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ABSTRACT

The lateral flow nitrocellulose membrane is one of the commonly used separation media for bacteria
detection in drinking water treatment facilities. In order to enhance its performance, control of the
membrane surface and cross-section morphology is primarily important. The challenge of this study
is to combine various formulations and casting variables to obtain lateral flow nitrocellulose mem-
branes with the desired morphologies. Through the dry-phase inversion method, the drying
temperature was found to be an important parameter in synthesizing membranes as it affects pore
structures. A high drying temperature causes agglomeration of the polymer matrix, and thus smaller
pores were observed on the membrane surface. This further decreases the membrane lateral liquid
migration rate, besides reducing the membrane binding ability for bacteria detection. Results show
that by decreasing polymer concentration, membrane surface pores became apparently larger, thus
creating a faster lateral migration speed of the water solution. A larger pore size increases the chance
for the bacteria detecting agent to bind onto the pore layers, which ultimately enhances the bacteria

detection ability of the device.
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1. Introduction

Virus and bacteria detection in drinking water has
brought water quality analysis to a whole new perspective
due to waterborne outbreaks [1] such as typhoid fewer [2],
Escherichia coli 0157 [3], Giardia and Cryptosporidium [4].
These typical waterborne viruses, even in very low con-
centration, may be lethal [4]. Hence, there is an urgent
need to detect the presence of viruses and bacteria in
water by a sensitive, reliable and efficient method.

Membrane separation technologies such as ultra-
filtration (UF), microfiltration (MF) and reverse osmosis

*Corresponding author.

(RO) are known as effective ways to detect low con-
centrations of viruses in wastewater treatment processes
for the past decades [4]. A simple and rapid test strip was
developed to detect the presence of selected viruses or
bacteria in drinking water [5,6]. However, the developed
immunological test strips are not able to cater to appli-
cations since different membrane materials, surface
properties, structure and dimensions are required for
different applications and different analyses.

In membrane technology, the most commonly used
and important class of membrane fabrication method is
the phase inversion technique [7,8]. Phase inversion refers
to the process in which a polymer solution (liquid phase)
inverts into a swollen, three-dimensional macromolecular

Presented at EuroMed 2008, Desalination for Clean Water and Energy Cooperation among Mediterranean Countries of Europe and the
MENA Region, 9-13 November 2008, King Hussein Bin Talal Convention Center, Dead Sea, Jordan.



100 A.L. Ahmad et al. / Desalination and Water Treatment 5 (2009) 99-105

network (solid state) [8,9]. The membrane formation
mechanism was said to be rather complex as there are
various fabrication factors to be considered during the
casting stage, and its final performance strongly depends
on the membrane fabrication method and the casting
conditions. Manipulation of phase inversion [10] and
fabrication factors including choices of casting materials
[11], polymer concentration, membrane thickness [12],
evaporation time and evaporation temperature are among
parameters that directly influence the membrane’s final
performance.

Polymer concentration is the key factor that tailors
membrane structures (morphology and pore size) and
final membrane performances (membrane binding ability
and liquid lateral migration speed) [13,14]. Viscosity of the
casting dope increases when polymer concentration is
increased. This results in the reduction of macrovoid
formation in the membrane layers. On the other hand, in
dry phase inversion, membrane drying temperature
determines the thickness of membrane skin layer which
eventually forms varying membrane structures.

Current study elucidates the influences of polymer
concentration and drying temperature on membrane
microstructure. Experimental works were carried out to
investigate the effects of these two important elements
against membrane morphology and its performance as
transport medium for immunological membrane applica-
tion. This improved membrane formation understanding
can be used for future development of a highly efficient
immunodiagnostic test strip to detect viruses or bacteria in
drinking water.

2. Materials and methods
2.1. Materials

The nitrocellulose (NC) polymer used in this study
contained 11.8-12.3% nitrate with 30% alcohol (Sigma,
St. Louis, Mo). The solvent, methyl acetate (MA) and
nonsolvent, isopropanol (IP) were purchased from Merck
(Darmstadt, Germany), while distilled water and glycerol
(Merck) were used as the pore former and additive in the
casting dope. Bovine serum albumin (BSA) was purchased
from Sigma, and the bicinchoninic acid working reagent
(BCA) was purchased form Merck. The 0.05 M bulffer tris
(hydroxymethyl) amminomethane/ HCland 0.05 M phos-
phate buffer at pH 7.0 were prepared for characterization.
The chemical structure of nitrocellulose polymer is as
shown in Fig. 1.

2.2. Membrane preparation

NC membranes were prepared using the dry-phase
inversion method [7,8,10]. In order to investigate the
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Fig. 1. Chemical structure of the nitrocellulose polymer.

effects of polymer concentration on membrane mor-
phology, the weight fraction of the solvent was kept con-
stant at 80 wt.% while the weight percentage of the
polymer varied from 4 wt.% to 6 wt.%. The casting solu-
tions were then allowed to dry within the heating
chamber from 27°C to 53°C. Nine different compositions
of casting dope used in this experiment are shown in
Table 1. The casting process was carried out at ambient
temperature using a membrane auto-casting machine set
at 100 rpm casting speed.

2.3. Membrane characterization

Microstructures of fabricated flat-sheet membranes
were confirmed by field emission scanning electron micro-
scopy (VPFESEM, Supra 35VP, Germany). Membrane
samples were first coated with a conducting layer, mainly
to prevent the surface from being charged up. Average
pore size was obtained and measured from the images.

The membrane porosity (¢) was calculated as follows
[15,16]:

e=1-VE5100% 1)
%

A

A flat-sheet membrane was cut into a 2x2 cm sample,
and its thickness was measured. V,,, the apparent volume
of the membrane, was calculated from the film thickness
and the film surface area (2x2 cm). The existent volume of
the membrane, V;, was determined from the correspond-
ing polymer density (1.23 g cm °) and the polymer weight
of the membrane sample. To ensure firm reproducibility
of experimental data, five differentlocations were selected
for the membrane porosity calculation.

2.4 Membrane performance test

In-plane liquid distribution or liquid lateral wicking
time measurement was done on 2 cm wide and 10 cm long
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Table 1
Membrane casting dope composition
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Casting dope composition

Component 1 2 3 4 5 6 7 8 9

Polymer (wt.%) 4 4 4 5 5 5 6 6 6

Solvent (wt.%) 80 80 80 80 80 80 80 80 80

Nonsolvent + additives (wt.%) 16 16 16 15 15 15 14 14 14

Membrane drying temperature (°C) 27 40 53 27 40 53 27 40 53

Membrane evaporation time (min) 5 5 5 5 5 5 5 5 5

Initial cast thickness (um) 700 700 700 700 700 700 700 700 700

membrane strips cut from the synthesised NC membrane. e

Medium used for wicking was deionized water or phenol w00

red buffer solution consists of phenol red (Sigma) 76.00 +

dissolved in 0.05M tris(hydroxymethyl)aminomethane/ _ 1500

HClbuffer solution. Phenol red buffer was used for better & 74.00

visibility of the migration front. The experiment was con- & 73.00

ducted at room temperature (27°C) and ambient pressure. ocef 72.00

Time was taken when the wicking medium had migrated 71.00

2-,3-,and 4-cm standard wise after initial contact between 70.00

the membrane and test medium. 69.00 —e—27'C — 40°C —a—53°C
In addition, the membrane protein binding ability was 68.00 .

measured on 12-mm diameter samples and the total
volume of membrane samples was calculated. Membrane
samples were incubated in 3 ml of BSA with phosphate
buffer (pH 7.0, mg/ml) and shaken for 3 h at 25°C.
Unbound BSA on the membrane surfaces was then
washed out (repeated two times) with phosphate buffer.
Each sample replicate was transferred into a test tube with
2 ml BCA working reagent and then incubated at 37°C for
30 min. The liquid content was detected using a spectro-
photometer at a wavelength of 562 nm. By using the
standard curve from a previous preliminary study, the
protein quantity of the membrane was calculated.

3. Results and discussion
3.1. Membrane characterization

Fig. 2 shows the effect of casting composition and
casting condition by varying the polymer concentration
from 4 wt.% to 6 wt.% at three different membrane drying
temperatures, i.e. from 27°C to 54°C. Overall, by increas-
ing the polymer concentration, synthesized membrane
bulk porosity was increased. At a constant drying
temperature (27°C), the membrane porosity was increased
from 72.8% at 4 wt.% of nitrocellulose polymer to 76.5% at
6 wt.%. This increase in membrane bulk porosity is mainly
caused by increasing membrane thickness, as shown in
Table 2. For example, at 27°C drying temperature, the
membrane synthesized from 4 wt.% of nitrocellulose
polymer forms a membrane thickness of 89 yum. However,

4% 5% 5%
Polymer content (wt%) in casting solution

Fig. 2. Variation in the porosity of nitrocellulose membranes
prepared with different casting compositions and conditions.
Each porosity value represents an average value of five sam-
ples and the bars represent standard error.

with the additional 2 wt.% of membrane polymer (total
6 wt.%), the final membrane thickness was increased
almost double to 163 ym. This significant increase in
membrane thickness causes some macrovoid formation in
the membrane layers, as discussed in previous work [12].
The size of the macrovoid is not as large as observed in the
previous work [12]. However, a more porous membrane
structure can still be observed from Fig. 3(F). This forma-
tion of macrovoids further increases the membrane bulk
porosity.

Although the overall bulk porosity was increased with
increasing polymer concentration in the casting solution,
the membrane pore size gave an opposite observation. As
expected, the membrane surface pore size decreased with
an increased of polymer concentration. At 40°C drying
temperature, membranes withlow polymer concentration
(4 wt.%) formed an average membrane surface pore size
of 6.34 ym, as shown in Table 2. These membrane pores
were considerably large compared to 5.54 ym and 4.90 ym
when the NC polymer concentration was increased to
5 wt.% and 6 wt.%, respectively. During dry phase inver-
sion, the polymer concentration on the air-side of the
membrane surface was increased due to the loss of
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Table 2
Membrane characterization

A.L. Ahmad et al. / Desalination and Water Treatment 5 (2009) 99-105

Polymer content’, wt%  Cast solution drying temperature, °C

27 40 53
Synthesized Membrane Synthesized Membrane Synthesized =~ Membrane
membrane pore size, ym membrane pore size, yum membrane pore size, ym
thickness, ym thickness, ym thickness, ym

4 89+3 9.10+£0.29 117 4 6.34 £0.37 101 +1 4.67 +0.26

5 103 +4 7.23 +0.49 113+ 8 5.54 +0.05 118 +5 4.34+0.25

6 163 +5 5.43 +0.01 156 +3 490 +0.08 167 £3 3.59 +0.08

“Initial membrane cast thickness at 700 ym and average of five measurements for each membrane.

solvent. The higher polymer content in the casting solu-
tion causes thicker skin layer on the membrane surface,
which further creates small membrane pores.

The effect of the membrane drying temperature was
investigated by increasing the temperature of the heating
chamber from 27°C to 53°C. At a constant casting compo-
sition, the drying temperature did not significantly affect
the final membrane thickness, as shown in Table 2. In the
porosity measurement, the membrane porosity decreases
with the increase of drying temperature (Fig. 2). At a
higher drying temperature, the rapid solvent diffusion
rate hastens the polymer precipitation process and forms
a highly concentrated polymer near to the membrane
surface area [17,18]. This leads to the formation of smaller
pores on the membrane surface and lower membrane bulk

porosity.

3.2. Effects of casting conditions on membrane morphologies

To validate and understand the kinetic phenomena
that occurred during the dry phase inversion process, field
emission scanning electron microscopy (FESEM) was
adopted to visualize the membrane morphology. Fig. 3
shows a series of membranes morphologies prepared at
different polymer concentrations. All membranes present
a porous and three-dimensional open pore structure.
Surface micrographs revealed that a membrane with
4 wt% of nitrocellulose polymer appeared to have a large
pore size. With increasing polymer concentration in the
casting solution, the membrane surface pores became
smaller and the membrane became thicker, as shown in
Fig. 3. Theoretically, polymer distribution at the onset of
precipitation provides a dense skin layer near the
membrane-air interface [19]. With increasing polymer
content, the membrane top layer needs to support larger
polymer precipitation and interfacial stresses, hence
creating smaller pores on the top surface.

Both Fig. 3(D-F) and Table 2 show that when polymer
concentration is increased, the membrane thickness

increases as well. Two factors affecting the increase in
membrane thickness are: (1) the addition of polymer
weight percentage in the casting solution that increases
the solid content in the membrane; and (2) when more
polymer precipitates on the membrane top surface, it
slows down the outward diffusion of the solvent and thus
creates macrovoids in the membrane layers [17]. In
contrast, at low polymer concentration, lower solids con-
tent and non-macrovoid formation in the membrane
layers results in a thinner membrane thickness.

In the present work, it is observed that for the range of
27°C to 53°C, the overall membrane thickness was not
significantly influenced by the membrane drying tempera-
ture (FESEM results are not displayed). As described
before, the increase of drying temperature results in
higher polymer precipitation on the membrane top
surface and thus slows down the outward diffusion of the
solvent. Theoretically, the membrane thickness is sup-
posed tobe increased. However, during high temperature
drying, the polymer matrix of the membrane tends to
agglomerate. Consequently, it further decreases the con-
nection voids between the membrane layers and con-
tributes to lower membrane thickness. This contradicting
behaviour is the main reason why membrane thickness is
independent from the drying temperature.

In Fig. 4(A-C), ata constant polymer content of 5 wt.%,
the surface pores of the membrane formed by a low
drying temperature (27°C) are larger than membranes
formed at a higher drying temperature (53°C). This high
drying temperature accelerates the separation process,
which creates polymer agglomeration close to the top
layer. It is the fast outward diffusion of the solvent that is
responsible for the decreasing membrane pore size against
high drying temperatures.

3.3. Membrane performance

The effects of casting composition and conditions on
membrane lateral wicking performance are as illustrated
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Fig. 3. FESEM micrograph of the (left) membrane surface
structure and (right) cross sectional structure of nitrocellulose
polymer contents for (A) 4.0, (B) 5.0, and (C) 6.0 wt% in cast-
ing solutions (at a constant 40° of drying temperature).

Fig. 4. FESEM micrograph
of membrane surface struc-
ture for (A) 27°C, (B) 40°,
and (C) 53°C drying tem-
perature (at constant 5 wt.%
polymer content).

in Fig. 5(a) and (b). In general, the membrane lateral
wicking performance demonstrates the same behaviour
for both testing media (water and phenol red solution).
Based on the experimental results in Fig. 5(a), membrane
lateral wicking time was increased from 490 s to 811 s at
40°C when the polymer concentration was increased from
4 wt.% to 6 wt.%. As shown previously in Table 2, the
increases of polymer content in casting solution caused

2500 - 2500

| 4% m5% 06%
2000 2000

27°C 40°C §3°C

B 4% 5% 6%

1500 1500

1000 1000 -

Wicking Time, s
Wicking Time, s

500

0

27 °C 40°C

53°C

Membrane Drying Temperature, °C Membrane Drying Temperature, “C

Fig. 5. Wicking time needed for the testing media: (a) water
(b) phenol red to migrate to 4 cm height on the membrane
strips prepared at different drying temperatures (27°C, 40°C,
50°C) and different polymer concentrations (4 wt.%, 5 wt.%,
6 wt.%). Bars represent the standard error.

the formation of membrane with smaller pore size. As a
result, the membrane exhibits more resistance in lateral
liquid flow across membrane layers and at the end
converts to longer lateral wicking time.

Apparently, as observed from Fig. 5(a), the membrane
properties were also dominated by drying temperature.
At a constant polymer content (5 wt.%), the lateral wick-
ing time of membrane increased from 500 s to 707 s with
theincrease in drying temperature from 27°C to 53°C. The
increase of temperature during dry phase inversion leads
to the formation of membranes with smaller pores, lower
membrane porosity and partial shrinkage of cell struc-
tures on the polymer matrix. This pore structure shrinkage
and lower membrane porosity contribute to overall resis-
tance of the membrane that hinders the liquid flow rate.
Hence, higher lateral wicking time is needed. By changing
the wicking medium, results show the obvious increasing
trend of lateral wicking time with the increasing of drying
temperature, as shown in Fig. 5(b). This further confirms
that membrane morphology is the sole factor that pro-
motes membrane performance in lateral liquid flow.

By changing both polymer concentration and drying
temperature, very different membrane protein binding
performances were observed (Fig. 6). Fig. 6 shows that at
constant temperature, the membrane protein binding
decreases with increasing polymer concentration. For
example, at 40°C, protein binding of the membrane
dropped from 3813 yg /cm’ to 2965 jig / cm® when polymer
concentration was increased from 4 wt.% to 6 wt.%. This
suggests that at higher polymer concentration, the fast
phase separation on the membrane outer layer and slow
evaporation rate in the membrane inner layers forms a
membrane surface with lower porosity and shrinking pore
structure. This leads to a low surface protein binding
value in accordance with Jansen et al. [17] who found the
influence of polymer concentration on pore size and
morphology of poly(ether ether ketone) membrane.
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Fig. 6. Effects of casting polymer composition and casting
condition (evaporation temperature) on membrane protein
binding ability. Bars represent the standard error.

On the other hand, Fig. 6 shows that by increasing the
drying temperature, the membrane protein binding ability
was decreased. High drying temperatures are expected to
improve the phase separation rate in the casting solution.
A higher phase separation rate further increases the
polymer concentration near to the membrane surface
region and creates a resistance to solvent evaporation
between the membrane inter layers [20]. This causes the
formation of close pore structures on the membrane
surface that reduces the membrane protein binding
ability.

4. Conclusions

The effects of polymer composition and drying tem-
perature on membrane morphology were investigated.
Experimental results clearly demonstrate that final mem-
brane structure and performances were significantly
affected by the two aforesaid preparation conditions.
Membranes with a mean pore diameter between 3.6 to
9.1 um can be easily altered during the casting stage by
varying the polymer concentration or by changing the
drying temperature. Overall, this study provides a clear
view on final membrane performances (lateral wicking
speed and membrane protein binding ability) by identi-
fying the interactions among the casting composition and
casting process variable. The presence of low polymer
concentration in casting solution results in favourable
formation of larger membrane pores, higher membrane
protein binding ability and shorter time for lateral liquid
migration flow across membrane strips. In addition,
membranes prepared from low drying temperature
conditions create an open pore structure on the surface
and increase the connection voids between membrane
layers. Consequently, this results in lower resistance for
the wicking medium to migrate in the membrane strip
and increases membrane binding ability.

The above findings provide important insights into the
relationship between membrane casting conditions and
performance. This investigation should prove useful for
the production of versatile NC membranes with longer
operational life for lateral flow membrane applications.
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