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ABSTRACT

Smartphone sensors are gaining research interest due to continuous sensor
upgrades, leading to more precise readings of these sensors. For this study, the
light sensor of a smartphone was used in determining light transmittance during the
phase inversion process of ultrafiltration polysulfone-membrane manufacturing.
Membrane separation is one of the best available technologies when it comes to
water and wastewater treatment. The purpose of this study was to correlate light
transmittance, at certain demixing steps during phase inversion, with membrane
porosity, pure water flux and cross-sectional SEM images. Results show close
relation between light transmittance and the mentioned membrane properties.

KEYWORDS: membrane, flux, porosity, light transmittance, smartphone,

light sensor

1. Introduction

Filtration using membranes have started gaining
interest since the year 1907 [1]. Unfortunately, it was
not until 6 decades later that membranes showed
enormous potential in filtration-based applications,
especially from a commercial point of view [2]. Since
then, due to the efficiency of separation and lower
energy consumption compared with conventional
treatment methods, the membrane technology has
been implemented in almost all sectors of industry
that use water as a prime material and process water.

According to the International Union of Pure
and Applied Chemistry, a membrane is defined as a
porous or dense structure, with lateral dimensions
much greater than its thickness that acts as a selective
barrier between two phases, through which transfer
occurs under a variety of driving forces [3].

Pressure-driven membranes are among the most
used types of membrane filters [4]. Polymeric
membranes cover 90% of the produced membranes
sum total scale [5]. The most common method used
to prepare polymeric membranes is the phase
inversion process [6].

The phase inversion is a very simple process
that consists in the exchange between solvent and
non-solvent in the polymeric matrix, often called
demixing. It is a process that covers a wide range of

different techniques, the most used being immersion
precipitation [7].

Different techniques are used in order to
understand the membrane performance, structure and
formation. Although light transmission is an
acceptable method in studying membrane formation
during phase inversion, little emphasis was laid
emphasis was placed on using it in membrane
research [6-10].

Smartphones are becoming an important tool in
laboratory-related experiments, for teaching and
scientific purposes [11-15], primarily due to their
built-in sensors. Examples of such sensors are: the
accelerometer, magnetometer, ambient light sensor,
GPS, microphone, barometer, thermometer, air
humidity and, in very rare situations, the Geiger
counter [16].

As sensors are starting to become smaller and
more performant, they are gradually transforming
smartphones in devices that could replace some
laboratory equipment. The most advantageous aspect
in using smartphones in such means is mainly related
to costs and multifunctionality.

The purpose of this study is to verify whether
the smartphone sensor is a good way to measure light
transmittance of a polymeric thin film during phase
inversion, in order to observe the different stages of
polymerization,  for  ultrafiltration = membranes
composed of 3 polymer concentrations (polysulfone).
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From the best of our knowledge, this technique has
never been used before.

2. Materials and methods
2.1. Membrane materials and preparation

2.1.1. Membrane materials

The polymer of choice was polysulfone (PSf,
Mw ~35000), and the solvent was 1-methyl-2-
pyrrolidinone (NMP, CsHoNO, M, ~99.13, ACS
reagent grade: 99%). Both components were
purchased from Sigma Aldrich.

2.1.2. Membrane preparation

The studied membranes were manufactured by
phase inversion, the immersion precipitation
technique. The cast solution was obtained by mixing
NMP solvent with PSf polymer of different
concentration.

The solutions were stirred at 1000 rpm until
homogeneity was achieved. After that, the solutions
were casted on a glass support, and with the help of a
casting knife, the solution was casted to a fixed
thickness of 250 um. In order to produce the actual
membrane, the thin film solution was immersed in a
coagulation bath, composed of distilled water. Here,
phase inversion takes place, leading to the demixing
between the pure water and the NMP. During

demixing, pores are produced in the polymeric
matrix. During this procedure, light transmission
analysis will be investigated. After complete
demixing, phase inversion ends and the membranes
are transferred in a distilled water container in order
to dissolve the remaining NMP residue.

The resulted membranes were labelled
according to PSf concentration, as presented in Table
1.

Table 1. Membrane designation according to
polymer concentration

Polymer Polymer
Membrane type conc. [wt.%]
23PSf Polysulfone 23
25Psf (PSH) 25
27PSf 27

2.2. Methods of characterization

2.2.1. Light transmission set-up

The set-up for light transmission tests was as
shown in Figure 1, which is a homebuilt device. The
principle is simple, consisting in an emitting visible
light beam which passes through the casted polymer
solution during the whole procedure of phase
inversion. This beam is recorded as light intensity
[lux], being afterwards transformed in transmittance
percentage.

Light source

Light tunnel
Coagulation bath
Casted polymer film
Clear glass

Obscure glass

N

o

support

7. Smartphone

8. Light sensor

9. Light transmittance
software

Fig. 1. Light transmittance set-up for membrane formation monitorization

The light sensor (TCS3701) is an integrated part
of a smartphone device (SM-A705FD), which is
positioned under the casted polymeric film. The data
received from the sensor were recorded with a special
open-source software (Phyphox, RWTH Aachen
University). Some technical specifications of the
TCS3701 light sensor are presented in Table 2.

Table 2. TCS3701 sensor features

Minimum detectable illuminance: 1 mlux (100 ms
UV/IR blocking filter
14-bit data output
Maximum range (lux): 32657.0
Resolution: 1.0
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The recorded values were exposed as light
transmittance vs. time curves.

2.2.2. Porosity

The light transmission results were correlated
with the membrane porosity. In order to calculate
porosity, a membrane sample with a known surface
(A) and thickness (h) was weighed in dry state (mary)
and afterwards immersed in a liquid for at least 24h to
make sure that the sample is fully wetted (mwet). The
liquid of choice is distilled water, which has a
specific density p.

— Mwer™ Miry
Axpxh (1)

In simple terms, porosity represents the total
spaces from inside the structure of a membrane.
Porosity is linked to permeation properties.

2.2.3. Pure water flux

The pure water flux, J [L m?2 h'1], expresses the
permeation performance in ideal circumstances,
where the feed liquid has no impurities in its
composition. In this study, pure water was used for
convenience.

The flux is calculated as follows:

== )

Where V is the total volume [L] that passed
through a known membrane area, A [m?], within a set
time, t [h].

2.2.4. Cross-section SEM microscopy

The sample cross-section morphologies were
investigated using FEI Quanta 200 scanning electron
microscope. All samples were sputter-coated with
gold before observation to obtain conductivity during
analysis.

3. Results and discussions

After the transmittance experiments of thin films
during the phase inversion process, as can be seen in
Figure 2, several stages can be identified. Four main
stages were identified during phase inversion process.
The first stage represents the instant demixing, which
is the first contact between the polymeric solution
film and coagulation bath. This stage is observed as a
steep slope, denoting the very fast water-solvent
demixing. The second stage is represented by the start

in stabilization of the aforementioned demixing.
Stage Il will not be discussed because he fact that
this step is a constant polymerization slope until full
demixing is achieved. The complete solidification is
reached at the last stage, where the membrane is fully
polymerized.

100 4 r [ —_— 23P5f
‘ | L. Instant — 25PSf]
|+ demixing (0-15) S
) . 27PSt
SR A
2 l i 1. Demixing 1V. Complete
8 60d || stabilization (1-55) solidification
2 I (~400 s)
g il
£ 409 . | 111. Solidification
& | l stage (5 - ~400 s)
I ORT
204 ;1 - J——— gty
i3 'kl _'[— | i
s 3 -
0 b —me PRypaypppiapyy ppag
0 2 4 6 8
Time [min]

Fig. 2. Overall light transmittances during phase
inversion of the studied membranes

It will be observed that stages | and IV are
linked to the overall properties of membranes.

Although the overall graph is expressed in
minutes, the other graphs will be expressed in
seconds due to the fast demixing of the polymer film
during phase inversion.

Every stage in light transmission is linked to
special areas of the membranes cross-section, for all
the studied membranes. In Figure 3 one can observe
that, throughout the demixing direction, the width of
the elongated pores, called macrovoids, is gradually
increasing.

I
[ R —
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8 [Rp——
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2 1A%

23PSf

Fig. 3. Cross-section SEM images of the studied
membranes and the possible hypothesis with the
regions where the four stages may occur
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Based on width increase, the positioning of the
four stages can be estimated. Hence, the region where
the smallest macrovoids occur is at the top of the
cross-section, noted by stage | of the demixing
process. As the region progresses downward, it is
observed that in the other stages the thickness of
macrovoids gradually increases, meaning a slowing
down of the demixing momentum.

In the first stage (Figure 4), the reactions
between solvent and non-solvent take place at the
membrane surface, which is considered as the most
important stage in membrane fabrication. This
happens because it establishes the permeation
properties of the membrane, higher or lower flux and
retention, also.

A lower transmittance during the first second of
phase inversion means a fast demixing of the solvent
with the water bath, which is directly proportional
with the pore formation in the membrane active layer.

The sample corresponding to membrane 23PSf,
the lowest polysulfone concentration, displayed the
lowest light transmittance, which is indicative of
fastest solvent-water demixing.

100 1 —23PSf
B —25PSf]
27PSH]

80 -

70 4

60 -

50 1

Transmittance [%]

40 -

30 -

04 06 08 1.0
Time [s]

0.0 0.2

Fig. 4. Instant demixing stage during phase
inversion of the studied membranes

Comparing transmittance with membrane
structure, it is observed that with fast demixing the
pore formation at membrane surface is thinner,
difficult to distinguish (Figure 3 — 23PSf), while
slower demixing led to observable thicker active
layers (Figure 3 — 25PSf and 27PSf).

Continuing the reading to the interval of 1 to 5
seconds (Figure 5), the ability of the middle
morphologies of membrane sections to stabilize is
observed. Stage two shows the stabilization time of
the membrane. The membrane with 27 wt% PSf show
a faster demixing which result in a thinner middle
layer.

Also, in stage Il, the light transmittances are
observed to stabilize and keep the trend up to the end
of phase inversion.

50

—23PSf|
—25PS
40 4 27PS

1N\

20 1

Transmittance [%]

10

Time [s]

Fig. 5. Demixing stabilization stage during
phase inversion of the studied membranes

In the final stage of the phase inversion process
(Figure 6), after approx. 8 minutes, the transmittance
was observed to be higher for lower polymer
concentration. This phenomenon is strongly related
with membrane porosity. The higher porosity leads to
higher passage of light through the membrane, due to
the higher frequency of macrovoids in structure.

Higher polymer concentration membranes,
which is understood as the samples with lower
amount of macrovoids, led to lower light
transmittance.

10

mm Final Transmittance [%]
mm Porosity [%]

- 80

- 60

Porosity [%]

- 40

Final Transmittance [%)]

-20

23PSt

25PSf 27PSf
Fig. 6. Complete stabilization stage in
correlation with calculated porosities of the
studied membranes

As explained in the first stage of phase
inversion, demixing is related with pore formation at
membrane surface. The demixing time is directly
proportional to pore formation, in which a faster
demixing will lead to a higher flux due to higher
number of pores.
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As can be observed in Figure 7, a faster
demixing lead to higher water flux, represented by the
23wt% PSf membrane.
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Fig. 7. Pure water flux correlated with the
transmittance occurred at 0.5 s at the stage of
instant demixing (extracted from Figure 4) of the
prepared membranes

The values of the light transmittance at time of
0.5 s were extracted from Figure 4, also present in
Figure 7 as an insert graph. It is obvious that the light
transmittance-flux trend is inversely proportional.
The highest difference, in terms of light
transmittance, is between 23PSf (40.7%) and 27PSf
(56.2%), respecting the pure water flux trend, also.
On the other hand, the lowest difference is between
the membranes with higher polymer concentration,
namely 25PSf and 27PSf, with 51.1% and 56.2%,
respectively.

Demixing is inversely proportional to water flux
and directly proportional to polymer concentration.

4. Conclusions

Membrane characterization is very important for
understanding future performances of the material.
Light transmission is a good tool in determining
several membrane properties and performances,
before they can be used in the actual separation
processes. The pure water flux and porosity were
successfully correlated with the light transmittances
obtained by the smartphone light sensor. The results
were synchronous, showing similar trends at different
polysulfone concentrations. In the near future,
smartphones will become essential devices in lab
research.

References

[1]. Glater J., The early history of reverse osmosis membrane
development, Desalination, vol. 117, issue 1-3, p. 297-309, 1998.
[2]. Loeb S., The Loeb-Sourirajan, Membrane: How it Came
About, ACS Symposium Series, vol. 53, chapter 1, p. 1-9, 1981.
[3]. Gohil J. M., Choudhury R., Chapter 2 - Introduction to
Nanostructured and Nano-enhanced Polymeric Membranes:
Preparation, Function, and Application for Water Purification, in
book: Nanoscale Materials in Water Purification: Micro and Nano
Technologies, Elsevier B. V., ISBN: 978-0-12-813926-4, 2019.

[4]. Zhang W., Luo J., Ding L., Jaffrin M. Y., A Review on Flux
Decline Control Strategies in Pressure-Driven Membrane
Processes, Industrial & Engineering Chemistry Research, vol. 54,
issue 11, p. 2843-2861, doi: 10.1021/ie504848m, 2015.

[5]. Balta S., Tiron L.G., Nanofiltrare, Zigotto, Romania, ISBN
978-606-669-295-3, 2019.

[6]. Yu L. Y., Xu Z. L., Shen H. M., Yang H., Preparation and
characterization of PVDF-SiO2 composite hollow fiber UF
membrane by sol-gel method, J. of Membrane Science, vol. 337,
issues 1-2, p. 257-265, DOI:10.1016/j.memsci.2009.03.054, 2009.
[7]. Li J.-F., Xu Z.-L., Yang H., Microporous polyethersulfone
membranes prepared under the combined precipitation conditions
with non-solvent additives, Polymers for Advanced Technologies,
vol. 19, issue 4, doi: 10.1002/pat.982, 2007.

[8]. Fen'ko L. A., Semenkevich N. G., Bil'dyukevich A. V., The
Kinetics of Membrane Pore Structure Formation by Phase
Inversion, Membrany i membrannye tekhnologii, vol. 1, no. 1, p.
66-75, DOI: 10.1134/S0965544111070073, 2011.

[9]. Zhao S., Wang Z., Wei X., Tian X., Wang J., Yaang S.,
Wang S., Comparison study of the effect of PVP and PANI
nanofibers additives on membrane formation mechanism, structure
and performance, Journal of Membrane Science, vol. 385-386, p.
110-122, doi: 10.1016/j.memsci.2011.09.029, 2011, 2011.

[10]. Le X-M,, Ji Y., Yin Y., Zhang Y-Y., Wang Y., He T.,
Origin of delamination/adhesion in polyetherimide/polysulfone co-
cast membranes, Journal of Membrane Science, vol. 352, issues 1-
2, p. 173-179, doi: 10.1016/j.memsci.2010.02.013, 2010.

[11]. Grasse E. K., Torcasio M. H., Smith A. W., Teaching UV-
Vis  Spectroscopy with a  3D-Printable  Smartphone
Spectrophotometer, J. of Chemical Education, vol. 93, issue 1, p.
146-151, doi: 10.1021/acs.jchemed.5b00654, 2016.

[12]. Gutierrez-Martinez J-M., Castillo-Martinez A., Medina-
Merodio J-A., Aguado-Delgado J., Martinez-Herraiz J-J.,
Smartphones as a Light Measurement Tool: Case of Study, Applied
Sciences, vol. 7, issue 6, 616, doi: 10.3390/app7060616, 2017.

[13]. Hussain 1., Ahamad K., Nath P., Water turbidity sensing
using a smartphone, RSC Advances, vol. 6, issue 27, p. 22374-
22382, doi: 10.1039/C6RA02483A, 2016.

[14]. Koydemir H. C., Gorocs Z., Tseng D., Cortazar B., Feng
S., Yan Lok Chan R., Jordi B., McLeod E., Ozcan A., Rapid
imaging, detection and quantification of Giardia lamblia cysts
using mobile-phone based fluorescent microscopy and machine
learning, Lab on a Chip, vol. 15, p. 1284-1293, doi:
10.1039/C4LC01358A, 2015.

[15]. Hossain A., Canning J., Ast S., Rutledge P. J., Yen T. L.,
Jamalipour A., Lab-in-a-Phone: Smartphone-Based Portable
Fluorometer for pH Measurements of Environmental Water, IEEE
Sensors Journal, vol. 15, issue 9, p. 5095-5102, doi:
10.1109/JSEN.2014.2361651, 2013.

[16]. Chou T., Precision: Principles, Practices and Solutions for
the Internet of Things, Lulu Press, Inc., U.S.A., ISBN-10:
1329843568, 2020.


https://doi.org/10.35219/mms.2020.3.01

