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ABSTRACT

In this research, silica-based fluorescent particles were synthesized and used as a surrogate
detector to evaluate the integrity of a compromised flat sheet membrane. Three different sizes
of particles were synthesized and dyed with a fluorescent dye to make a fluorescence image
under a UV light. Experiments were designed to test the sensitivity of the detection limit, sta-
bility of particles, and reliability of the proposed method. UV spectrometer and image analysis
were used to evaluate the detection limits and measure the concentration and mass of the parti-
cles in the feed and permeate. For the stability of the particles, dye-leakage tests were
conducted to estimate the amount of fluorescent decay when fluorescent particles were dis-
solved in an aqueous solvent. The effect of the particles on the membrane fouling was also
investigated by conducting a batch filtration test of undamaged membranes. To examine the
reliability of the proposed method, a series of filtration tests were performed with the damaged
membranes by applying the fluorescent particles as a surrogate. As a result, the image analysis
could detect the maximum mass of particles of 5mg. The particles showed the stable fluores-
cence intensity within 24 h after being dissolved into 100% ethanol solution. In considering the
pore size in the membrane, the particles with a size of about three times larger than the mem-
brane pores were the most compatible surrogate for the integrity test to prevent the
undesirable affect of having the membrane fouling. Finally, the size of breach on the membrane
surface could be predicted, possibly from the image analysis of the permeate containing
the fluorescent particles outflow from a damaged part of the membrane surface.
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1. Introduction general, a membrane tends to be damaged in its

Membrane filtration is being applied widely to the operation and have an opening hole or breach in the
liquid-solid separation process in water treatment. In  surface, and sometimes a crack in the frame [1]. The
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detection of these defective parts by the naked eye
requires a very time-consuming and laborious process
considering there are hundreds to thousands of mem-
brane installations in use. To simplify the process,
many direct or indirect integrity testing methods have
been developed [2]. For the direct methods, pressure
decay tests and the diffusive air flow tests are the most
widely used methods [3,4]. These methods are of high
sensitivities at up to 4.5-5 log removal of Giardia or
Cryptospordium, independent of feed water quality
and without relying on filtered quality monitoring
[5,6]. However, to carry out these methods, the mem-
brane operation has to be interrupted, bringing pro-
duction loss in the filtration process [7]. And also in
some cases, the tests may cause additional membrane
damage during the tests producing false-positive val-
ues [1]. On the other hand, indirect methods have been
proposed. Particle and turbidity monitoring followed
by various surrogate challenge tests are good examples
of indirect methods. Indirect methods are convenient
for routine qualitative monitoring and high feasibility
of application in the field. However, in many cases,
these methods result in lower detection sensitivity. To
overcome that disadvantage, novel methods adapting
new surrogates such as paramagnetic particles, gold
nano-particles, and microbial particles have been pro-
posed [2]. For paramagnetic tests, the particles are syn-
thesized to flow through the compromised area to be
later captured by a field. Magnetic sensors include a
superconducting quantum interference device magne-
tometer, giant magneto-resistive sensors, measurement
of magnetic permeability, and measurement of mag-
netic susceptibility. Laboratory-scale results of this
method have been reported. On-line magnetic chal-
lenge tests for monitoring membrane integrity, with
the advantages of detection specific, high detection
sensitivity, and on-line operation, is a plausible one for
large-scale applications [8,9]. However, real large-scale
application in the field seems to be questionable due to
the complexity of equipment and operation process.
Gold nano-particles are preferred to other metal nano-
particles due to the extremely low background level in
a water system, non-pathogenicity, high monodisper-
sity, and inexpensive price. Breaches in the membrane
of diameters as small as 20 nm were detected with sen-
sitivities as high as a level of part per billion. However,
the anodic stripping voltammetry method for detecting
the gold nano-particles needs a prolonged run time
and the addition of another metal is required to solve
this problem [10,11]. The microbial challenge test rep-
resents the degree of viral pathogen removal in mem-
brane systems and has a good sensitivity to breaches
in the membranes. However, the test is not effective
for actual application in real treatment plants [12,13].
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Choi et al. [15] recently proposed a novel method
in which an optically functionalized silica particle is
applied as a surrogate to check the integrity of
microfiltration membranes. In this method, the outflow
of the fluorescent particles through a damaged part
was monitored in permeates under a UV lamp to
obtain a fluorescence image. This image was then
analyzed digitally to estimate the mass of outflow fluo-
rescent particles and determine the size of the dam-
aged area. The advantages of this method are to use
an inexpensive surrogate based on silica and be able to
measure quantitatively the size of a damaged part on a
membrane surface. The principle of the method, test-
ing process, and mathematical tools for predicting the
size of a damaged part are well described in the refer-
ence in detail [15]. However, the previous study pre-
sents insufficient information on the sensitivity of the
method such as a detection limit and the stability of
the fluorescent particles, that is, the change of fluores-
cent intensity when dispersed in water solution over a
long time. Additionally, the impact of surrogate parti-
cles on membrane fouling should be evaluated for the
various sizes of particles to examine whether the sur-
rogate may cause the unexpected fouling,.

In this article, the sensitivity of the detection
methods were evaluated by estimating the minimum
and maximum detection limit of the method followed
by a correlation between the particle amount and
detection values. A dye-leakage test was conducted to
evaluate the amount of fluorescent decay of particles
when submerged in aqueous solutions for a long time.
To evaluate the impact of the fluorescent particles on
the membranes, fouling the cake formation and initial
pore blocking by fluorescent particles were investi-
gated. Finally, the membrane rejection rate of injected

particles from punctured membranes was also

measured for integrity test evaluation.

2. Materials and methods

2.1. Synthesis of silica-based fluorescent particle
Chemically modified silica particles were

synthesized through the hydrolysis and condensation
reactions via the Stober process [14]. These silica
particles were then functionalized by incorporating a
covalently labeled fluorescent dye [16,17]. The
procedure for the synthesis of the silica particles was
as follows: 1.6mL of hydrochloric acid (HCl, 0.1M)
was added to 80mL of de-ionized water in a 100mL
Scott bottle, with continuous stirring. The pH of
this solution was approximately 2.7. A 100mL of
3-mercaptopropyltrimethoxysilane (MPTMS, 97%) was
added to this acidified solution and stirred for 18h.
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The emulsion was separated by centrifugation at
3,000 x g for 5min. The collected supernatant was
diluted with pH 3.5 de-ionized water to control the
particle size. The concentration to which the superna-
tant had been diluted later determined the size of the
synthesized particles, which produced smaller parti-
cles with a lower concentration of MPTMS. A 100 pL
of triethylamine (TEA, 99%) was then rapidly added
to this diluted solution. The development of silica
particles was observed within 30 min after the addi-
tion of TEA. The solution-containing silica particles
were then centrifuged at 3,000 x ¢ for 5min. Finally,
the separated particles were collected and washed
with ethanol to remove any residual monomers and
TEA. In this study, the supernatant was diluted into
1, 5, and 50% by volume base with de-ionized water
to have three different particle sizes (208, 161, and
817nm on average, respectively). A particle size ana-
lyzer (Zetasizer, Malvern) was used to measure the
size of the particles. The synthesized silica particles
were then dyed with rhodamine B isothiocyanate
(RBITC), using the following procedure: RBITC solu-
tion (1 x 10~*M) was prepared in dimethylformamide
(DMF). About 20pL of RBITC solution was again
diluted into 100 uL. of DMF. This diluted RBITC solu-
tion was then added to the synthesized silica particles,
and the mixture was stirred for 2h in the dark.
Finally, the products were washed with DMF and
then ethanol to remove any residual RBITC. The syn-
thesized fluorescent silica particles were stored in a
brown-colored bottle at 4°C.

2.2. Membranes

All tested membranes were cut out from a flat
sheet membrane (YUASA, Japan) to have a circular
form with a diameter of 63.5mm to fit the batch test
instrument (Amicon cell™). The nominal pore size of
the membrane is 0.25 um. All membranes were soaked
in DI water for 24 h prior to the experiments.

2.3. Membrane filtration experiments

A batch test was performed with an Amicon cell™
to simulate a flat sheet membrane unit as depicted in
Fig. 1. The cell consisted of an acrylic glass cylinder
able to withstand an internal pressure of 0 <5 x 10° Pa
(50bar). Feed solutions were pressurized with nitrogen
gases throughout the tests, with a pressure regulator
to control the pressure. An electronic scale was placed
at the permeate end of the cell and connected to a
computer to measure the permeate flow. Clean water
flux experiments were conducted with solutions com-
posed of DI water and ethanol of a ratio of 1:1 where
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Fig. 1. Schematic of Amicon cell system.

the nano-particles were dispersed in the same solu-
tions for maximum dispersion [18]. A micro-scale was
connected to the permeate outflow to detect the flow
rate from the intact cell, while the measured results
were recorded to a computer automatically.

2.4. Image analysis of fluorescent particles

Image analysis was performed to convert the
fluorescence intensity of silica particles into an RGB
value (the red, green, and blue values of each pixel in
the picture). A darkroom was constructed using a
steel frame with dimension of 475 x 340 x310mm
(LxWxH) and a digital camera (Fuji FinePix
s6000fd) was installed on top of the frame. Two 40 W
UV lamps were placed inside the darkroom, at a
distance of 120mm, with an additional 4W UV lamp
placed perpendicular for even UV radiation.

After the filtration tests, membranes with particles
deposition were dehydrated in a desiccator for 24h
and then placed between the UV lamps to be photo-
graphed by a digital camera. The photographs were
taken under conditions of F/8, ISO-100 and an expo-
sure time of 4s. The pictures were then edited using
Photoshop to eliminate the background and additional
noises that may cause any misinterpretations of the
pictures and stored in an RGB format (Fig. 2). The edi-
ted pictures were then quantified and calculated using
the MATLAB. With this program, the red, green, and
blue values of each pixel were added together and
divided by the total number of pixels, showing the
average RGB value. Since the image analysis empha-
sizes the fluorescent image of particles by removing
the background image caused by the membranes and
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Fig. 2. Edited pictures for the image analysis (background noise removed graphically).

other noise signals, even a small extent of particles
will be detected.

3. Results and discussion
3.1. Detection limit of fluorescent particles

As described previously, the image analysis pro-
duced the average RGB value for the fluorescence
intensity of particles which were filtered through a
0.25 um membrane. Also the mass of particles filtered
was measured using a precise mass balance. The par-
ticle used in this experiment was made from 50%
dilution (817nm in average size). Fig. 3 shows the
fluorescence intensity (RGB value) as a function of the
filtered particle mass. The figure indicates that the
fluorescence intensity increases almost linearly with
the mass of particles up to about 3.0mg of particle
mass. Then, the increasing rate of intensity was
decreased gradually from 3.0 to 5.0mg of particle
mass. There seemed to be no more increase and it
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Fig. 3. Correlation of the particle mass and fluorescent
intensity (particles made from 50% dilution were used and
fluorescent intensity represented the RGB value obtained
from image analysis).

reached the maximum intensity after 5.0 mg of particle
mass. Thus, as for the image analysis, the upper level
of the detection limit on the particle mass was deter-
mined to be 5.0mg.

The UV spectrometer (Beckman Coulter DU 730
Spectrophotometer) was used to measure the concen-
tration of particles in an aqueous solution. We
assumed UV absorbance may have a functional rela-
tionship with the concentration of dispersed fluores-
cent particles in the feed or permeate. Our previous
experiment indicated that the fluorescent-particles
show the highest absorbance under UV wavelengths
of 550 nm. Under this UV wavelength, the absorbance
of particles in aqueous solution was investigated with
various particle concentrations ranging from 0.1 to
25mg/L. Each concentration was measured three
times to ensure the reproducibility of the result. As
result, Fig. 4 shows the UV absorbance increases non-
linearly with increase in particle concentration. In this
case, as presented in Table 1, it should be noted that
very unstable measurement of absorbance was
observed at the low-concentration level of less than
5.0mg/L. The measurement indicated that the mini-
mum detective concentration of the particles is of
1.0mg/L.

3.2. Fluorescent decay of particles

One of the major problems when using fluorescent
particles is the leakage of dye molecules from the
silica fluorescent particles after being dispersed in
aqueous solution. In the case of TMR-dextran-doped
nano-particles, the hydrophilic properties of the dye
allow serious leakage of the dye into the aqueous
solutions where the fluorescence intensity decreases to
40% of the original values [19]. In this study, the
dying process of the particles is carried out by incor-
porating the particles in a DMF solution where
particles swell up to 2.5 times their dry volume [16].
While in this process, the dye molecules (RBITC) are
doped inside the silica matrix [15]. And since the
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Fig. 4. Correlation of the particle concentration and UV
intensity (particles made from 50% dilution were used and
UV intensity represented the UV absorbance value
obtained from the UV spectrometer).

Table 1

UV spectrometer detection limit

Concentration (mg/L)/ 0.1 0.5 1.0 5.0
UV absorbance

#1 0 0.001 0.005 0.018
#2 0 0.002 0.005 0.017
#3 0 0 0.005 0.017

particles swell up as they are dispersed in an aqueous
solution the dying agent would escape from the silica
matrix. Thus, the synthesized particles should be
tested to see whether the RBITC (dying agent) would
leak in the aqueous solvents inducing the decreasing
of fluorescence intensity. To evaluate the degree of
dye leakage from the synthesized particles in an aque-
ous solution, the change of fluorescence intensity of
particles was measured after being dispersed for 24
and 72h in 100% ethanol solution. This experiment
would present the maximum dye-leakage possible in
an aqueous solution because the previous study
showed the swelling of the particles was greater in
ethanol than water [16]. UV spectrometer absorbance
and RGB value from image analysis were used to
evaluate the degree of fluorescence decay. Prior to
each measurement, the particles were centrifuged and
washed with ethanol to remove any free RBITC parti-
cles in the solution.

As result Fig. 5 shows, the UV absorbance changed
(RBIT leaked out of the particles) within a range of
0-15% and an average of 3% decay as compared with

4287

the original fluorescence within 24h. However,
particles submerged for 72h in the aqueous solution
showed fluorescence decay measuring from 10% to
44% lower than the initial value with the average of
about 77% of the initial fluorescence absorbance. The
RGB values obtained from the image analysis also
indicate the fluorescence intensity decreased with
time. After 72h, the average RGB value became 40%
lower than the initial value. From the result, it can be
derived that the fluorescent intensity of particles is
stable within 24h of solvent submersion. This means
that the fluorescent particles should be applied to the
test within 24h after the particle is dissolved into
water. Otherwise, even though the particle has been
utilized once in the test it can be reused within 24 h.

3.3. Effect of fluorescent particles on membrane fouling

Three different particles made from 1, 5, and 50%
dilution (the size of particle for each dilution is pre-
sented in Table 2) were used in the experiment to
assess the particle rejection rate and effect of fluores-
cent particles on the membrane fouling. The rejection
rate of particles was measured by weighing the mem-
branes before and after the filtration process: the
weight of membranes filtered with particles was mea-
sured after dehydration in a desiccator for 24h while
three intact membranes filtered with ethanol and DI
water were also weighed after dehydration to monitor
for weight changes in the membranes alone. As a
result, Fig. 6 shows the membrane rejection rate of
particles with different sizes. The removal efficiency
of particles with 50% dilution was up to 99%, while
the particles with 1% and 5% dilution were rejected
by about 85%. This result indicates that the membrane
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Fig. 5. Dye-leakage test of fluorescent particles dispersed
in 100% ethanol solution.
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Table 2
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Size of particles in the feed solution and permeate after filtration

Dilution Particle size in feed water (nm) Particle size in permeate (nm)
Measurement Ave. value (Std. deviation) Measurement Ave. value (Std. deviation)

1% 235 208 (25) 111 91 (17)
203 79
187 84

5% 158 161 (37) 63 69 (7)
199 77
126 69

50% 778 817 (36) 167 113 (48)
848 93
825 77

rejected not all of the particles. The particles with
smaller size than the membrane pores would pass
through the membrane. Therefore, to evaluate the size
distribution of the particles that permeated through
the membrane, a size analyzer (Zetasizer, Malvern)
was used to measure the size of fluorescent particles
retained in the feed and permeate solution. Table 2
presents the size distribution of particles measured
for three different dilution factors in the feed and
permeates. It is implied from the results that particles
smaller than 167nm mainly passed through the
membrane, while the particles larger than 200nm
were rejected by membrane. This result is reasonable
because the membrane used in the experiment has the
nominal pore size of 0.25 pm (250 nm).

To evaluate the effects of the particles on
membranes, a series of filtration tests were conducted
to measure the membrane resistance, cake resistance,
and internal pore adsorption resistance of the particles
(Table 3). Before each test, the clean water flux of both
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Fig. 6. Particle retention of membranes with different
particles.

sides of the membrane was tested for the determina-
tion of the membrane resistance. Then the feed solu-
tions including the particles with three different sizes
were filtered through the membranes. The total resis-
tance was calculated by using the resistance-in-series
model (J=P/uR) with the consideration of the trans-
membrane pressure and flux at steady state. The resis-
tance of internal pore adsorption was determined by
overturning the tested membrane and measuring the
flux decline when it was filtered with the clean water.
The cake resistance was acquired by subtracting the
internal pore and membrane resistance from the total
resistance. As result Table 3 shows, the total resistance
of a particle with 1% dilution was about 2 times
higher than a particle with 50% dilution. As for the
particle with 1% dilution, the cake layer and the inter-
nal pore resistance contributed 31% and 23% to the
total resistance, respectively. Meanwhile, only a small
portion of total resistance was attributed to the cake
layer and internal pore resistance (9% and 7%, respec-
tively) in the case of the particle with 50% dilution. It
should be noted that as the dilution factor increased
from 1 to 50% the size of particle also increased, while
the contribution of cake layer and internal pore resis-
tance to the total resistance decreased. This trend is
very consistent with the fact that as the size of particle
increases, the porosity of the cake layer also increases,
resulting in the lower cake layer resistance. However,
as particle size becomes smaller, the cake layer resis-
tance increased as well as the internal pore resistance.

In summary, the particle with the size of 817nm
(50% dilution) showed almost no impact on the mem-
brane fouling. When considering the pore size of the
membrane used was 0.25pum (250nm), the particles
with the pore size of about three times larger than
the membrane pore were the most compatible as
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Table 3
Effects of fluorescent particles on the membrane fouling
Ave. particle size Total resistance Membrane Cake layer Internal pore
(dilution) resistance resistance resistance

m~' (10") % m~' (10" % m~' (10" % m~' (10" %
208 nm (1%) 2.25 100 1.06 47 0.69 31 5.10 23
161 nm (5%) 1.77 100 1.01 57 0.44 25 0.33 18
817nm (50%) 1.18 100 0.99 84 0.11 9 0.08 7

surrogates for the integrity test to prevent the undesir-
able membrane fouling.

3.4. Particle outflow through damaged membranes

A series of experiments were conducted to evalu-
ate the reliability of the integrity test by using the
fluorescent particles as a surrogate. For this experi-
ment, holes with different sizes (0.3, 0.5, and 1.0mm
in diameter) were punctured on a membrane surface
artificially by using a syringe needle. The particle with
50% dilution (817nm in average size) was used as a
surrogate. The filtration test was performed for a
punctured membrane with the feed solution contain-
ing the fluorescent particles of 30mg/L by using the
Amicon cell.

After filtration, image analysis was conducted on
the collected permeate containing the fluorescent par-
ticles outflow from the breach of the membrane. Thus,
the fluorescence intensity was represented by an RGB
value on average. Then, the mass of outflow particles
was estimated from the RGB value by referring to
Fig. 3 which represented the functional relationship
between the RGB value and the particle mass. Finally,
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Fig. 7. Rejection rate of fluorescent particles from damaged
membranes with different sizes of breaches, which was
calculated by the image analysis (0.1, 0.5, and 1.0mm in
hole diameter on membrane surface).

the rejection rate was calculated by dividing the pre-
dicted outflow particles mass by the total mass of par-
ticles in the feed solution. The total mass of particles
in the feed was calculated simply by multiplying the
particle concentration by the volume of feed solution.
As a result, Fig. 7 represents that a punctured hole of
0.3mm yielded 63% rejection rate, while holes of 0.5
and 1.0mm showed 54.3% and 37.9% rejection rates,
respectively. Additionally, Fig. 7 shows that the rejec-
tion rate decreased almost linearly with an increase in
holes” diameter. This implies that as the breach of the
membrane surface increased, the more fluorescent
particles would pass through, thus resulting in the
decrease in the particle rejection rate. Therefore, the
size of breach on the membrane surface can be
predicted possibly from the image analysis of the
permeate containing the fluorescent particles outflow
from a damaged part of membrane surface.

4. Summary

In this research, fluorescent particles were used as
surrogate detectors to inspect the damaged part of an
impaired membrane. Through the experiments, the
following results could be concluded. (1) The image
analysis was successfully performed to calculate the
particle mass rejected on the membranes as well as
the outflow mass in permeates. (2) Fluorescent parti-
cles with considerable sizes are suitable for integrity
tests in which the effect of particles on membrane
fouling is not significant. (3) The size of the membrane
breach can be predicted as a function of the image
analysis on the fluorescence intensity of the permeate
containing the fluorescent particle’s outflows. (4)
Fluorescent particles used in the experiment can be
retained in aqueous solutions for 24h without com-
promising the fluorescent characteristics. As proven in
the results above, the image analysis can be used as
an appropriate method for integrity tests on damaged
membranes. With continuous research, the results
acquainted from this research may later lead to a
more advanced analysis method with consideration of
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various parameters that impact on the prediction and
detection of the damaged part of membranes.
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