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ABSTRACT

The fabrication of traditional micro/nano devices requires access to cleanrooms,
complex and expensive tools, and highly-skilled labor. A facile and digital do-it-yourself
(D1Y) technique for the fabrication of low-cost devices on flexible substrates (paper, cloth,
and plastic films) is presented in this work. A set of office-grade equipment (i.e., laserjet
printer, thermal laminator, computer-aided paper cutter), and commercially available
supplies (i.e., baking wax paper, furniture restoration metal-leaf) are utilized. The
presented technology enables community-embedded production by removing a high
technological barrier. The validity of the proposed technology was proved by designing
three levels of experiments, i.e., patterns, devices, and systems. The performance was
evaluated at each level to cover various application domains in environmental monitoring
and biomedical diagnostics utilizing conductometric, colorimetric, biochemical, and
chemoresistive detection principles. Devices with features of varying sizes, from
nanometers to centimeters, were fabricated and characterized. Expanding the concept
further, a copper oxide (CuO) nano-sorbent cloth-based filter was designed, fabricated,
and tested to demonstrate the application in the fabrication of a water filtration system.
An inexpensive and robust filtration system for real-time arsenic removal from polluted
water, which could easily be embedded into the existing water pipes, showed the effective
removal rate without requiring any power source for operation. To demonstrate the
pervasiveness of the laserjet printing-based fabrication, a novel print-and-release method
to produce color-tagged microplastics was presented. A lack of reliable methods to
replicate the microplastic samples is one of the main challenges in the design of

experiments for systematic studies. The newly developed fabrication techniques in this



work provide an alternative route to decentralized production of low-cost flexible sensors
and functional devices, with minimal steps, time, cost, and facilities. The operation of such
devices is simple and can be further empowered by ubiquitous smartphones for data

analysis and transmission.
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CHAPTER 1: INTRODUCTION

A micro/nano device can be defined as a device with at least one micro/nano scale
feature size [1]. These devices with applications in various aspects of daily life such as
environmental monitoring, industrial measurements, and biological testing and healthcare
are becoming an important part of the modern world [2-7]. Fabricating processes
associated with MEMS/NEMS devices (lithography, RIE, etching, plasma treatment, etc.)
generally require well-equipped laboratories, with expensive and specialized instruments
[8-13]. Additionally, these processes are dependent on cleanroom environment as well
[14-20]. These restrictions not only increase the fabrication cost, but also limit production
of micro/nano devices only under well-developed infrastructure, which are mainly located
in developed countries. Removing these limitations may democratize the production of
inexpensive devices with no requirement for costly and sophisticated instruments and
processes. All these features finally can potentially induce rapid user-base growth in the

micro/nano technologies.

To overcome this dependency, this research work has explored novel fabrication
techniques to manufacture micro/nano sensors/devices only by using the traditional office
equipment such as laserjet printers. Achieving a simple technology to print circuits and
micro/nano sensors/devices on flexible substrates (paper, cloth, and plastic films) merely
with office equipment without requiring centralized fabrication facilities and complex
instruments can be considered as a fundamental improvement toward low-cost
micro/nano device fabrication, suitable for both prototyping and mass production. These

devices may be manufactured on site directly from the digital files instead of relying on



traditional manufacturing processes that require cleanrooms and other facilities.
Unquestionably, utilizing such devices that can monitor critical parameters for medical
conditions, environmental protection, and food safety within a few minutes can help

expedite decision making and remedy emergency situations.

The uneven regional distribution of resources in different parts of the world presents
a noticeable socio-economic gap between individuals and communities across the globe
[21, 22]. These challenges can be encountered in the areas of medical testing and
treatment as well as environmental monitoring and remedy. In the field of medical testing
and treatment, a shortage of healthcare workers, an increase of counterfeit medicines, a
rapid spreading of endemic infectious diseases, and vulnerable infrastructure pose a
unique threat to today’s world [23, 24]. In the field of environmental monitoring and
remedy, a lack of accessibility to test facilities and sensors imposes a severe limitation
on timely warning and remedy necessary when unexpected polluting events take place

[25, 26].

From the perspective of manufacturing inexpensive sensors and devices for the
aforementioned applications, the traditional, centralized manufacturing process has
exposed its weakness in the face of a pandemic when the supply chain was severely
disrupted recently [27, 28]. Being predicted by many experts and accelerated by the
recent COVID-19 pandemic, it is inevitable to witness the rapid transformation of current
manufacturing practices into a more robust decentralized operation [28, 29]. The focus of
our work is the utilization of a decentralized production routine for fabricating inexpensive
detection devices. Easily discernible, fast diagnostic assays that can be run on low-cost

devices are attractive to the areas where access to test facilities and equipment is limited
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[30, 31]. Various types of such inexpensive devices can be designed, custom-fabricated,
and implemented in different aspects of daily life [32, 33]. Researchers have
demonstrated such low-cost devices for various applications [3, 9, 34-38]. However, the

centralized fabrication process of these devices is still a prevalent limitation.

From the perspective of manufacturing and distribution, the 4" industrial revolution
characterized by the synergistic technological breakthrough in artificial intelligence,
robotics, internet of things, bio/nanotechnology, 3D printing, etc., is replacing the
traditional supply chain model where the centralized operation has dominated [39-42].
Therefore, decentralized production of light, flexible, and low-cost devices made available
at home and office without the need for dedicated large-scale factories will bring many
benefits and address the current challenges. A bigger impact can be expected in
underdeveloped countries where reliable transportation systems are not in place, which
are considered crucial to centralized production and distribution [43, 44]. Decentralized
low-cost manufacturing tools will enable the production of customized devices that
uniquely meet the needs of communities they belong to. In this usage scenario, these
devices manufactured on-site directly from digital files instead of relying on traditional
manufacturing processes will be customized to monitor critical parameters for medical

conditions, environmental protection, and food safety, for example, to help communities.

This dissertation explores a facile, digital, rapid, and do-it-yourself (DIY) fabrication
technology for ultra-cheap chemical, environmental, and biological macro/micro-sensors
by expanding the concept of low-cost devices on flexible substrates, i.e., paper, cloth,
and plastic films, to the domain of democratized and fabless production. Using a set of
commercially available office equipment, i.e., a laserjet printer, a paper cutter, and a

3



thermal laminator, at a total capital investment cost of less than $250, different types of

sensors are created and tested to demonstrate the validity of this method of fabrication.

Figure 1.1 shows an overview on the next chapters in this dissertation. In the
continuation of this dissertation, first the printing process in a laserjet printer and the
printer's components are introduced. Then, the proposed technology and its working
principle are explained. Finally, the application of the introduced decentralized digital
technology in fabrication of micro/nano sensors, nano-sorbent filters, and microplastic
fabrication is presented. This demonstrates the applicability of this technology to a wide

range of devices in various fields.

Figure 1.1: Laserjet printer components and printed devices.
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This simplified technology would not require a high labor skill level, which will enable
community-embedded production without a high technological barrier. The devices in the
form of digital computer-aided design (CAD) files can simply be transferred, modified, and
used for printing out patterns to form sensor devices. Besides, the operation procedure
is simple and empowered by the smartphone which can further facilitate data analysis
and transmission. This technology can be utilized pervasively in various regions, including
homes, offices, remote access areas, space bases, etc. Devices with conduits to
transport fluids (by hydrophobic/hydrophilic contrast definition) and electrodes for
electrical detection (by metal transferring) can be fabricated on flexible substrates through
this technique. Fewer fabrication steps, faster manufacturing time, no need for
customized specialty equipment/mask, and compatibility with a wider range of substrates
are the main advantages in comparison with the existing methods [45-55]. Due to the
simplicity of the proposed method, secondary benefits of lower cost and better

accessibility can be expected [56-75].



CHAPTER 2: MAIN CONCEPT AND FABRICATION METHOD

Some of the materials used in this chapter have been previously published by Wiley:

A. Bamshad and H. J. Cho, "Laserjet Printed Micro/Nano Sensors and Microfluidic
Systems: A Simple and Facile Digital Platform for Inexpensive, Flexible, and Low-Volume

Devices." Advanced Materials Technologies 6.12 (2021): 2100401.

2.1  Working Principle

Understanding the working principle and components of laserjet printers is essential
to identifying potentials of this fabrication method. A CAD software (to design the desired
pattern) and an office-grade laserjet printer are the requirement for fabrication of devices,
as the first step. Figure 2.1 demonstrates the components of a regular laserjet printer.
The PCR (Primary Charge Roller) roller first positively charge the OPC (Organic Photo-
Conductor) drum. Then, the laser scanning unit emits the laser beam in the pattern of the
printable file to selectively reverse the electric charge on the surface of the OPC drum.
The agitator transfers toner powder (contains a small amount of magnetic material) on
the magnetic roller — specific thickness controlled by the doctor blade, and the magnetic
roller transfers toner to the negatively charged areas on the OPC drum. The OPC drum
transfers the toner to a positively charged paper to form desirable text/shape on the paper.
The wiper blade removes toner residues on the OPC drum and makes it ready for rest of
printing. Finally, the paper passes through the fuser/pressure unit, which melts the toner
on paper to print. The fuser/pressure unit has a similar working principle as thermal

laminators; however, the contact time is less compared to the thermal laminators.
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Figure 2.1: A detailed view of laserjet printer components and printing

process.

2.2 Fabrication Method

To fabricate microfluidic systems and micro/nano sensors and devices a set of office
equipment and supplies such as a laserjet printer, a craft cutter machine, a thermal
laminator (for heat treatment), commercial wax paper sheets, and metal leaf sheets (for
furniture restoration) are required. Depending on the desired goal and application,
different substrates (paper, cloth, plastic sheet) may be chosen and the fabrication of a
device through this method can have one or two steps. To demonstrate details of this
method, fabrication steps of a microfluidic paper-based analytical device (UWPAD) — which

requires both steps — are demonstrated in figure 2.2.
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Figure 2.2: Fabrication steps of a paper-based microfluidic device with

interdigitated electrodes: (a-f) metal transferring step, and (g-h) wax transferring
step.

The presented pPAD consisted of a channel medium to transport fluid and
electrodes for electrical detection. Step-1 (metal transferring) is to fabricate electrodes (or
a base for growing metal oxide) on the desired substrate, figure 2.2(a-e). This step is
carried out by: using a laserjet printer to print the electrode pattern which is designed
using a CAD software; covering the printed pattern with copper leaf; layering paper on
top to confine copper to printed pattern and prevent the unwanted transfer to the thermal
laminator’s rollers; heating the treatment under moderate pressure by the thermal
laminator, and wiping the surface with a brush (or tip of a razor) to remove residue,
respectively. Step-2 (wax transferring) is to define hydrophobic/hydrophilic regions to

create channels on the desired permeable substrate, figure 2.2(g-h). This step is achieved
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through the following steps: designing a pattern to define hydrophobic/hydrophilic regions
using CAD software, covering one side of the wax paper with scotch tape to improve
cutting quality, cutting the CAD pattern on to the taped wax paper with an electronic craft
cutter, sandwiching the filter paper between wax papers (two similar layers on top and

bottom), using a thermal laminator to transfer wax, and detaching the layers, respectively.

(a) (b)

Heat treatment &

Tt
cutting step : li_h"

Step 1 - Metal Transferring:

Before After
Melted Toner

Filter Paper

Toner Particles

Filter P
Wietal Leat Motal Loat
(c) (d)
Step 2 - Wax Transferring: Heat treatment &
seperation
Figure 2.3: A detailed view of fabrication steps of a paper-based microfluidic

device with interdigitated electrodes: (a-b) metal transferring step (toner particle
melting step), and (c-d) wax transferring step.

The metal transferring step takes advantage of the strong adhesion property of the
laserjet toner particles (polystyrene particles [76]) on printed patterns under heating to
transfer a thin metal film. Melting and re-drying of the laserjet toner during heat treatment
and then lamination is the working principle to transfer metal leaf to the substrate, figure

2.3(a-b). The transferred metal may be used as interdigitated electrodes (IDEs) or a



functionalized surface for other applications. The chemical stability of polystyrene in
contact with acids, solvents, chemical reagents, and bio-samples, makes the fabricated
devices suitable for various applications [77]. Whereas the wax transferring step defines
hydrophobic regions by transferring wax through heat treatment from a commercial wax
paper that is cut by a craft cutter machine, figure 2.3(c-d). The obtained hydrophilic area

may be used as a confinement region for chemical and biochemical samples.
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CHAPTER 3: SENSOR FABRICATION

Some of the materials used in this chapter have been previously published by Wiley

and |IEEE:

A. Bamshad and H. J. Cho, "Laserjet Printed Micro/Nano Sensors and Microfluidic
Systems: A Simple and Facile Digital Platform for Inexpensive, Flexible, and Low-Volume

Devices." Advanced Materials Technologies 6.12 (2021): 2100401.

A. Bamshad and H. J. Cho, "Disposable Sensor Devices Fabricated by Paper

Crafting Tools." 2020 IEEE Sensors Applications Symposium (SAS). IEEE, 2020.

A. Bamshad and H. J. Cho, "Digital microfabrication on paper and cloth For heavy
metal detection and remediation.” 2019 20th International Conference on Solid-State
Sensors, Actuators and Microsystems & Eurosensors XXXIII (TRANSDUCERS &

EUROSENSORS XXXIII). IEEE, 2019.

3.1 Introduction

Fabrication technologies should be capable of creating a wide array of different
micro/nano devices to be accepted as a standard alternative to traditional cleanroom-
based micro/nano fabrication methods. The application of the proposed technology was
demonstrated by defining three levels of experiments. These levels were designed to
assess the comprehensiveness and responsiveness of the proposed method to the needs
of existing research fields. The performance of the fabricated devices was evaluated at

each level to cover various application domains in environmental monitoring and
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biomedical diagnostics utilizing conductometric, colorimetric, biochemical, and
chemoresistive detection principles. Devices with varying size of features, from

nanometers to centimeters, were fabricated and characterized.

3.2  Design of Experiments

Figure 3.1 shows three levels of experiments that were conducted to investigate and
reveal all aspects and capabilities of the proposed fabrication method. Level-1 (patterns)
was designed to ensure the performance of each component of a typical pPAD to
investigate the optimum conditions for fabrication. Level-2 (devices) was designed to
determine the fabrication ability of complex connecting devices, including, multi-layer and
3D devices. Level-3 (systems) was designed to demonstrate the applicability of this
technology to the fabrication of various sensors and systems with a variety of applications,

feature sizes, and different detection principles.
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Figure 3.1: Comprehensive experiments designed to investigate validity of

the proposed technology for a wide range of applications.

The performance of each element in a micro electro-mechanical system (MEMS)
fabricated by the proposed fabrication method was individually investigated through the
level | of experiments. Applicability of performing simultaneous and complex
measurements was demonstrated in the level Il by fabricating flexible connectors,
multilayer devices, and three dimensional (3D) components. The level Il of experiments
was designed to investigate the applicability of fabricating complex systems and sensors
in the most prevalent aspects of commercial sensors. Four various types of sensors in
the fields of environmental, biomedical, and industrial monitoring, were selected for this

purpose. The derivative fabrication techniques combining the proposed method with the
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known chemical/physical processes were demonstrated. Experiments were conducted at
controlled room temperature (21 °C) and were repeated three times to minimize errors —

the average results are reported.

3.3 Level | — Patterns

Utilizing unaltered office-grade equipment limits variable parameters to only heating
time and printing resolution. Heating time affects both steps; hence, it was inevitable to
investigate its impact individually. The metal leaf adhesion quality to the substrate was
investigated to evaluate this criterion for the first step. The contrast between hydrophobic
and hydrophilic regions was investigated to find out the optimum laminating time for the
wax transferring step. It was observed that a minimum of 10 seconds of thermal
laminating was necessary to completely transfer metal leaf to paper, cloth, and plastic
film, and exactly 5 seconds (sandwiched substrate configuration) was necessary to
transfer wax from commercial wax papers to the porous substrates. A negative effect on
the quality of the transferred wax was observed by increasing heating time. Also, 600 dpi
(dots per inch) minimum printing resolution was required to achieve interdigitated

electrodes (IDES) with a 200 pum feature size.

3.3.1 Electrical Characteristics

The electrical characteristics study was conducted to investigate repeatability. The
electrical resistance and its dependency on heating time, and the functionality of
electrodes were characterized during the metal transferring step. To maintain the low-
cost and investigate the possibility of using different leaves, in addition to the genuine
copper leaf, imitations of gold and silver leaves have been tested as well. The transfer of

14



different materials with various compositions is ultimately translated into the ability to build

sensors with different electronic specifications which result in different sensitivities.

Figure 3.2: Samples prepared for electrical characterization before and after
metal transferring step: (a) metal leaves; (b) repeatability study samples, and (c)
sheet resistance study samples.

Figure 3.2(a) shows three different metal leaves with a thickness of 4 ym that were
used for this study. The repeatability of the electrical performance of a transferred metal
leaf was measured to be 98 %. This value was calculated with repeated measurements
of electrical resistance of identical samples (10 cm length) made of different metal leaves,
figure 3.2(b). Four-point probe resistivity measurement was carried out to determine the
resistivity of square shape samples, figure 3.2(c).

The sheet resistance of samples (1 cm?) before and after transferring on the paper
substrate was measured (table 3.1). A slight increase in sheet resistance due to sheet
curvature was observed after transferring metals on filter paper. No dependency between

electrical resistance and heating time was observed.
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Table 3.1: Sheet resistance before and after metal transferring step.

Sheet Resistance | Sheet Resistance
Type Not Transferred Transferred
Metals (mQ sq~!) | Metals (mQ sq™1)
Genuine copper 43 + 2 48 + 2
samples
Silver imitation 5742 62+ 2
samples
Gold imitation 72 +3 80 + 3
samples

Figure 3.3(a) shows a fully hydrophobized paper-based sensor made of filter paper

that was used for electrode functionality study. To obtain various levels of ions in an

aqueous solution, different concentrations of sodium chloride (NaCl) solutions (5 mM-150

mM) were prepared by dissolving NaCl in deionized (DI) water. Figure 3.3(b) shows the

fully hydrophobized sample’s measured electrical resistance using identical IDEs with 350

pm gap size. A decrease in the impedance readout of the IDEs with increasing

concentrations was observed — with a 3.1% variation in the electrical resistance

measurements.
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140

160

Figure 3.3:
electrode performance study results in the form of electrical resistance changes as
a function of NaCl concentration.
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3.3.2 Fluidic Characteristics

A fluidic characteristics study was conducted to investigate possible changes in the
physical properties of cellulose fibers during the metal transferring step, which may cause
variation in governing behaviors for capillary flow in pPADs. The presence of wax, a
wicking substrate, direct contact at high temperatures, and the toner’'s components can
be factors that cause such changes. A closer look at the laserjet toner components
reveals the presence of polystyrene, polypropylene (pp) wax, carbon, iron oxide, and
silicon dioxide. The pp wax is utilized to prevent polystyrene particles from sticking to
each other. This substance is capable of interfering with the transferred wax that was
used to define hydrophobic/hydrophilic contrast during heat treatment steps. Hence, it is
crucial to investigate the wicking of pp wax and its impact on cellulose fibers’ wettability
while forming electrodes at a higher temperature.

Two different samples with identical channels were prepared through wax
transferring on filter paper as follows: sample-1, as an analytical device with a 4-point
electrode detection system and printed border, and sample-2, as a plain sample without
any printed toner. Figure 3.4(a) shows sample-1 with a 32 mm length of channel and 2
mm width of the channel. Channel dimensions were selected based on the average
dimensions of common paper-based analytical devices. The location of the deionized (DI)
water meniscus overtime was used as the indicator to investigate the impact of pp wax
on the governing capillarity actions. A 240-fps camera mounted on top of a microscale
labeled lens is utilized to capture these data. Figure 3.4(b) shows the result of this study.
Insignificant changes in the fluid behavior of the channels were observed. This result can

demonstrate that no changes in capillary action/fluid behavior in analytical devices were
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made by the filter paper using the proposed method. Besides, the DI water contact angle
was studied. It was observed the contact angle was increased from 15.4° £ 1.4 (untreated
filter paper) to 128.4° + 1.0 (double-layer treated filter paper) during the lamination step.
Instability in contact angle is observed for the samples treated only with one layer of wax

paper.
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Figure 3.4: (a) 4-point electrodes paper-based analytical device utilized for

fluidic characteristics study and (b) meniscus location overtime measured in fluidic
characteristics study.

3.3.3 Mechanical Characteristics

A mechanical characteristics study was conducted to investigate mechanical
properties such as swelling effect, reliability, and flexibility of the fabricated
sensors/devices on different substrates. The fabrication of the electrodes on a thin film of
polymer prevented the electrodes from direct contact with the paper substrate and
subsequently the cellulose fibers. This mitigated the unwanted noise from the known
swelling phenomenon of paper-based sensors [78]. In addition, the utilization of fully

automated instruments (a craft cutting machine and a laserjet printer) reduces variability
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caused by human error for fabrication devices. The error of the utilized instruments has
been reported to be <5 % for features with > 200 um dimension, in previous studies [76,
79]. Hence, fabrication of sensors/devices with acceptable repeatability and performance
can be achieved consistently.

The flexibility study was conducted to explore the effect of bending on the electrode’s
response, the durability, and the maximum number of bending cycles before the sensor’s
failure. A cyclic bending test was performed to determine the number of bending cycles
before the failure of the sensor/device. In this test, the separation of the electrode from
the substrate or the termination of the electronic connection in the electrodes was
considered as a sign of the component failure. Identical electrodes made on different
materials (paper, fabric, and plastic film) were cyclically bent using a slider-crank
mechanism with a 1.5 mm radius in the smallest part. The allowable number of cycles for
electrodes fabricated on plastic film, paper, and cloth were measured at minimum 15,000,
12,000, and 10,000 cycles, respectively. The effect of bending on the electrode’s
response was investigated by monitoring the electrical resistance of the electrodes during
the bending process. Cyclic bending test indicates recovery of the initial response signal
upon shape restoration, figure 3.5(a). This demonstrates the high durability and
acceptable performance of the electrode’s signal during bending. A test of 10,000 cyclic
bends revealed fluctuation in relative resistance by about 7% for every 1,000 cycles,
figure 3.5(b). This amount of change in electrical resistance is similar to the previously
introduced highly conductive flexible nanocomposites [80]. In addition, doubling of the
electrical resistance of the electrodes was observed after ten thousand cycles. Similar

results were obtained for all studied substrates.
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Figure 3.5: (a) cyclic response of the electrodes during bending and (b)

fluctuation in the relative electrical resistance during 10,000 bending cycles.

34 Level Il = Devices

34.1 Flexible Connectors

Flexible connectors play a key role to demonstrate the capability to fabricate systems
by connecting individual components. Here, a print-and-transfer scotch tape method
using a plain cloth (to minimize transferring fibers of the support layer) as the support

layer was utilized to fabricate a flexible connector, figure 3.6.
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Figure 3.6: (a) Printed connector pattern on the cloth; (b) copper leaf
selectively transfers to the printed area; (c) stick-and-peel step by the scotch tape,
and (d) final thin film copper-made flexible connector on scotch tape.

3.4.2 Multilayer Devices

Multilayer devices could benefit from high detection efficiency, simultaneous
detection, minimized volume/weight required for sensors due to stacking the components
in a smaller space. Figure 3.7 shows the experimental configuration to investigate
electrodes and fluidic independence and performances of multilayer devices. Two
identical pPADs, with color indicator bars, were connected back-to-back together via a
double-sided tape. In addition, PBS, flexible connector, and commercial multimeters were
used for this study. Color indicators with different dyes were used to evaluate the
penetration of liquids between layers. The non-interrupted performance of electrodes in
the multilayer configuration was successfully observed through electrical resistance
changes before and after dropping the solution (on each layer). Also, no dye leakage

overtime was observed that can demonstrate a suitable fluidic performance of multilayer
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configurations. No-interference of different layers’ functionality in both impedance and

colorimetry studies was observed. The same results for samples with more than two-

layers were obtained.

Figure 3.7: Experimental results of a multilayer paper-based analytical
device, figures are in order of experimental setup, electrical resistance change of
top layer, electrical resistance change of both layers, flexible connections on top
layer, flexible connections on bottom layer, and transferred wax quality indicator.

3.4.3 3D Devices

Origami method was used recently to create three dimensional (3D) analytical
devices by folding a single sheet of paper [81]. Such devices uniquely provide different
controllable reaction zones with completely separate electrical and fluid components that
can result in complex devices for simultaneous measurements [82]. The proposed
method is capable of fabricating such 3D devices as well. Figure 3.8(a) shows a foldable
3D device that was prepared by transferring wax by a thermal laminator and was cut by
a craft cutter machine. This chip was sandwiched between two transparent acrylic sheets

with five holes by two paper clamps, figure 3.8(b). To investigate the performance and
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quality of hydrophobic borders and wax transferring step, the ability of this 3D chip for
penetrating a dyed sample solution through different layers was studied. Four different
colors were drop-casted in the side confinement areas of the 3D disposable device to
investigate and demonstrate the ability to transfer and selectively move fluids (reagents)
between different layers. To complete this study and investigate the impermeability of the
fluid to other parts, the fluorescent dye that has a higher penetration power than other
fluids was drop-casted in the central hole, figure 3.8(c). Color indicators successfully were
confined when folded and showed 90° clockwise rotation when unfolded, without any
leakage through the first and subsequent layers, figure 3.8(d). The leakage of fluorescent
dye was investigated under UV lamp as a supplementary experiment. No observable

leakage from both regular and fluorescent dyes was found.
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Figure 3.8: Experimental results of a 3D analytical device, figures, in order,
are the wax transferred unfolded 3D device, dyed solution dropped on the folded
device, color indicators rotated (90°) from the 1st layer to the 5th layer, and
fluorescent dye studied under UV radiation.

3.5 Level lll - Systems

The last level of experiments was designed to investigate the applicability of
fabricating complex systems and sensors in the most prevalent aspects of commercial
sensors. Four various types of sensors in the fields of environmental, biomedical, and
industrial monitoring, were selected for this purpose. The derivative fabrication techniques
combining the proposed method with the known chemical/physical processes were

demonstrated.
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3.5.1 Leakage Sensors

Monitoring and detecting a leakage is one of the key parameters to prevent pressure
drop in the fluid transfer process. Leakage sensors have a wide range of applications in
various industries such as medical sciences, oil drilling, mining, and water piping [83, 84].
Manufacturing a low-cost, on-demand, and disposable leakage sensor is quite desirable.
Figure 3.9 shows an inexpensive paper-based one-dimensional leakage sensor to
investigate the validity of the fabrication method for the environmental sensor application.
Colorimetry and impedance changes were used as detection parameters in this sensor.
Four tiny holes were made deliberately on a commercial PVC pipe to indicate leaks in
different locations. The leakage sensor consisted of four separate zones (work as parallel
resistances) that were created on a piece of office-grade paper by metal and wax transfer,
respectively. Each zone consisted of two electrodes with a small gap in between. The
edges on the sensor's back-side were covered with a water-based acrylic paste and dried
at room temperature to be attached to the surface of the pipe. For colorimetry and
impedance studies, solutions with different colors were prepared by mixing food dye in
tap water.

To demonstrate leaks in the pipe artificially, syringes with tubes were used. Leakage
of water into each hydrophilic zone causes changes in electrical impedance, in which
each zone works as a resistor. The zones were arranged in a similar configuration of
identical parallel resistors to identify the number of leaks on a pipe. Finite values of
electrical impedance could be observed after the first leakage and constantly measured

. . : : : Ry R
via a multimeter. This value decreased intermittently as the leak progresses (R, 70 ?0
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R . .
:0). The same leakage progress was confirmed through the color changes as shown in

figure 3.9. Additionally, these results confirm the ability to build two-dimensional paper-
based leakage sensors capable of covering pipes entirely. Leakages in pipes cause

changes in the read overall electrical resistance of the sensor (using a wireless readout),

and based on this, the location and size of the crack can be detected approximately.

Figure 3.9: Experimental results of a paper-based leakage sensor and the
experimental configuration with colorimetry and impedance detection.

3.5.2 Heavy Metal Sensors

Pollution in water resources typically occurs naturally (through soil erosion) and
unnaturally (through mining and industrial activities) [25, 85]. This phenomenon causes
irreparable health problems and numerous environmental difficulties [26]. Among
common water pollutants, cobalt (Il) recently gained notoriety for the wide-spread
exploitation of this element to satisfy a high demand for electric vehicle batteries [26]. An
inexpensive paper-based sensor with colorimetric detection using the proposed

fabrication method was designed and fabricated for cobalt (1) detection.
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Figure 3.10 shows the fabrication and operation steps of this cobalt (II) sensor. A
confinement area for drop-casting was defined by printing toner via a laserjet printer
followed by wax transferring to define the hydrophobic region on a filter paper that was
previously cut via a craft cutter machine. (3-aminopropyl) triethoxysilane (APTES) was
drop-casted in the confined areas and was kept in a sealed environment until the

experiment.
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Figure 3.10: Fabrication and operation steps of a colorimetric sensor to detect
cobalt (1), the steps in order are paper cutting, pattern printing and wax
transferring, APTES drop-casting, sealing, water pouring, and observing the color
change.

Researchers have previously reported color changes of aqueous solutions
containing heavy metals in contact with APTES [86]. These color changes are caused by
the localized surface plasmon resonance (LSPR) phenomenon [3, 87]. In fact, amine
groups of APTES drop-casted in the paper-based device have high affinity to bivalent
cobalt ions [3, 87]. It can form a metal-amine complex, and consequently the cobalt
nanoparticles by self-seed generation with silanization [3, 87]. The nanoparticles formed
have LSPR properties, which can be used for colorimetric detection of the target ion
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without necessity to immobilize the target on supporting material, unlike the common
methods introduced earlier [3, 87]. This color change is unique and varies depending on
the contaminant [86]. Good selectivity of APTES for detection of cobalt (Il) has been
reported [86]. Adding contaminated water to the detection zone led to a color change
within a few seconds where the intensity of the observed color change represents
different concentrations of the pollutant.

Various concentrations of cobalt (ll) solutions (5-1500 ppm) were prepared by
dissolving cobalt sulfate in distilled water. High concentrations of spiked cobalt (II)
samples were intentionally used for the initial validation in this study. A commercial
smartphone (iPhone X) was used to take photos and open-source software (ImageJ) was
utilized to process captured images and analyze data. Normalizing of the captured
images was performed to remove ambient noises and swelling effect, by considering the
brightest and darkest spots as the pure white and black, respectively, in each photo.
Figure 3.11 shows the paper-based sensor utilized to detect cobalt (II) in the aqueous
phase and the colorimetric changes (color code) of the detection region as a function of
the pollutant concentration. The color code is a unique number that is assigned to each
specific color during image processing. This number was obtained by analyzing the
detection zone through RGB color model via ImageJ software. Linear behavior in the
sensor response was observed in the concentrations of 5-150 ppm and 200-1500 ppm.
The minimum detectable concentration of cobalt (II) was 5 ppm in the presented

colorimetry sensor.
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Figure 3.11: Sensors’ responses of a colorimetric sensor for cobalt (1)

detection, color code as a function of pollutant concentration in water.

3.5.3 Glucose Sensors

Nowadays, about 18% of the worldwide population suffers from diabetes [88].
Patients with this disease sometimes have to measure their blood sugar up to 5 times a
day, which indicates the need for inexpensive and affordable devices [88, 89]. The
requirement for test strips and dependency on centralized manufacturing of such devices
can be considered a drawback. Figure 3.12 demonstrates the fabrication and operation

steps of an on-demand paper-based glucose assay.
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Figure 3.12: Fabrication and operation steps of a glucose disposable assay,
the steps in order are paper cutting, pattern printing, leaf transferring, wax
transferring, GOx drop-casting, sensor sealing, and glucose concentration
measuring.

A filter paper was cut by a craft cutter machine followed by electrode pattern printing.
Electrodes and confinement regions were formed by transferring copper leaf and wax,
respectively. Two drops of 100 kU/L glucose oxidase (GOx) were drop-casted in the
confinement zone, and the finalized analytical device was sealed and stored at a
refrigerator (4 °C) prior to the experiment. GOx is a well-known standard enzyme utilized
to detect glucose in enzymatic biosensors [90]. High selectivity of GOx for this purpose
has been reported [90, 91]. The completed device was utilized to measure glucose
concentration by measuring the impedance change after dropping the sample using a

source meter. The impedance change was caused due to the formation of gluconate ions
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that were produced by the gluconic acid in an aqueous solution at neutral pH [92]. This
organic component and hydrogen peroxide were produced by oxidizing glucose in the
presence of glucose oxidase [93]:

D-Glucose + H20 + O Glucose Oxidase » D-Gluconic Acid + H202

Various concentrations of glucose aqueous solution in the range of 1-150 mg/dL
were prepared by dissolving D-glucose in distilled water, which is similar to the range of
human blood glucose level. The sensor’s electrical resistance was measured in specific
time intervals (1-, 2-, 3-, and 4-minutes) after dropping the solution on the measurement
zone. The time intervals between placing the solution and measuring the resistances
were determined considering the time required for the reaction to reach completion and
form gluconic acid. Inconsistencies were observed in sensor responses before 2-minutes,
which is approximately the time required to complete the formation of gluconate ions and
after 3-minutes, due to the initialization of surface evaporation from cellulose fibers.
Figure 16 demonstrates the sensor’s normalized response with an interdigitated electrode

structure with 1.4 mm fingers length and 350 um gaps width.
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Figure 3.13: Sensors” responses of a glucose disposable assays measured

after 2 and 3 minutes of placing glucose samples.

This sensor was capable of measuring the concentration of glucose in the
predetermined concentration range with less than 3% error on average. Linear behavior
in the sensor response was observed in the ranges of 5-50 mg/dL and 75-150 mg/dL.
The presented biosensor showed a detection limit of 1 mg/dL in glucose detection. The

sensor performance was in line with previously reported enzymatic studies [91].

3.54 Gas Sensors

Gas sensors are critical components in the modern world with a broad range of
applications in environmental sciences, indoor/outdoor air quality monitoring,
healthcare/biological testing, oil refining, etc. [94] Among different gases, volatile organic
compounds (VOCSs) are a popular target due to their abundance in the environment and
frequently encountered in many human activities [95]. Gas sensors can be classified into
different categories, such as electrochemical, infrared absorption, solid electrolyte, metal

oxide semiconductor (MOS), catalytic combustion, and thermal conductive sensors [96].
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MOS gas sensors are widely used due to their high sensitivity and selectivity, low material
cost, and easy fabrication process [97]. Electrical resistance change due to
adsorption/desorption of oxygen on the metal oxide surface in contact with the gas is the
working principle of MOS gas sensors [98]. Zinc, copper, tin, indium, cerium oxides are
the most common metal oxides that are used to fabricate MOS gas sensors [99].

To show the applicability of the proposed method to fabricate micro/nanometer
feature sized sensors, a flexible gas sensor with confined interdigitated electrodes (125
pm electrode gap size) and a nanostructured sensing layer and was designed, fabricated,
and tested. Figure 3.14 shows the fabrication steps of this flexible copper oxide gas

sensor to monitor the concentration of VOC gases.
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Figure 3.14: a VOC flexible gas sensor, the steps in order are plastic cutting,
base printing, copper transferring, IDEs pattern printing, pad/electrodes covering,
copper etching, Shipley removing, and copper oxidizing.
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An office-grade transparency printable film was completely covered with toner
through a printing step followed by a thermal lamination step to transfer copper leaf on
top of it. The transferred copper then was treated by an atmospheric plasma surface
treater for 30 seconds to clean out the organic pollutants and improve the printing quality
on top of copper. This was followed by the sensor pattern printing step using the laserjet
printer. The device was washed with 4 M hydrochloric acid (HCI) and rinsed with DI water
to remove the copper oxide layer on top of the copper leaf. Connection pads and
electrodes were manually covered with a few drops of a positive photoresist (S1813) and
dried at room temperature. The difference in the contact angle of the photoresist on top
of the toner and the copper leaf prevents the droplets from spreading to other parts. The
copper etchant solution was used to dissolve the copper residues within 5 seconds,
followed by washing off the photoresist and the sensor with acetone and DI water. Finally,
a nanostructured copper oxide layer, used as the sensing material, was grown at room
temperature in the gap between electrodes over the transferred copper layer by soaking
the electrodes in a solution of 1 M sodium hydroxide and 35 mM ammonium persulfate,
following oxidation reaction, for a certain time duration [26]:

Cu + 4NaOH + (NH4)2S20s » CuO + 2Na2S04 + 2NH40OH + H20

The minimum required time to fully oxidize the copper leaf under this chemical
reaction was measured to be 45 minutes. Various oxidation duration times (45 minutes,
60 minutes, 90 minutes, and 120 minutes) were utilized to form different nanostructured
morphologies. The sensing performance was investigated by repeated exposure to 250

ppm ethanol vapor, at room temperature and atmospheric pressure, figure 3.15. Different
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oxidation times, respectively, resulted in single-nanowires, binary-nanowires, multiple-

nanowires, and nanoflowers, figure 3.16.
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Figure 3.15: Sensors’ responses of a VOC flexible gas sensors, electrical

resistance changes by repeated exposure to 250 ppm ethanol vapor, with different
copper oxide nanostructured morphologies, fabricated under: 45 minutes, 60
minutes, 90 minutes, and 120 minutes oxidation times.

The response times (tresponse, 90%) Were measured, respectively, tobe 8 s, 9 s, 10 s,

and 11 s. The recovery times (trecovery, 90%) Were measured, respectively, 10 s, 11 s, 13 s,

and 14 s. The sensors” sensitivities (S = @ %X 100) were calculated, to be 50 %, 70

%, 85 %, 60 %, respectively. The obtained response/recovery times are faster than both
microstructured CuO gas sensors that operate at higher temperature (=400 °C) and room
temperature nanostructured CuO gas sensors [100, 101]. The highest sensitivity of 85 %
was observed in the sensor with a multiple-nanowire sensing layer, which is a slightly
better sensing performance in comparison with previously reported CuO flexible gas
sensors fabricated through the inkjet printing method [101]. Although higher sensitivities

and similar response/recovery times have been reported in some of nanostructured CuO
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gas sensors, their values were measured at elevated temperatures (above 200 °C) [100,
102]. The sensitivity was not improved any further beyond the 90 minutes oxidation time.
This can be explained by the reduced number of active sites due to the decreasing

surface to volume ratio of nanostructured copper oxide.

Figure 3.16: SEM images of copper oxide nanostructured morphologies after:
(a) 15 minutes; (b) 120 minutes; (c) 180 minutes, and (d) 240 minutes.

The gas concentration used in this study was selected only for validation; however,
different intensities in response to various concentrations of ethanol were observed. The
detection limit and selectivity of this sensor were not studied; however, the detection limit
and high selectivity of nanostructured CuO to VOCs with similar morphologies have been
reported [102, 103]. The proposed sensor was capable of sensing ethanol vapor with high

sensitivity at low operating temperature.
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3.6 Summary

A decentralized production routine based on office-grade equipment to fabricate
disposable sensors/devices on flexible substrates (i.e., paper, cloth, and plastic) was
proposed. Functional units ranging from several nanometers to several centimeters can
be fabricated by the proposed method. The fabrication of a typical sensor by this method
mostly requires two major steps (wax and metal transferring) to define
hydrophobic/hydrophilic contrast and form electrodes. The minimum channel width
achieved in the wax transferring step and the minimum feature size in direct metal
transferring were 200 um, defined by the resolution of cutting or printing rendered by the
office equipment. The minimum achievable gap size in IDEs was 100 um, and the
smallest feature of nanorods synthesized by a subsequent oxidation step was 80-10 nm
diameter. The time duration to fabricate the components presented in this study
(excluding the oxidation step for the gas sensor) varies between 1 and 3 minutes. The
proposed method can be compared with other previously introduced methods from the
perspective of, (1) electrode fabrication, and (2) hydrophobic/hydrophilic definition.

Researchers reported five prevalent techniques to fabricate electrodes on flexible
substrates, including, screen printing, stencil printing, inkjet printing, micro-wire
placement, and pen-on-paper [53]. Compared to these methods, the presented electrode
fabrication step (metal transferring) has the following advantages: (1) lower cost [45, 46,
48-52, 55]; (2) simpler and faster steps [45, 46, 48-52, 55]; (3) better reproducibility [47,
54]; (4) ease of scale-up [47, 50, 54, 55]; (5) better consistency in electrode conductivity
[45, 47, 49, 51, 52, 54]; (6) better stability under varying temperature and humidity

conditions [45, 46, 48, 49, 51, 52]; (7) no substrate deformation (for paper-based devices)
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due to soaking in chemical solutions [45, 46, 48, 49, 51, 52]; (8) compatibility with a wider
range of chemicals due to the presence of a polymer sub-layer [47, 51, 52, 54], and (9)
no need for customized equipment [45, 46, 48, 49, 51, 52].. A detailed comparison with
previous methods is presented in table 3.2.

Table 3.2: Benefits of the proposed fabrication method compared to previously
introduced methods to fabricate electrodes on flexible substrates

Advantages Compared to

Screen printing, Stencil printing, Inkjet printing, Micro-
wire placement

Screen printing, Stencil printing, Inkjet printing, Micro-
wire placement

Lower cost

Simpler and faster steps

Better reproducibility Pen-on-paper (POP)

Easier to scale-up Pen-on-paper (POP), Micro-wire placement
Better consistency Pen-on-paper (POP), Inkjet printing
Better stability Screen printing, Inkjet printing, Stencil printing
No substrate deformation Screen printing, Stencil printing, Inkjet printing

Wider range of chemical
compatibility

No need for customized
equipment

Pen-on-paper (POP), Inkjet printing

Screen printing, Stencil printing, Inkjet printing

Sixteen prevalent techniques in two categories (physical and chemical) were
reported by researchers to selectively define hydrophobic/hydrophilic regions, including,
wax patterning, flexographic printing, wax-screen printing, polydimethyl-siloxane (PDMS),
ink stamping, subtractive laser treatment, inkjet etching, lacquer spraying,
photolithography, chemical vapor deposition, plasma treatment, hand-held corona
treatment, silane/UV-Os patterning, paper cutting and shaping, inkjet printing, and wet

etching [69, 74, 75]. Compared to these techniques, the presented single-step
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hydrophobic/hydrophilic contrast definition step (wax transferring) has the following
advantages: (1) less number of manufacturing steps [56-67]; (2) no need for preparation
of a medium layer [57, 67]; (3) faster hydrophobic/hydrophilic contrast definition (< 1
minute) [56-58, 60-67, 72]; (4) no need of customized specialty equipment and masks or
modified printers [59, 60, 62, 64-66, 68, 70-73]; (5) compatibility with a wider range of
substrates due to the use of lower temperature (< 110 °C) and faster heating time (< 25
seconds) [56, 73]; (6) higher repeatability, reliability, and controllability due to direct
conversion of patterns from a digital file to a physical pattern and minimized manual steps
[64, 66, 72]; (7) better flexibility [73], and (8) no need for further chemical treatment steps

[56, 60, 65, 66, 70]. A detailed comparison with previous methods is presented in table 3.
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Table 3.3: Benefits of the proposed fabrication method compared to previously
introduced methods of hydrophobic/hydrophilic region definition

Advantages Compared to

Wax patterning, Inkjet etching, Inkjet
printing, Flexographic printing, Laser
printing, Chemical vapor deposition,
Plasma treatment, Hand-held corona
treatment, Paper cutting and shaping,
Wet etching, Polydimethyl-siloxane
(PDMS) printing, silane/UV-0O3
patterning
No need for a medium layer Wax patterning, Wet etching
Wax patterning, Inkjet etching, Inkjet
printing, Flexographic printing, Wax-
screen printing, Laser printing, Chemical
vapor deposition, Hand-held corona
treatment, Paper cutting and shaping,
Wet etching, Polydimethyl-siloxane
(PDMS) printing, silane/UV-0O3
patterning
Inkjet etching, Inkjet printing,
Flexographic printing, Wax-screen
printing, Ink stamping, Subtractive laser
treatment, Lacquer spraying,
photolithography, Plasma treatment,
Hand-held corona treatment, silane/UV-
O3 patterning

Less fabrication steps

Faster manufacturing time

No need for customized specialty
equipment and mask

Compatibility with wider range of Photolithography, Laser printing

substrates

Better repeatability, reliability, and Inkjet etching, Wax-screen printing,
controllability Hand-held corona treatment
Better flexibility Photolithography

Inkjet etching, Inkjet printing, Ink
stamping, Laser printing, silane/UV-03
patterning

No need for further chemical treatment
steps

The proposed fabrication method is suitable for rapid prototyping devices,
customized sensors, and scaled-up production. Fabrication costs of the presented
devices in this study are just a few cents and initial equipment cost is minimal (< $250)

since the listed office equipment is widely available as consumer products. In comparison
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to 3D printing, a well-known decentralized fabrication method, this method may seem to
require more equipment and steps; however, the equipment and supplies required for this
method are far more accessible and much cheaper in terms of capital investment to
acquire. Additionally, this method is more agile and adaptable in terms of the raw
materials used and allows the user to choose from a wider range of easily accessible
materials such as paper, cloth, metal sheets, and plastic films while also being robust and
flexible in terms of the steps taken to fabricate the sensor/device. For example, the
lamination step can be carried out using the thermal fuser of a laserjet printer rather than
a laminator, and the cutting step can be carried out manually in place of a craft cutter.
This flexibility also provides the user an advantage of creating sensors/devices
customized to their individual needs cheaply and promptly.

Regarding the presence of silica, iron oxide, and PP wax in the printer toner [76,
104], no adverse effect was observed on the sensor’s performance. Iron oxide remains
within the printer cartridge after printing and silica is a chemically stable material, while
the PP wax does not permeate the paper substrate laterally beyond the pre-cut boundary
during the heating/lamination process at the given condition due to relatively low
temperature. Additionally, utilizing polyester makes the fabricated components
compatible with a wide range of detection experiments due to its physical robustness and
chemical stability. Even though this study only presented sensors dependent on varying
electrical resistance, fabrication of components that rely on other working principles, such

as electrochemical sensors, is also feasible.
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CHAPTER 4: NANO-SORBENT DEVICE FABRICATION

Some of the materials used in this chapter have been previously published by IEEE:

A. Bamshad and H. J. Cho, "Digital microfabrication on paper and cloth For heavy
metal detection and remediation.” 2019 20th International Conference on Solid-State
Sensors, Actuators and Microsystems & Eurosensors XXXIII (TRANSDUCERS &

EUROSENSORS XXXIII). IEEE, 2019.

4.1 Introduction

In this chapter, the introduced method of fabrication devices is utilized to fabricate a
nano absorbent cloth for removal of arsenic to explore the environmental applications of
this method. For this purpose, a novel cloth-based DIY nano-sorbent filtration system to
effectively remove As(lll) from As-embedded wastewater was designed, fabricated, and
studied. Cloth as a cheap, flexible, and porous material that is widely available all over
the world is an excellent candidate to make such DIY water filtration systems. Adsorption
as the removal mechanism and CuO nanostructures as the sorbent are utilized in filter
layers. The CuO nanostructures were chemically grown on top of the transferred
commercial copper leaf. A thin layer of polystyrene was used as the intermediate layer to
transfer the copper leaf to cloth, due to its stability in contact with a wide range of
chemicals. Simplicity, lower cost, faster filtration, and no power requirements are the main
advantages of the proposed arsenic removal system compared to previous studies.

Arsenic is abundantly available in the earth’s crust [25, 105]. This element has a

wide range of applications in the electronic industry, metal manufacturing, and agriculture
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[25, 105]. Despite its industrial benefits, the toxicity to the human body of this metalloid
element is well-documented [25]. Various human health problems such as cancer, skin
lesions, and discoloration, carcinogenesis, kidney diseases, diabetes, and intestinal
maladies have been reported as a result of long-term exposure to this heavy metal [25,
105-108]. Human exposure to this element mostly occurs through ingestion, although the
other types of exposure, including inhalation and dermal absorption, were also reported
[109]. Natural and anthropogenic activities are the main sources of this element in
groundwaters [25, 105]. Dissolved inorganic arsenic in groundwater, consequently
ingested by drinking or using the contaminated water is a serious problem, which can put

the health of hundreds of millions of people at risk in developing countries [25, 106, 110].

Different arsenic removal techniques to remediate this pollutant from water
resources and supplies have been studied by many researchers, such as adsorption
using activated materials, coagulation, precipitation, nanofiltration, oxidation, reverse
osmosis, and ion-exchange [111-114]. Among the prevalent arsenic removal techniques,
adsorption is a popular method due to its simplicity and relatively low cost [107, 115].
Utilizing metal oxide nanostructures as nano-sorbents to remediate arsenic has been
recently proposed [116, 117]. Its main advantages include high removal efficiency, rapid
removal process, low fabrication cost originated from a large surface area compared to
other techniques [115]. Iron, titanium, zirconium, and copper oxides (CuO) are the most
common materials employed for this purpose [25]. CuO has been selected among these
materials for this study due to its unique features. CuO can be made to produce a larger
surface area and a higher number of active sites for the adsorption of arsenic [118]. In

addition, copper is an inexpensive metal that is easily commercially available in the form
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of a leaf. Transferring such copper leaf on flexible substrates and growing CuO
nanostructure were demonstrated just by using a set of office equipment in our previous
work [26, 119]. A filtration system can be made by the proposed method without incurring

a high equipment cost.

The most prevalent forms of arsenic that exist in water are As(lIl) (known as arsenite)
and As(V) (known as arsenate) [105, 107]. Arsenite, which is the predominant form of
arsenic in drinking water, is generally uncharged; thus, it is more mobilized and harder to
remove from water. It has also been reported to be about 25-60 times more toxic than
arsenate to the human body [109, 120, 121]. Typically, a pre-treatment oxidation process
to convert arsenite to arsenate is required before removing this pollutant from water in
most of the filtering technologies [25]. Although, a few different methods independent of
the pre-treatment step were already introduced; these techniques still require other extra
steps [105, 106, 109, 118]. Dependence on expensive equipment such as furnaces,
centrifuges, and vacuum pumps. as well as the requirement of complicated, additional
steps are the major barriers to on-site applications, especially for resource-limited areas
where residents are truly impacted by the exposure to these harmful substances [105-

107, 109, 118, 120].

The World Health Organization (WHO) recommends 10 mg L of arsenic as the
permissible limit in drinking water [25, 105, 106, 122]. Given the fact that most developing
countries are struggling with this problem in their groundwater supplies (up to 100 mg L-
1), a simple, affordable, robust, one-step, environmentally friendly technology with no
power requirement for arsenic removal to bring it down to less than 10 mg L has great
importance for the affected communities. The concept of DIY to make simple devices has
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been introduced already. Although industrial-scale water filtration systems are utilized in
developed countries. The impoverished communities cannot afford such systems. Hence,
decentralized DIY manufacturing methods can be an efficient and feasible solution to

address the polluted water problem in the affected regions.

4.2  Material Synthesis

The cloth-based nano-sorbent devices were made by a two-step — pattern transfer
and oxidation — fabrication technique, figure 4.1. A laser-jet printer was used to print out
the filter patterns — designed by a CAD software — on cloth as shown in figure 4.1(a-b).
During the metal transferring step, a thermal laminator was utilized for embedding toner
particles into a fibrous matrix, which works as binding materials for selectively transferring
the copper leaf sheet to the printed area. Finally, to emerge the final sorbent patterns as
shown in figure 4.1(c), a brush was used to wipe out the surface and removing the residue
of the copper leaf; the copper leaf was used to cover the printed area before the
lamination step. Subsequently, a craft cutting machine was used to cut sorbent layers,
figure 4.1(d). Before growing CuO nanostructures, a typical cleaning protocol to remove
dust, impurities, and native CuO was used. For this purpose, the sorbent layers were
washed with ethanol, rinsed with deionized water, washed with 2 M hydrochloric acid,
and again rinsed with deionized water, respectively. Eventually, as illustrated in figure
4.1(e), the nanostructured CuO was grown at room temperature over the transferred

copper layer by the following oxidation reaction [26, 123]:

Cu + 4NaOH + (NH,),S,03 - Cu0 + 2Na,SO, + 2NH,0H + H,0
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To obtain different morphological shapes, the sorbent layers were soaked in a stock
solution of 1 M sodium hydroxide and 35 mM ammonium persulfate for oxidation times
ranging from 15 to 120 minutes. To have a uniform fluid flow and increase contact time
during the filtration process, three different grades of filter paper (number 3, 1, 4,
respectively) were used on top of the nanostructured CuO absorbent layers, figure 4.1(f);
water-based acrylic paste was used to attach the layers. The uniform fluid flow could be

formed through the constructed multiple layers, which have complementary patterns as

shown in figure 4.1(Qg).

(@) (b) (c)
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Printing ® © Transferring. < @& _ @&
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Assembling > Oxidizing < >
:

Complementary
pattern

Figure 4.1: Fabrication steps of a nanostructured copper oxide double-layer
filter on cloth for arsenic removal: (a-c) printing pattern and copper transferring; (d-
f) cutting, oxidizing, and stacking filter layers, and (g) Complementary patterns

used to cover the surface.
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4.3 Design of Experiments

The arsenic adsorption mechanism was studied through XPS (Thermo Scientific
ESCALAB Xl+, USA) analysis. The batch experiment and kinetic studies were conducted
to study the optimum CuO morphology, maximum adsorption capacity, kinetic modeling,
and development of adsorption isotherms. Distilled water was spiked with As(l1l) standard
solution to obtain 50 pg/L, 500 pg/L, and 1,100 ug/L arsenic-spiked water samples for the
experiments. These concentrations represent samples of water with low, moderate, and
high concentrations of pollutants, respectively. As(ll) is the most dominant form of arsenic
[107, 124]; it has a lower affinity for the surfaces of the various adsorbents and was
employed in the studies due to its higher toxicity when compared to As (V) [125]. All the
stock solutions were prepared under constant pH level. Also, the effect of different pH
values (3 to 8) and competing anions on arsenic adsorption were investigated. All the
experiments were conducted in triplicate at controlled room temperature (21 °C).
Additionally, new materials and filters were used for each experiment. Blank experiments
were conducted alongside all experiments to remove potential error sources.

Figure 4.2 shows the experimental setup used for the batch experiment and kinetic
studies. Two complimentary cloth-based sorbent layers, three layers of filter paper, one
layer of glass microfiber filter, two PVC unions (as supporting stand for filter layers), and
one PVC pipe were used to complete this system. This system works with gravitational
force and does not require auxiliary equipment and electricity, which can make it an
appropriate remediation tool for resource-limited regions. The passage of the
contaminated water through this connection, with multi-layer construction, is shown in

figure 4.2. This system consisted of three major processing units, arsenic removal by CuO

47



nanostructures, CuO removal by silicon dioxide (SiO2z), and SiO2 particle captured by a
glass microfiber filter, respectively. SiO2 has been used due to its ability to remove copper
nanoparticles [105, 106]. A water-based acrylic paste was used to attach layers; also,

plastic O-rings were used to seal PVC unions.

Polluted
Water
Filter Paper #4
Filter Paper #1
Filter Paper #3

CuO Cloth Filter L1

0N

CuO Cloth Filter L2

Sio,

Glass Microfiber Filter
Filtered
Water
Figure 4.2: Schematic image of arsenic remediation system used; PVC

unions, pipe, silicon dioxide, filter papers, cloth-based sorbent layers, and glass
microfiber filter are shown.

4.4  Adsorption Mechanism

The XPS analysis was conducted on the surface of the copper leaf after the oxidation
step. It investigates the presence of grown copper oxide, the chemical state of elements,
and the adsorption mechanism of arsenic. This analysis was performed on five different
samples. Figure 4.3 shows XPS surveys of the grown CuO on the top of a cloth filter layer

(90 minutes oxidation duration), before and after passing the As(lll) polluted water
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through. The samples were rinsed with distilled water before XPS analysis to wash out
unattached chemicals. The XPS survey scan reveals the presence of oxygen and copper
on the adsorbent layer. Additionally, the presence of arsenic was confirmed by observing
the peaks of this element (As 3d, As 3p, As 3s, As LMM, and As 2pi2) on the adsorbent
surface after polluted water passage. This confirms the adsorption of arsenic on the

grown metal oxide on top of the cloth.
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Figure 4.3: XPS survey scan of the surface of nano-sorbent filters before and
after the pollutant adsorption.

Figure 4.4 shows the spectra for the Cu 2p region core levels and shake-up
satellites. It shows the main peaks of Cu 2ps;z and Cu 2pa2 appear around 934.4 eV and
954.0 eV, respectively, which are associated with Cu?* species. The other peaks for the
core levels are observed around 932.8 eV and 952.6 eV, which are assigned to Cu*

species.
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Figure 4.4: High-resolution spectra of the grown copper oxide
nanostructures.

Figure 4.5 shows the fitted spectra for the O1s; two peaks at 530.2 eV and 531.4 eV
are respectively assigned to CuO and Cu20 species. The obtained peak level confirms
the presence of CuO as the main compound after oxidation. The reduction of CuO to
Cu20 can explain the presence of Cu* (cuprous oxide) in this analysis. However, further

investigation on arsenic spectra is required to validate this assumption.
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Figure 4.5: High-resolution spectra of oxygen on the grown copper oxide
nanostructures after adsorption of As(lll).

Figure 4.6 shows the spectra for the As 3d. This spectrum exhibits two peaks at 43.5
eV and 44.2 eV, which are assigned to As(lll) and As(V), respectively. The presence of
As(V) while As(lll) was the only form of the pollutant in the aqueous solution concludes
the oxidation of As(lll) to As(v) on the surface of CuO. The oxidation occurred through
electron transfer near the surface of CuO before the adsorption. This electron transfer
ultimately results in the reduction of CuO to Cu20. Similar results have been reported in
many other studies [105, 126]. The adsorption of both forms of arsenic on the surface of
CuO nanostructures previously was reported [118]. Additionally, the presence of hydroxyl
groups on the surface of CuO explains the adsorption affinity for arsenic [107, 127].
Therefore, the adsorption of arsenic on the surface of CuO that is immobilized on the

fabric surface is the adsorption mechanism of the filter.

51



1400 . . . ‘

—— XPS Data
1300 - === Total Peak |-
------- Background
1200
As(V)
1100 - -
@
< 1000 - 1
o]
S 900 |
= As(Ill)
2 800 - 1
2
= 700 - -
600 - T
500 - 1
400 1 1 1 1 1
47 46 45 44 43 42 41
Binding Energy (eV)
Figure 4.6: High-resolution spectra of arsenic on the grown copper oxide

nanostructures after adsorption of As.

45 Morphological Study

The morphology study was conducted to investigate the morphological evolution of
CuO over prolonged oxidation time and its impact on arsenic removal efficiency. Various
CuO samples were prepared on cloth by increasing the duration of oxidation from 15
minutes to 120 minutes, figure 4.7. The progress of oxidation was indicated by color
changes from shining opaque red (15 minutes) to matte light green (30 minutes), matte
dark blue (45 minutes), and matte dark black (120 minutes) at room temperature

subsequently.
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Figure 4. 7: Color changes of transferred copper leaf on top of cloth after
oxidation for: (a) 15 minutes; (b) 30 minutes; (c) 45 minutes; (d) 60 minutes; (e) 90
minutes, and (f) 120 minutes.

The examination of synthesized CuO products by SEM (FEG-SEM, Zeiss Ultra-55,
Germany) shows nanowires with 80-100 nm diameters and 6 um length were obtained
during the early stages (15 minutes) of oxidation, figure 4.8(a). Increasing oxidation time
to 30-45 minutes results in forming bundles of nanowires of the same length, figure 4.8(b-
c). An increase in the density and length (=8-10 um) of the nanowires bundles was
observed by increasing the oxidation time to 60-90 minutes, figure 4.8(d-e). Finally, the
tip of some nanowires bundles has grown bigger and formed nanoflowers of 400-500 nm
diameter, figure 4.8(f). This phenomenon is accompanied by a decrease in the number
of smaller nanowires. Although the emergence of nanoflowers increases the surface area,
increasing the diameter of the nanowires can reduce the overall surface area and

subsequently active sites for adsorption of arsenic. The effect of this phenomenon was
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determined by examining the efficiency of arsenic removal. Increasing the oxidation time
to more than 120 minutes results in the emergence of nanoflakes (100 nm thickness —
750 nm length) and nanoflakes-flowers (2 um diameter) [119]. The low adhesion of these
nanostructures to the surface of the melted toner on top of the fabric, which is due to their

high weight, is the reason for not studying samples with an oxidation time higher than 120
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Figure 4.8: SEM images of different morphologies of nanostructured CuO
immobilized on cloth after oxidation for: (a) 15 minutes; (b) 30 minutes; (c) 45
minutes; (d) 60 minutes; (e) 90 minutes, and (f) 120 minutes.
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4.6 The Batch Adsorption Study

The removal efficiency of each morphology was individually investigated through the
batch adsorption experiment. For this purpose, 50 ml of polluted water with three different
concentrations of As(lll) solution were passed through the filtration system with various
oxidation times. Figure 4.9 shows the nano-sorbent filter layers with various oxidation
times that was used in this study. The concentration of arsenic was measured using ICP-

MS (Thermo Scientific ICAP Qc, USA) before and after the filtering process.

Figure 4.9: Filter ring patterns on cloth; images of top and bottom layers: (a-
b) after copper leaf transfer, and (c-d) after oxidation for 15 minutes.
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Figure 4. 10: The arsenic removal efficiency of the filter with different
nanostructure morphologies in contact with various concentrations of arsenic-
spiked water (a) 50 pg Lt; (b) 100 pg L1, and 500 pg L.

Figure 4.10 shows the removal efficiency for each level of concentrations versus
oxidation times. Similar removal performance in contact with various concentrations of
arsenic was observed. The best performance in arsenic removal was observed in the
filters created by the 90-minute oxidation process. The second-best performance was
observed in the filters created by the 60-minute oxidation process, which has similar
nanostructured CuO morphology. This agrees with the SEM morphological observations

that demonstrate the nanowire bundles possess the most active sites for adsorption.
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The utilized filtration system consists of different parts that could be a source of
interference in the adsorption of arsenic. These include cellulose fibers in the filter papers,
borosilicate fibers in the glass fiber filter, mixed cellulose/polymers fibers in the fabric,
polystyrene particles in the laserjet toner [26, 76, 119]. To validate the lack of interference
from the components other than the CuO in the adsorption of the arsenic blank
experiment was conducted. In the blank experiment, the amount of arsenic removed after
passing through the experimental setup without copper oxide was investigated. No
change in the arsenic level was observed, demonstrating that the adsorption mechanism

is solely dependent on the nanostructured CuO.

The possible breakage/detachment of CuO nanopatrticles with attached arsenic may
end up carrying arsenic into the filtered water, which causes a decrease in the arsenic
removal efficiency. To capture possibly detached nanoparticles, SiO2 was utilized after
the cloth filter layers. The ability of SiO2 to capture such nanoparticles already has been
reported [105, 106]. Additionally, this ability was utilized to confirm the source of the
detected arsenic after the second PVC union and was done by measuring the
concentration of copper in water before and after passing through the SiO2 layer. Traces
of copper were detected after the CuO cloth filters; however, no significant traces of
copper were observed after the SiO2. This shows the source of the detected arsenic at
the outlet was solely the unfiltered polluted water, which was not bound to detached
nanoparticles. It was observed that this can be resolved by adding extra CuO filter layers

to increase contacting time.
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4.7  The Effect of Co-Existing Anions and pH

There are several co-existing anions such as nitrate, chloride, sulfate, and
phosphate in natural water along with arsenic, which may interfere with the adsorption
process [128]. To investigate the selective removal of anionic arsenic compared to these
anions, the removal efficiency of identical filters (90 minutes oxidation time) in the
presence of these anions was investigated. The concentrations of arsenic and co-existing
anions were maintained at 100 mg |-1 for this study. Except for phosphate, no significant
effect was observed on the efficiency of arsenic removal due to the presence of these
anions. Consistent with prior research, it demonstrates that nanostructured CuO has a
stronger affinity for arsenic than other anions commonly found in natural water [109].
Similar interference of phosphate on arsenic removal has been discovered in previous
studies, which can be explained by the chemical similarities between these two elements
that are classified in the same group of the periodic table [128, 129].

It has been reported that the initial pH of water influences the adsorption of heavy
metals for most adsorbents [117, 130]. To study this, arsenic removal was studied for 50
ml arsenic-spiked water samples at pH ranging from 3 to 8. The nano-sorbent cloth filter
was found to be effective at removing arsenic in this pH range. The As(V) removal for pH
values greater than 8 is lower compared to lower pH values. Also, As(V) removal
considerably decreased at pH 11. This abrupt decrease in adsorption efficiency could be
caused by an increase in the production of hydroxyl ions (OH"), which begin competing
with the arsenic ions [122, 131]. The findings show that such nanowire bundle
morphologies are well suited for usage in a wide range of pH environments for arsenic

removal.
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4.8 Summary

In this chapter incorporating nanostructures via a metal transfer process for
functionalization and embedding on a cloth medium was shown to be efficient as well as
novel. The data obtained indicate that the arsenic contamination was reduced by an order
of magnitude in a matter of minutes. Increasing the number of sorbent layers may result
in an increase in the removal efficiency and total removal capacity. The laserjet toner
works as an active binding material to transfer the copper leaf to the fabric. This material
mostly consists of polystyrene particles [76]. No evidence of intervention was observed
upon an investigation of the effect of the toner on arsenic removal efficiency carried out
by passing the contaminant through the same fabric filters in the absence of Cu/CuO. The
use of fabric to settle copper oxide and prevent the penetration of these particles into

clean water was accompanied by the addition of protection by a glass filter.

Compared to earlier copper oxide nanoparticle-based methods, the proposed
system has several advantages, including: 1) better removal efficiency [107, 122]; 2)
lower overall cost [105, 107, 132]; 3) real-time and robust filtration without taking extra
and time-consuming steps that required around 24 hours [105, 106, 109, 133]; 4)
independence from auxiliary equipment (i.e. external pumps, centrifuge, etc.) for water
filtration [105, 106, 133]; 5) simplicity and fast fabrication process [132, 134, 135]; 6) no
need for pre and post treatment steps such as elevating temperature during fabrication
of CuO nanostructures or filtration of arsenic [109, 133-135], and 7) filter fabrication solely
based on widely available office-grade equipment (laserjet printer, thermal laminator,

metal leaf) [106, 107, 122].
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CHAPTER 5: MICROPLASTIC FABRICATION

Some of the materials used in this chapter have been previously published by

Elsevier:

A. Bamshad and H. J. Cho, "A novel print-and-release method to prepare
microplastics using an office-grade laserjet printer; a low-cost solution for preliminary

studies." Marine Pollution Bulletin 170 (2021): 112601.

51 Introduction

In this chapter, first, a novel print-and-release technique to prepare color-tagged
microplastic (polystyrene) particles is introduced. Printing the laserjet toner on a water-
soluble receptive/sacrificial layer is the working principle of the proposed method.
Preparation of microplastics via this protocol is inexpensive, simple, rapid, robust, and
fully controllable, without requiring any special equipment except an office-grade laserjet
printer. Visibility of the colored particles (bigger than 100 um) with unaided eyes is another
advantage of this method. Therefore, the consistency and accessibility of the proposed
microplastics preparation protocol are significantly useful for designing experiments that
require multitudes of microplastic samples with desired sizes and shapes. In order to
demonstrate the applicability of the fabricated microplastics to a designed experiment,
the microplastic samples were removed and collected successfully by a newly proposed
antibiotic binding and magnetic separation.

The unrelenting increase of non-biodegradable plastic wastes during the recent

century has become one of the major environmental threats [136, 137]. The presence
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and harmful effects of plastic debris in water resources such as rivers, lakes, seas, and
oceans have been well documented [138-140]. The trace of floating plastic particles in
the atmosphere has also been observed [138-141]. It is estimated that more than 5.25
trillion particles weighing at least 243,948 tonnes are floating in the oceans and this
number is continuously increasing [142]. It was observed, during an only one-year time
period in 2010, between 4.8-12.7 million tonnes of plastics entered into oceans across
the globe [142, 143]. As a result, microscopic plastic particles (known as microplastic) are
considered among the most widespread modern pollutants [144]. Their persistent
presence and propagation in aquatic ecosystems pose a potential threat to all living
creatures on this planet [108, 145].

Various aspects of long-term exposure of this pollutant on living tissues are not still
completely understood [146]. This pollutant can directly enter our bodies through
respiratory or digestion systems [140, 141]. The presence of this contaminant in filtered
water, liquors, etc. already has been reported [147, 148]. Microplastics can also enter our
diets, indirectly, by the consumption of contaminated seafood as well [149, 150].
Additionally, microplastics can serve as carriers for other harmful chemicals and toxins
that can pass through prevalent industrial filtration systems and cause health hazards
[137, 151]. In order to fully grasp the risk of microplastics, it is necessary to conduct more
well-designed experiments in this area.

According to previous studies, polystyrene (PS), polyamide (PA), polyvinyl chloride
(PVC), polyethylene (PE), and polypropylene (PP) are the most commonly found
microplastic particles in aquatic environments [152, 153]. Among these polymers, PS,

PE, and PP have higher transportability — in other words, these polymers will not settle

61



down in aquatic environments due to their lower density compared to seawater [154-156].
Recently the presence of theese microplastics in returnable and single-use water bottles
has been also discovered [140]. Direct and indirect use of polluted water resources in
agriculture and fish farming as well as abundant consumption of bottled water that is
highly prone to microplastic contamination prompts the urgency of determining unknown
aspects and human health implications of microplastics.

Difficulties to conduct laboratory studies on microplastics stem from two aspects —
preparation and detection. A lack of reliable methods to replicate the microplastic
samples is one of the main challenges in the design of experiments for systematic studies.
The existing methods have relied on special equipment (e.g. ultra-low temperature
freezer, cryostat microtome, etc.) to produce samples, which is costly but inconsistent in
controlling the particle size due to non-automated procedures, e.g., manual fiber
alignment, coffee grinder cutting, etc. [146, 157] In the field of detection, dependency on
special detection instruments (e.g. U-FTIR, p-Raman, etc.) restricts easy access to setting
up even preliminary experiments [138, 140]. Hence, it is imperative to secure a replicable,
consistent, on-demand method, which can produce optically discernable microplastics

with various shapes and a wide range of dimensions suitable for the targeted study.

5.2  Fabrication Method of Microplastics

Figure 5.1 illustrates the microplastic sample preparation steps. A printable
transparent film was first covered with a thin layer of the water-soluble receptive/sacrificial
layer (clear gloss precoat), which is mostly used to improve the quality of printing on

glossy surfaces, figure 5.1(a-b). This step was performed through a three-step spin-
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coating step — 300 RPM for 20 seconds, 1000 RPM for 50 seconds, and 300 RPM for 20
seconds — to create a uniform thickness over the entire surface of the substrate, which
ultimately provides uniform contact with the OPC drum, and minimizes thickness error of
particle printing. The microscopic plastic pattern with the desired geometry was first
designed in CAD software and then printed on top of the coated layer by using a laserjet
printer after drying the receptive/sacrificial layer at room temperature, figure 5.1(c-d). Two
blank sheets were printed before microplastic printing with the same printer, to remove
any residue from previous printings and clean the OPC drum with the wiper blade.
Neutralization of the heating effect in the printing process was performed by considering
a one-minute time delay between printing a new sheet. Plastic particles were printed with
a resolution of 1200 dpi (dot per inch), no geometry line thickness (after filling inside the

patterns), and a halftone of smoothing.
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Figure 5.1: Microplastic preparation steps: (a-b) coating the receptive layer

on a printable transparent plastic film; (c-d) drying the receptive layer and printing
the microplastic on top of it; (e-f) cutting and framing a certain segment of the
printed microplastics, followed by removal the receptive layer, and (g-h) filtering,
washing, and rinsing the microplastic samples followed by collection from the top

of a glass fiber filter.

A segment of the printed film containing the desired number of plastic particles
required for the experiment was cut, then framed with a border of scotch tape, figure
5.1(e). This creates a supportive frame around the segment, which allows for easier
removal of the receptive layer from the surface using a pair of tweezers, figure 5.1(f). The
thin layer was transferred on top of a glass fiber filter, which was placed inside a
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borosilicate glass funnel, accompanied by rinsing with ethanol, isopropyl alcohol, and
distilled water, respectively, figure 5.1(g). Unlike regular filter papers, glass fiber filters
take significantly more time for the filtration process; however, regular filter papers result
in cellulose fibers binding to the plastic particles whereas the glass fiber filters prevent
this occurrence (ATR-FTIR study). Ultimately, the microplastic particles were collected
directly from the unfolded glass fiber filter followed by a drying step at room temperature,
figure 5.1(h). The thickness of the printed and collected particles without further changes
in the laserjet cartridge was measured 6 um. This thickness can be adjusted according to
the desired thickness of particles needed by changing the distance between the wiper

blade and the OPC drum in the cartridge of the printer.

5.3  Physical Analysis

Particle size analysis was performed to characterize and evaluate the effectiveness
of the proposed print-and-release method through physical studies. Particle size analysis
was conducted to evaluate repeatability/production error and investigate the minimum
achievable particle size. The dimensions and quality of plastic particles were investigated
with scanning electron microscopy (10 keV). An open-source software (ImageJ) was used

to process SEM images.

Microplastics in different geometries (circular, rectangular, and triangular) with
dimensions from 100 pum to 500 um were designed (in CAD software) and printed for this
study. This range was selected due to the resolution limit of office-grade printers, which
is 100 uym. Figure 5.2(a-c) shows the fabrication of microplastic particles utilized for
particle size analysis study. Figure 5.2(a) shows printed circular particles with 500 pum
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diameter. This particle size was selected for better visualization. Figure 5.2(b) shows the
cutting/detachment processes of the printed microplastics. Figure 5.2(c) shows the
collected microplastics after the washing step. The microplastics were successfully
printed in the desired geometry with no significant difference in their size. This
demonstrates the ability to fabricate microplastics with various transportabilities. Inability
to make specimens consistently, with a feature size of less than 100 um was observed.
The sharp corners in designed microplastic with a feature size of less than 150 um were
observed as round corners after the printing step. These can be explained by the
limitations of lasers used in the printer. Reconfiguration of the laser structure in laserjet
printers can help to overcome this limitation. Figure 5.2(d-f) shows SEM images of printed
microplastics in different geometries. An identical thickness (6 um = 1 um) was observed
for the collected samples. This thickness was obtained without providing any changes in

the distance between the wiper blade and the OPC drum in the cartridge of the printer.
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Figure 5.2: (a) Printed circular microplastics; (b) detaching the receptive
layer with printed microplastic on it; (c) collection of microplastics on top of a glass
fiber filter after the washing step; (d) SEM image of a printed circular microplastic
with 175 ym diameter; (e) SEM image of a printed rectangular microplastic with
500 ym width and 200 ym height, and (f) SEM image of a printed triangular
microplastic with sides of 500 um.
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The patterns with sharp corners were avoided in dimensional error study specimens
due to the inherent resolution limit of the laserjet printer for sharp corners <150 ym. This
provides a wider range of dimensions to be studied. Fifty particles of circular microplastics
(for each size) were collected for the measurements. Figure 5.3 shows particle size
analysis results for the plastic particles in the form of a box plot. The x- and y- axes
represent the calculated equivalent diameter through image processing and the ideal
particle diameter drawn with CAD software, respectively. The equivalent diameter

(Dequivalent) Was calculated by measuring the surface of each particle, equation (5.1).

4XArea

Dequivalent = 1'[ (5.1)

Average error (E,ye) Was calculated individually for each sample by averaging the
errors of specimens. The average of these values was 5.1 % in 100 ym to 500 ym
diameter samples. However, this average was less than 3.9 % in 125 ym to 500 ym
diameter samples. According to this experiment, the dimensional errors tend to decrease
as the size increases. The maximum error was observed for samples with dimensions of
100 ym. Similar results were observed for other geometries’ microplastics for the range

of 150 um to 500 pm.
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Figure 5.3: Particle size analysis of circular printed microplastics with 100 um

— 500 pm diameter.

5.4 Chemical Analysis

Chemical analysis through XPS and ATR-FTIR (Spectrum 100 Series, PerkinElmer
Co., USA) studies was performed to characterize and evaluate the chemical composition
of the fabricated microplastics. Laserjet toners typically consist of various chemicals
including a specific polymer (>75%), polypropylene (pp) wax, a ferromagnetic material
(iron oxide or titanium dioxide), silicon dioxide (SiO2) [158]. The amount and type of the
polymer used in the toner may be different, depending on the manufacturer [159].
Styrene-co-acrylate, polystyrene, polystyrene-co-acrylate, polystyrene-co-acrylate,
polyethylene, etc., have been reported as the most widely used polymers in different
toners [158, 159]. ATR-FTIR analysis was conducted to investigate the chemical
composition of printed microplastic particles. Figure 5.4 shows this spectrum with out-of-
plane deformation substitution bands between 730 cm™? to 825 cm™, and the
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characteristic C-H stretching bands about 2,900 cm™t, which are indicative of polystyrene.
Additionally, simultaneous observation of a peak at 1,715 cm*, which identifies ester
carbonyl band, and C-O-C stretch near 1,100 cm-%, indicate the presence of polystyrene-
co-acrylate as the chemical composition of the printed microplastics. The smaller peaks
around 1,100 cm™ may indicate the presence of SiO2; however, an XPS study must be

conducted for confirmation.
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Figure 5.4: FTIR spectra of microplastic particles prepared by the introduced
print-and-release method.

An XPS study was conducted to investigate traces of the ferromagnetic components
possibly transferred from the OPC drum during the printing step, identify other possible
elements that were not observed through FTIR analysis, and confirm the presence of
SiO2 on the released and cleaned microplastic particle. Figure 5.5 shows survey spectra

from XPS analysis on a printed microplastic sample. The presence of carbon, oxygen,
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and silicon was confirmed in the printed particles. However, the presence of the

ferromagnetic material was not observed in the microplastic.
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Figure 5.5: XPS survey of a printed microplastic — the presence of carbon,
oxygen, and silicon is observable.

The presence of silicon in form of silicon dioxide (SiO2) and silicon carbide (SiC) was
confirmed, figure 5.6 which are typically used in toner mixture to improve printing quality.
The presence of additive chemicals as colorants, fillers, and stabilizers has already been
reported in microplastics found in aquatic environments [160]. For this reason, the
microplastic samples produced and collected by the proposed method are relevant and

applicable to any subsequent studies.
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Adding an extra rinsing step (five seconds) with ferric chloride resulted in the removal
of traceable silicon content from the microplastic particles, which was confirmed by the

XPS analysis, figures 5.7 — 5.8.
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Figure 5.6: High-resolution Si2p spectra of the microplastic with curve fitting
in XPS analysis.
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Figure 5.7: XPS survey of the microplastic after rinsing with ferric chloride —

the presence of carbon and oxygen is observable.
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Figure 5.8: High-resolution Si2p spectra of the microplastic after rinsing with
ferric chloride.
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5.5 Microplastic Remediation

Taking advantage of the ideas presented in the previous chapters, a device for
microplastic remediation was conceived. In order to emulate a water body that contains
microplastic, a suspension of microplastics was prepared by dispersing the collected
particles in water. An experiment was designed to demonstrate the removal and collection
of microplastics from a water body based on a newly proposed antibiotic binding and
magnetic separation. Figure 5.9 shows a device that separates and collects polystyrene
microplastics from a water stream. This two-layer filtration system is located inside a PVC
union and is consisted of a neodymium magnetic disc and a felt fabric that is drop-cast

by 100 mg of doxycycline from the top and 300 mg of iron (lll) oxide from the bottom.

Water in

Il

Layer 1
Doxycycline

Layer 2
Felt fabric

Layer 3
Iron(I1l) oxide

Layer 4
Neodymium magnet disc

Water out

Figure 5.9: Schematic image of antibiotic-based microplastic removal and
collection filtration system.
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The working principle of the proposed removal and collection concept is based on
the binding of polystyrene particles to the antibiotic (doxycycline) and the binding of this
antibiotic to the iron (Ill) oxide, which is ferromagnetic [137, 161], figure 5.10. The
hydrogen bonding between the amide group of polystyrene and the carbonyl group of
doxycycline is the underlying adsorption mechanism of the antibiotic binding method

[137]. This enables the magnetic separation of polystyrene particles in the presence of a

magnetic field.
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Figure 5.10: Schematic illustration of antibiotic-based microplastic removal
and collection filtration system, (a) polystyrene microparticle floated in water; (b)
adding doxycycline to water; (c) adsorbing polystyrene microparticle to
doxycycline; (d) adding Iron (lll) oxide to the water mixture; (e) adsorbing
doxycycline bound with plastic particle to Iron (Ill) oxide, and (f) removing Iron (lII)
oxide bound to other particles by applying magnetic force.
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Figure 5.11 shows the microplastic removal process using a permanent magnet,
which demonstrates the working principle of this newly proposed method. The removal
efficiency study was conducted by passing 500 particles through the removal/collection
device and measuring the number of particles passing through the device. This
experiment was repeated using microplastics with two different geometries (circular and
square) and various sizes (200 pm, 300 pm, 400 pm, 500 pm)

)

Plastic Particles

Plastic Particles Tl Plastic Particles : 30 mm

e —
Figure 5.11: Polystyrene particles in presence of doxycycline and iron (lll)

oxide (a) before and (b) after applying a magnetic field.

Table 5.1 indicates the removal efficiency of the antibiotic-based microplastic
removal method. The efficiency was obtained by comparing the number of captured
particles with the total number of particles passing through the device. Hence, the
fabricated microplastic could successfully remediate with an efficiency of 100 % for all of

the samples regardless of their size and geometry.
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Table 5.1: Removal efficiency of the filtration system for elimination of
polystyrene particles

Size (UM Geometry Efficiency
o i
et i
i o
et i

5.6 Summary

Multitudes of identical microplastic particles were fabricated with high speed and low
cost utilizing an office-grade laserjet printer as compared to the preexisting methods that
required specialty instruments (e.g. ultra-low temperature freezer, cryostat microtome,
cryogenic-grinder) [146, 157, 162]. Besides, the black color of the printed microplastics
facilitates detection and tracing of these particles without the utilization of prevalent
detection instruments required for microplastics such as p-FTIR and p-Raman [138, 140,
160]. A commercial toner that only contains one specific type of polymer (polystyrene)
was intentionally utilized for the initial validation study and to demonstrate the concept.
However, customized toners which are made of other polymers powder in the presence
of similar additive materials may be used to print-and-release a wider range of
microplastics such as PE, PP, PA, and PVC. Considering the working principle of laserjet
printers and usage of static electricity to form plastic particles in a desired shape, the
customized toner can easily be replaced in commercial cartridges while maintaining the
performance of the printer. The quality of printed patterns can also be improved by the

use of high-resolution printers. From the perspective of remediation, a continuous
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collection and removal method based on binding of microplastics to antibiotic and
antibiotic to ferromagnetic particles was newly proposed and demonstrated using the

microplastic suspension prepared by the facile fabrication method.
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CHAPTER 6: CONCLUSIONS

In this dissertation, a new facile fabrication technique for a wide range of micro/nano
sensors, nano-sorbent devices, microplastic samples, and microfluidic systems was
presented. The proposed method takes advantage of unique characteristics of a laser
printing process. Many MEMS and NEMS devices were successfully fabricated outside
of the cleanroom environment without customizing the laserjet printer. In comparison with
existing fabrication techniques, low fabrication cost (<10 US cents), utilization of desktop
office equipment, simple and rapid fabrication process (<5 minutes), portability,
reproducibility, decentralization, and applicability to a vast range of devices on various
flexible substrates are the main advantages of this technology.

The validity of this technology was successfully demonstrated in three forms of
applications: sensors, nano-sorbent water filters, and microplastics. First, four different
types of sensors were fabricated and tested: leakage, heavy metal, glucose, and gas
sensors. The functional units in these sensors range from several nanometers to several
centimeters and the viability of this technology in sensor fabrication was demonstrated by
acquiring electrochemical, conductometric, colorimetric, biochemical, and chemoresistive
detections with an accuracy similar to that of cleanroom fabricated sensors. Secondly, a
CuO nano-sorbent cloth-based filter for real-time arsenic removal from polluted water was
fabricated and tested. The arsenic was removed through a one-step adsorption process
by immobilized CuO nanostructures on cloth with 90 % removal efficiency. Finally, color-
tagged microplastic particles with desired geometry and dimensions (> 100 pum) were
fabricated with < 5 % error, which is beneficial for conducting designed experiments for

studying the environmental impacts of microplastics.
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The outcome of this work implicates the removal of technological barriers and the
creation of new opportunities for scientists in underdeveloped countries who do not have
access to sophosticated and expensive instruments in a cleanroom envrionment.. This
research presented a pathway to a more robust, decentralized alternative to the traditional
manufacturing system which exposed its vulnerability during the pandemic. With the
proposed method, various devices can be distributed in the form of digital files and

produced using readily available office equipment and supplies.
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APPENDIX A: FABRICATION STEPS OF A PAPER-BASED FLUIDIC
DEVICE WITH INTERDIGITATED ELECTRODES
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Electrode fabrication

1. Designing the electrode patterns using CAD software (SolidWorks).

2. Importing the electrode patterns from CAD software to CorelDraw.

3. Changing the line thickness to “none” in CorelDraw.

4. Exporting the electrode patterns as a PDF file.

5. Printing the electrode patterns using a laserjet printer on a filter paper that is
previously taped to a US letter size paper.

6. Covering the filter paper with a metal leaf followed by a taping step on the edges.

7. Covering the metal leaf with a regular paper followed by taping step to stick layers
together.

8. Laminating the papers using a thermal laminator with 5 seconds delay to increase
the heating time.

9. Detaching the top layer (paper).

10.Wiping the surface of metal leaf with a brush (or tip of a razor) to remove residue.
Electrode’s pattern appears in this step.

11.Cutting each individual device using scissors or a craft cutting machine.

Hydrophobic/hydrophilic definition

12.Designing the channel patterns using CAD software (SolidWorks).

13.Importing the patterns from the CAD software to Silhouette Studio.
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14.Covering one side of the wax paper with scotch tape completely (to improve cutting
guality and preventing jamming the wax paper in the cutting step).

15. Adjusting the wax paper and cutter on the craft cutter machine (Silhouette Curio).

16. Cutting the wax paper to create two samples of the channel patterns on wax paper.

17.Taping one of the cut wax papers on a regular paper.

18. Adjusting the filter paper on the wax paper and covering it with the other cut wax
paper.

19.Covering these papers with a regular US letter size paper.

20.Laminating the papers using a thermal laminator.

21.Removing layers, the final device is ready (created on a filter paper).

83



APPENDIX B: PAPER-BASED ELECTRODE FABRICATION STEPS
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Electrode fabrication

=

Designing electrode patterns using CAD software (SolidWorks).

2. Importing electrode patterns from CAD software to CorelDraw.

3. Changing the line thickness to “none” in CorelDraw.

4. Exporting the electrode patterns as a PDF file.

5. Printing the electrode patterns using a laserjet printer on a filter paper that is
previously taped to a US letter size paper.

6. Covering the filter paper with a metal leaf followed by taping the edges.

7. Covering the metal leaf with regular paper followed by taping layers together.

8. Laminating the papers using a thermal laminator with 5 seconds delay (to increase
the heating time).

9. Detaching the top layer (paper).

10.Wiping the surface of the metal leaf with a brush (or tip of a razor) to remove

residue. Electrode’s pattern appears in this step.

11.Cutting each device using scissors or a craft cutting machine.

Hydrophobic definition

12.Cutting wax paper to completely cover the paper-based device.

13.Taping one of the wax papers on a regular paper.

14.Adjusting the filter paper on the wax paper and covering them with the other wax
paper.

15.Covering these papers with a US letter size paper.

16.Laminating the papers using a thermal laminator.
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17.Removing layers, the final device is ready (created on filter paper).
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APPENDIX C: FLEXIBLE CONNECTORS FABRICATION STEPS
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Metal transferring

1. Designing connector patterns using CAD software (SolidWorks).

2. Exporting the connector patterns as a PDF file.

3. Cutting cloth and taping it to a US letter paper.

4. Printing the connector patterns using a laserjet printer on cloth.

5. Covering cloth with a metal leaf followed by taping the edges.

6. Cover the metal leaf with a regular paper followed by a taping step to stick layers
together.

7. Laminating the papers using a thermal laminator with 5 seconds delay (to increase
the heating time).

8. Detaching the top layer (paper).

9. Wiping the surface of the metal leaf with a brush (or tip of a razor) to remove
residue. The connector's pattern appears in this step.

10. Cutting each device using scissors.

11.Use tape to cover the electrodes on cloth followed by a peeling step to transfer the
connectors to the scotch tape and form the connectors.

12.The final device is ready (created on a Scotch tape).
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APPENDIX D: FABRICATION STEPS OF A MULTILAYER PAPER-
BASED ANALYTICAL DEVICE
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Electrode fabrication

=

Designing electrode patterns using CAD software (SolidWorks).

2. Importing electrode patterns from CAD software to CorelDraw.

3. Changing the line thickness to “none” in CorelDraw.

4. Exporting the electrode patterns as a PDF file.

5. Printing the electrode patterns using a laserjet printer on a filter paper that is
previously taped on a US letter size paper.

6. Cover the filter paper with a metal leaf followed by taping on the edges.

7. Cover the metal leaf with a regular paper followed by a taping step to stick layers
together.

8. Laminating the papers using a thermal laminator with 5 seconds delay (to increase
the heating time).

9. Detaching the top layer (paper).

10.Wiping the surface of the metal leaf with a brush (or tip of a razor) to remove

residue. Electrode’s pattern appears in this step.

11.Cut each device using scissors or a craft cutting machine.

Hydrophobic/hydrophilic definition

12.Designing the channel patterns using CAD software (SolidWorks).

13.Importing the patterns from the CAD software to Silhouette Studio.

14.Covering one side of the wax paper with scotch tape completely (to improve the
cutting quality and prevent the wax paper from jamming in the cutting step).

15. Adjusting the wax paper and cutter on the craft cutter machine (Silhouette Curio).
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16. Cutting the wax paper to create two samples of the channel patterns on wax paper.
17.Taping one of the cut wax papers on a regular paper.

18. Adjust the filter paper on the wax paper and cover it with the other cut wax paper.
19.Cover these papers with a sheet of regular paper.

20.Laminating the papers using a thermal laminator.

21. After detaching extra layers, the final device (created on filter paper) is ready.
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APPENDIX E: FABRICATION STEPS OF A 3D ANALYTICAL DEVICE

92



Region definition

o

. Designing the regions/channels patterns using CAD software (SolidWorks).

Exporting the CAD file as a PDF file.
Printing the patterns using a laserjet printer on a filter paper that is previously taped
to a US letter size paper.

Cut each device using scissors or a craft cutting machine.

Hydrophobic/hydrophilic definition

o

8.

9.

Designing channel patterns using CAD software (SolidWorks).

Importing the patterns from the CAD software to Silhouette Studio.

. Covering one side of the wax paper with scotch tape completely (to improve the

cutting quality and prevent jamming the wax paper in the cutting step).
Adjusting the wax paper and cutter on the craft cutter machine (Silhouette Curio).

Cutting the wax paper to create two samples of the channel patterns on wax paper.

10.Taping one of the cut wax papers to a regular paper.

11.Adjusting the filter paper on the wax paper and covering it with the other cut wax

paper.

12.Covering these papers with another sheet of regular paper.

13.Laminating the papers using a thermal laminator.

14. After removing layers, the final device (created on a filter paper) is ready.
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APPENDIX F: FABRICATION STEPS OF A PAPER-BASED HEAVY
METAL SENSOR (COBALT MEASUREMENT)
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Region definition

o

. Designing the regions/channels patterns using CAD software (SolidWorks).

Exporting the CAD file as a PDF file.
Printing the patterns using a laserjet printer on a filter paper that is previously taped
on a US letter size paper.

Cut each device using scissors or a craft cutting machine.

Hydrophobic/hydrophilic definition

8.

9.

. Designing the channel patterns using CAD software (SolidWorks).

Importing the patterns from the CAD software to Silhouette Studio.

Covering one side of the wax paper with scotch tape completely (to improve the
cutting quality and prevent the wax paper from jamming in the cutting step).
Adjusting the wax paper and cutter on the craft cutter machine (Silhouette Curio).

Cutting the wax paper to create two samples of the channel patterns on wax paper.

10.Taping one of the cut wax papers a regular paper.

11.Adjust the filter paper on the wax paper and covering it with the other cut wax

paper.

12.Covering these papers with a sheet of regular paper.

13.Laminating the papers using a thermal laminator.

14.Removing layers and drop-casting APTES into the confinement areas (the final

device).
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APPENDIX G: FABRICATION STEPS OF A PAPER-BASED GLUCOSE
SENSOR
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Electrode fabrication

=

Designing electrode patterns using CAD software (SolidWorks).

2. Importing electrode patterns from CAD software to CorelDraw.

3. Changing the line thickness to “none” in CorelDraw.

4. Exporting the electrode patterns as a PDF file.

5. Printing the electrode patterns using a laserjet printer on a filter paper that is
previously taped on a US letter size paper.

6. Covering the filter paper with a metal leaf followed by taping on the edges.

7. Covering the metal leaf with a regular paper followed by a taping step to stick layers
together.

8. Laminating the papers using a thermal laminator with 5 seconds delay to increase
the heating time.

9. Detaching the top layer (paper).

10.Wiping the surface of the metal leaf with a brush (or tip of a razor) to remove

residue. Electrode’s pattern appears in this step.

11.Cutting each device using scissors or a craft cutting machine.

Hydrophobic/hydrophilic definition

12.Designing the channel patterns using CAD software (SolidWorks).

13.Importing the patterns from the CAD software to Silhouette Studio.

14.Covering one side of the wax paper with scotch tape completely (to improve the
cutting quality and prevent jamming the wax paper in the cutting step).

15. Adjusting the wax paper and cutter on the craft cutter machine (Silhouette Curio).
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16. Cutting the wax paper to create two samples of the channel patterns on wax paper.

17.Taping one of the cut wax papers to a regular paper.

18. Adjusting the filter paper on the wax paper and covering it with the other cut wax
paper.

19.Covering these papers with a regular US letter size paper.

20.Laminating the papers using a thermal laminator.

21.Removing layers and drop-casting GOx in the detection (hydrophilic) zone (the

final device).
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APPENDIX H: FABRICATION STEPS OF A FLEXIBLE GAS SENSOR
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Electrode fabrication

1. Cutting plastic film into the size of sensor.

2. Designing a fully black square (the sensor base) in DorelDraw.

3. Exporting the file into a PDF file.

4. Taping the plastic film on top of a US letter size paper.

5. Printing the black square using a laserjet printer on the plastic film.

6. Covering the plastic film with a copper leaf followed by taping the edges.

7. Covering the metal leaf with a regular paper followed by taping step on edges of
the paper.

8. Laminating the papers using a thermal laminator with 5 seconds delay to increase
the heating time.

9. Detaching the top layer (paper).

10.Using surface plasma (Corona surface treater) for 20 seconds on the surface of
transferred copper.

11.Designing the electrode patterns using CAD software (SolidWorks).

12.Importing the electrode patterns from CAD software to CorelDraw.

13.Changing the line thickness to “none” in CorelDraw.

14.Exporting the electrode patterns as a PDF file.

15. Printing the electrode patterns using a laserjet printer on top of transferred copper

after surface treatment.
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Nanostructure formation

16.Covering the connection pads and sensing area with S1813 (Shipley) photoresist
(insulin syringe) and leaving at room temperature for drying step for 6 hours.

17.Etching the uncovered parts of copper by soaking the device in copper etchant
(ferric chloride solutions) for 5 seconds.

18. Washing and rinsing the device with acetone and DI water (3 times) to wash
S1813.

19. Soaking the device in 4 M HCI for 2 seconds to remove the naturally grown CuO
on the surface of copper leaf.

20.Rinsing the device with DI water (5 times).

21.Soaking only the sensing area (the electrodes) in a solution of 1 M sodium
hydroxide and 35 mM ammonium persulfate for desired oxidation time (based on
the desired nanostructure morphology).

22.Rinsing the sample with DI water (5 times).

23.Drying at room temperature for 6 hours.
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APPENDIX |: FABRICATION STEPS OF A NANOSTRUCTURED
COPPER OXIDE DOUBLE-LAYER FILTER ON CLOTH FOR ARSENIC
REMOVAL
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Metal transferring

1. Cutting cloth and taping it to a US letter paper.

2. Designing the filter patterns using CAD software (SolidWorks).

3. Importing the filter patterns from CAD software to CorelDraw.

4. Changing the line thickness to “none” in CorelDraw.

5. Exporting the filter patterns as a PDF file.

6. Printing the filter patterns using a laserjet printer on the cloth.

7. Covering the filter patterns with a metal leaf followed by taping the edges.

8. Covering the metal leaf with a regular paper followed by tapingon the edges.

9. Laminating the papers using a thermal laminator with 5 seconds delay to increase
the heating time.

10. Detaching the top layer (paper).

11.Wiping the surface of metal leaf with a brush (or tip of a razor) to remove residue.

12.Cutting each individual layer using scissors.

Nanostructure formation

13. Soaking filter layers in 4 M HCI for 2 seconds to remove the naturally grown CuO
on the surface of copper leaf.

14.Rinsing the device with DI water (5 times).

15. Soaking filter layers in DI water for 2 minutes.

16.Soaking the filter layers in a solution of 1 M sodium hydroxide and 35 mM
ammonium persulfate for desired oxidation time (based on the desired

nanostructure morphology).
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17.Rinsing filter layers gently with DI water (5 times).

24.Drying filters at room temperature for 6 hours.

Assembling layers

25.Drawing circles (filter's diameter) using CAD software (SolidWorks).

26.Importing the file from the CAD software to Silhouette Studio.

27.Cutting filter papers (grades: 1, 3, and 4) using a craft cutter machine (Silhouette
Curio).

28.Putting water-based acrylic adhesive on the edges of filter papers and filter layers.

29. Assembling the filter layers by gently putting filter layers together (final device).
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APPENDIX J: FABRICATION STEPS OF MICROPLASTIC PARTICLES
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. Designing the desired geometries of microplastic particles using CAD software
(SolidWorks).

. Importing the microplastic particle CAD file to CorelDraw.

. Using smart fill to make particles fully black and changing the line thickness to
‘none” in CorelDraw.

. Exporting the filter patterns as a PDF file.

. Cutting plastic film into square shapes with 6” length.

. Coating the water-soluble receptive/sacrificial layer (clear gloss precoat) through
a three-step spin-coating step — 300 RPM for 20 seconds, 1000 RPM for 50
seconds, and 300 RPM for 20 seconds.

. Drying the plastic films by leaving at room temperature for 5 minutes.

. Taping the dried plastic films to a US letter size paper.

. Printing the microplastic patterns (the PDF file) on taped plastic films using a

laserjet printer.

10. Cutting a segment of microplastic particles based on a desired application.

11.Using tape on the border of the plastic film to form a frame.

12.Removing the taped frame using a tweezer. It peels off the water-soluble part.

13. Placing the detached layer on a glass fiber filter in a funnel.

14.Gently adding ethanol and DI water to the opposite side of the glass fiber filter.

15.Rinsing the released microplastic by gently passing DI water.

16.Drying the glass fiber filter at room temperature.

17.Dried microplastics will be on top of the filter paper. These particles can easily be

released from the surface of the filter paper by adding DI water.
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