
off of 3kDa (red dashed line) was calculated without (white bars) and with correction for defects (grey bars). The percentages of defects in the membrane are shown
(blue dots). The error bars represent the standard deviation of triplicate measurements. One batch is shown. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 10. (a-b): Scanning electron microscope (SEM) picture of the filtration surface of two different ceramic tUF membrane with a purchased cut-off of 3kDa. The
thickness of the layer varies from 1.4 to 2.4 um.

layer.

Finally, the effect of more severe chemical cleaning with sodium
hydroxide was investigated using 2% sodium hydroxide for 30 min at a
temperature of 97°C and a pH of 13.69. Fig. 13 shows that the

hydraulic permeability and corrected MWCO increased after this che-
mical cleaning, and the epoxy glue at the edges of the membrane re-
stored the values to the initial value. Thus, the higher concentration of
sodium hydroxide also damaged the glass seal layer at the edges of the
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Fig. 11. (a-b): MWCO in kDa (a), permeability in L-(m?*h-bar) ~! (b) and percentages of defects in tubular ceramic NF membranes with a purchased cut-off of 450 Da
(red dashed line). The pristine membranes (Pristine) were treated with 1% sodium hypochlorite for 100 h (NaClO), then an epoxy glue layer was applied at the edges
to cover the glass seal layer of the membranes (Epoxy glue). This experiment was executed four times, the data was averaged and the error bars represent the
standard deviation of the different measurements. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)

Fig. 12. (a-b): Ceramic NF membrane with a pur-
chased cut-off of 450 Da after 100h of chemical
cleaning with 1% sodium hypochlorite shown with
a digital microscope (a) and a scanning electron
microscope (SEM) (b). A large crack is visible on
the edge of the membrane (red circle) as well as
small cracks throughout the silica glass seal layer.
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Fig. 13. (a-b): MWCO and permeability of tubular ceramic NF membranes with a purchased cut-off of 450 Da (red dashed line) when pristine (Before), treated with
2% sodium hydroxide (NaOH) for 30 min at 97 °C, and with end layer restored using epoxy glue (Glue). The error bars represent the standard deviation of triplicate
measurements. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

membranes, in a similar manner as the regular concentration of sodium 4. Conclusions

hypochlorite, without affecting the separation layer. Van Gestel et al.

performed similar long-term exposure experiments using NaOH for six For the treatment of high organic load waste streams, it is important
weeks at a pH of 13 at 25 °C and did not detect damage on the mem- that the quality of ceramic tUF and NF are intact, for both pristine
branes [4]. This indicates that a pH of 13 at 25°C lies within the membranes and those after frequent chemical cleaning. An extension to
boundaries of chemical resistance of the ceramic NF membrane. the existing MWCO method was developed to quantify defects on
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ceramic membranes. The quality and the robustness of a broad range of
pristine ceramic tUF and NF membranes was investigated using this
extension. The following conclusions can be drawn:

Defects in membranes can be quantified using an extension to the
commonly used MWCO method.

Defects are frequently detected in the studied commercial ceramic
membranes.

The MWCO, both uncorrected and corrected, of pristine membranes
varied often from the purchase cut-off, even within membranes from
the same batch. This was tested with membranes of different pore
sizes and geometries from various suppliers.

The hydraulic permeability of pristine membranes varied notably
for pristine membranes with a similar purchased cut-off.
Long-term treatment with chemicals, especially sodium hypo-
chlorite, damaged the tubular ceramic membranes, although this
chemical is widely used to clean ceramic membranes. However, the
chemicals only affected the glass seal layer on the edges of the
membranes. Similar results were found using high concentrations of
NaOH.

Re-sealing of the edges of the membranes recovered the original
properties of the tubular membranes. Moreover, the defects present
in the pristine membranes were removed as well.
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