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Abstract

This article exhibits an innovative, low-cost, and environmentally friendly sensor for identifying aqueous chemicals. The
sensor is able to distinguish between different varieties of chemicals including acids, bases, deionized water, and solvents.
The sensing device can be used in a wide range of industrial applications that require low-cost, accurate methods of chemi-
cal detection. The device can identify different chemicals based on changes in the electrical resistance of graphite which is
used as a sensing element. A graphite line was drawn on a sheet of paper using a pencil that was used as the test strip and
placed in a custom-made test fixture, providing a controlled environment once the graphite test strip was in contact with
electrical contacts mounted in the fixture. The electrical contacts of the fixture were connected to a data acquisition device
which measured and recorded voltage outputs using LabVIEW software. The data collected were then used to compute the
electrical resistance. The solvent analysed in this research was isopropyl alcohol. The acids analysed were nitric acid, sul-
phuric acid, hydrochloric acid, and hydrogen peroxide. The base analysed was ammonium hydroxide. Tests were performed
by placing two droplets of each chemical onto the paper through an inlet hole located at the top of the test fixture. All tests
were performed at a constant temperature. The electrical voltage was recorded every millisecond once the chemical was
dropped onto the test strip through the hole in the test fixture. Electrical resistance versus time plots displayed a unique curve
for each chemical analysed which may be used for chemical identification.

Keywords Chemical sensing device - Chemical sensor - Instrumentation - Graphite-on-paper - Chemical identification -
Chemical detection

Introduction

In the last two decades, microelectromechanical systems
have been extensively used in a wide range of applications
due to their beneficial features which include high sensi-
tivity, low cost, small size, and rapid response (Amjadi
et al. 2016; Blank et al. 2016; Mohammadi et al. 2010,
2011, 2013; Sprager and Juric 2015; Silvera-Tawil et al.
2015; Triantafyllou et al. 2016; Wei and Xu 2015). Within
these applications, chemical detection using low-cost sen-
sors and instrumentation has attracted attention in diverse
areas such as industrial, medical, environmental, and agri-
cultural industries. There is an increasing demand for the
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development MEMS devices that have the ability to accu-
rately detect chemicals in either liquid, gas states, or ions
(Neri 2015; Barsan et al. 2015; Yu et al. 2005; Mohammadi
et al. 2012; Waggoner and Craighead 2007; Jalali Sarvestani
and Ahmadi 2018a, b; Jalali Sarvestani et al. 2018; Sharifi
et al. 2017). Paper-based sensing devices have also been
widely used in applications such as food quality control
(Zhang et al. 2014; Badawy and El-Aswad 2014), environ-
mental control (Das et al. 2012; Andersson et al. 2012), and
in health-care testing (Kumar et al. 2015; Li et al. 2015).
This is due to their flexibility, light weight, low cost, envi-
ronmental friendliness, and availability (Dungchai et al.
2011; Zhao and van den Berg 2008). Paper-based sensing
devices were predominantly utilized for various chemical
detection applications (Sarfraz et al. 2013; Cinti et al. 2016;
Chen et al. 2016; Hatai et al. 2012; Jiang et al. 2014; Luo
et al. 2017).

Within the paper-based sensors, proof of concept of
graphite-on-paper sensors has been recently demonstrated.
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Graphite-on-paper used as a sensing device has shown
great potential in the production of disposable, ecologically
friendly, inexpensive, small-sized, and flexible sensing
devices. These sensors include thermal flow sensors used in
human respiratory monitoring (Dinh et al. 2017), moisture
sensors for breath monitoring (Giider et al. 2016), piezore-
sistive force sensors (Ren et al. 2012), ultraviolet photocon-
ductive sensors (Gimenez et al. 2010; ul Hasan et al. 2012),
strain sensors used in motion detection for humans (Yamada
et al. 2011; Liao et al. 2015), tactile sensors (Phan et al.
2015), temperature sensors (Dinh et al. 2015), and other
flexible electronics (Dinh et al. 2016; Zheng et al. 2011).
Paper strips used for graphite-on-paper sensing devices are
porous which make it possible for the graphite particles to be
deposited over a larger area of the paper surface. This would
not be possible when using other nonporous materials such
as plastic or glass. Graphite has a structure of layered carbon
atoms and is a carbon allotrope. The atoms of graphite have
three sites that are bonded covalently and one electron that
is unrestricted, thus making graphite electrically conductive
(Delhaes 2000). When the graphite is drawn on paper using
a pencil, graphite particles are deposited into the pores of
the paper surface. The graphite-on-paper can then be used
as the sensing element in various devices.

This article exhibits that graphite-on-paper devices may
function as a liquid chemical sensor that can accurately
detect various liquid chemicals which include water, sol-
vents, bases, and acids. The benefits of using graphite-on-
paper for the detection of liquid chemicals are that it is
inexpensive, biodegradable, and simple to fabricate; how-
ever, as a disadvantage, the graphite used in paper sens-
ing devices is also sensitive to vibrations and temperature
changes which may influence the sensor reading. Research
was recently conducted that showed the proof of concept of
a disposable electroanalytical device, which was made by
drawing graphite lines on corrugated fibreboard platforms
using common pencils for measuring the concentration of
monoaromatic catechol hydrocarbons (Orzari et al. 2018).
Unlike the device that used corrugated fibreboard platforms,
the device presented in this article was developed using reg-
ular printing paper which has a different structure. In addi-
tion, a paper-based three-electrode electrochemical device
fabricated using a digitally controlled plotter/cutter and a
mechanical pencil was developed to analyse vitamin B6
in food supplements (Dossi et al. 2017). Unlike the device
which used a three-electrode method, the device presented in
this article explores potentials for chemical detection using
a two-electrode resistive method. Furthermore, a flexible
pencil-drawn electrochemical sensor was investigated to
electrocatalytically detect nicotinamide adenine dinucleo-
tide. The bare pencil-drawn surface was enhanced using
subsequent oxidation and reduction processes, leading to
chemical and structural transformations on the electrode
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surface (Santhiago et al. 2017). Unlike requiring treatment
of the original surface, the device presented in this article
works using the low-cost graphite lines drawn on an ordinary
paper without treatment of the surface.

Experimental

A schematic overview of the test method used in this
research is illustrated in Fig. 1. Two major parts of the setup
include a test fixture and measurement devices.

A custom test fixture was created to house the graphite
test strip which is displayed in Fig. 2. The test fixture was
designed with the use of the SolidWorks modelling pro-
gram and made by means of an Alunar M505 3D printer
and 1.75 mm black Pxmalion printing plastic. The test
fixture included a 30 mm X 10 mm X 12 mm upper sec-
tion with a large inlet hole located in its centre that was
6 mm in diameter. The upper section also included two
smaller holes that were 2.5 mm in diameter positioned at
each end. The holes positioned at the ends of the upper sec-
tion allowed conductive copper wires to be soldered into
those locations which created electrical connections. The
test fixture included a lower section with the measurements
of 50 mm X 12 mm X 3 mm, which housed the graphite-on-
paper test strip, and the upper section of the test fixture was
then placed on top of the lower section, which provided a
contained area for the test strip. The test fixture also pre-
vented the copper wires from being directly in contact with
the chemical being tested.

To uniformly and economically draw the graphite on the
paper for consistent experiments, a 80 mm X 6 mm X 6 mm
smooth #2 Bic HB graphite bar which contained 68% car-
bon and 26% clay was used to manually sketch graphite on
the entire surface of an A5 75 g/m” white sheet of acid-free
MagTec paper for about 30 s on an area. The average draw-
ing speed and pressure on the graphite bar was 0.15 m/s
and 6 kPa. The surface resistivity was controlled using a
four-point probe on various locations of the paper. The
paper was then cut into several 40 mm X 6 mm pieces used
for different experiments. It was assumed that the surface
resistivity would be uniform in all pieces if one can draw
the graphite on the paper at the same time. However, if any
variation in resistivity was observed among the graphite-
on-paper pieces, the results were normalized accordingly.
A piece of the processed paper was then placed in the test
fixture equipped with electrical contacts. The 3D printed test
fixture housing the graphite-on-paper sensing element and
the graphite bar along with a piece of cut paper are shown
in Fig. 3. The electrical contacts were attached to a data
acquisition device (DAQ) along with LabVIEW software to
allow for the recording of changes in voltage which was later
used to calculate the electrical resistance.
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Fig. 1 Schematic overview of the test method used in this research

Fig.2 Test fixture created to
house the graphite-on-paper
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A custom circuit was created to measure and record volt-
ages and compute variations in electrical resistance of the
test strip using a USB 6003 multifunctional DAQ produced
by National Instruments. Ten volts was delivered to the cir-
cuit with a known 3.840 kQ resistor set up in a series con-
figuration. The DAQ circuit was then connected in series
with the contacts of the test fixture as displayed in Fig. 4.
The drops in voltage across the graphite-on-paper test strip

and the 3.840 kQ resistor were measured by the DAQ card
and logged using LabVIEW software each millisecond.
Resistance changes of the test strip caused by the contact
of various liquid chemicals were calculated based on the
documented voltages using Kirchhoff’s law.

The experimental arrangement used in the testing
of various types of chemicals at room temperature is
displayed in Fig. 5. Two drops of each chemical were
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Fig.3 a Fabricated test fixture
hqusing including the 3D Upper
printed upper and lower parts

art
housing the graphite-on-paper p
sensing element. b A graphite
bar along with a piece of cut
paper
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Fig.4 The circuit used to compute changes in electrical resistance of
the test strip using a known resistor

deposited onto the graphite-on-paper test strip through the
hole in the centre of the upper section of the test fixture
using a disposable pipette. As soon as the liquid chemical
was dropped on the paper, the voltage was recorded every
millisecond. The test fixture was sanitized and a new test
strip was placed in the fixture after every trial.
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Fig.5 Arrangement used in the testing of various types of chemicals
at room temperature. The setup includes the test fixture connected to
the DAQ card to measure and record changes in voltage across the
paper strip
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Results and discussion

The trials conducted on the available chemicals were
grouped into solvents, bases, acids, and deionized water.
The resistance versus time curves generated after each trial
could be closely duplicated for each chemical. The data
collected were analysed in the three different methods.
First, the resistance was studied 1-2 s after a change in
resistance was witnessed. That change in resistance was
then used as a criterion for identification of the chemicals.
Second, the final resistance was recorded 10 s after the ini-
tial resistance change and was used as the second criterion
for identifying the chemicals. Third, the chemical was ana-
lysed based on its gradient of resistance over time and was
used as the third criterion for detection of the chemical.
The solvent analysed in this research was 99.5% iso-
propyl alcohol (IPA). The results collected for IPA are
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displayed in Fig. 6a. The curve generated using the data
collected from the IPA trial increased gradually when the
graphite-on-paper test strip was exposed to the solvent. In
the results collected for the deionized water trial, the curve
generated using the data recorded considerably decreased
and then levelled off as shown in Fig. 6b.

Furthermore, the acids examined in this research included
70% nitric acid (HNO;), 96% sulphuric acid (H,SO,), 38%
hydrochloric acid (HCI), and 30% hydrogen peroxide
(H,0,). The results of the trials performed on the four acids
are displayed in Fig. 6¢. All four acids tested exhibited a
decrease in the resistance when the test strip was exposed
to the acid; however, the curve generated from the data col-
lected during the nitric acid trial significantly dropped com-
pared with the other acids. Additionally, the initial decrease
in the curve generated from the hydrochloric acid trial was
slightly greater than of the one generated from the sulphu-
ric acid. The resistance in the curve generated from the
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Fig.6 Resistance versus time curves of graphite-on-paper exposed to solvent (a), DI water (b), acids (c¢) and base (d)
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hydrogen peroxide trial slightly decreased and then levelled
off. All four curves generated by the acids levelled off after
a few seconds.

The base analysed in this experiment was 29% ammo-
nium hydroxide (NH,OH) and the results are displayed in
Fig. 6d. The generated curve showed a sharp initial drop
in the resistance followed by a reversion back to almost its
original position after a few seconds.

To quantitatively differentiate the chemicals analysed
using the second above-mentioned criterion, the final resist-
ance was calculated 10 s after the initial resistance change of
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the graphite-on-paper test strip. The initial and final resist-
ance changes after 1-2 s and 10 s for each chemical tested
are displayed in Fig. 7. Additionally, the percentage change
in the resistance after 1-2 s and 10 s is displayed in Fig. 8.
The final resistance values are presented in Table 1. Among
acids, the lowest drops in resistance occurred during the
hydrogen peroxide trial, and the greatest drops in resistance
transpired during the nitric acid trial. Furthermore, the IPA
displayed a resistance increase. The deionized water indi-
cated a significant drop in the resistance of the graphite-on-
paper test strip.
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Table 1 Resistance points of the graphite-on-paper exposed to different chemicals and their drop percentage relative to the initial resistance in

1-2 s and 10 s after the initial drop

Chemical Initial resistance Resistance after Resistance drop after Final resistance (£2) Final resistance Initial resistance
(Q) 1-25(Q) 1-25 (%) drop (%) gradient (€/s)
HNO;, 123,445 33,766 72.6 19,126 84.5 69,990
HCl 47,371 38,677 18.4 19,095 59.7 13,306
H,SO, 63,455 58,056 8.5 23,709 62.6 20,064
H,0, 146,873 131,272 10.6 129,301 12.0 10,782
NH,OH 93,961 77,504 17.5 94,507 -0.6 13,707
DI water 92,670 65,181 29.7 57,825 37.6 20,405
IPA 71,133 80,233 -12.8 80,864 —13.7 —4295
Fig.9 Gradient of initial resist- 70,000
ance change over time after
graphite-on-paper exposed to
different chemicals 60,000
50,000
__ 40,000
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< 30,000
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In addition, the initial gradient of resistance over time
was determined for each chemical and the results are shown
in Fig. 9 and in Table 1. In general, all chemicals showed a
drop in resistance; only IPA illustrated an increase in resist-
ance. Acetone showed a gradual drop in resistance, while
the IPA had a gradual increase in resistance. The curve for
water showed the second highest gradient after nitric acid,
even though its gradient was similar to the one for sulphuric
acid. In the group of acids, nitric acid was distinguishable
with a very high gradient compared with other acids. This
distinguished this acid from other acids. The gradient of
hydrochloric acid was slightly higher than the one for hydro-
gen peroxide. In the group of bases, ammonium hydroxide
showed a higher gradient compared with the one for TMAH.

To ensure the repeatability in the experiments, the experi-
ments were repeated for nitric acid and the results showed
that the percentage in the final resistance drop was repeat-
able with standard deviations of 1.98%.

The data revealed that the IPA had increasing final resist-
ance produced after 10 s. An explanation for this is that
the solvent evaporates rapidly at room temperature. Heat is
required for the IPA to evaporate which is taken from the
surrounding location (Liao et al. 2015). Consequently, the
instantaneous temperature drop is a result of the evaporation
of IPA and is responsible for the resistance increase. This
resistance increase is due to graphite’s negative temperature
coefficient of resistance (Dinh et al. 2017) and is displayed in
the data collected for this article. The results obtained in this
experiment indicate that the resistance is directly affected
by temperature.

Paper has a hygroscopic character which means it has a
tendency to adsorb water from the surrounding environment.
Therefore, upon exposure to water, the ionic conductivity of
the paper increases proportionally to the amount of water on
the surface of the cellulose fibres (Giider et al. 2016; Mark
and Borch 2001; Tobjork and Osterbacka 201 1). This likely
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Table 2 Electrical conductivity of the chemicals used in the experi-
ments, computed or extracted from references (Weast 1989; Wolf
1966)

Chemical Concentration (wt%) Electrical con-
ductivity (mS/
cm)

HNO; 70 4154

H,S0, 96 37.5

HCl 38 732

H,0, 30 4.50E-03

IPA 99.5 6.00E—05

NH,OH 29 0.75

HB graphite 68 5.4E04

caused a drop in resistance of the graphite-on-paper. In addi-
tion, unlike IPA, water makes strong intermolecular bonds
and therefore evaporates slowly.

The paper acts as a substrate to hold the graphite on it.
As the paper is an insulator compared with graphite, the
current mainly passes through the graphite before exposure
to chemicals. When exposed, the chemical absorbed by the
paper substrate causes the paper to transmit a part of the
current through paper, reducing the resistance. The paper in
this case acts as a chemical holder and its quality may not
have a significant effect on the results. Similar papers were
used in all trials and therefore the quality and type of paper
were consistent in all experiments.

All four acids analysed in this experiment displayed an
initial resistance drop; however, acids are electrolytes and
contain dissolved hydrogen cations (H") which conduct elec-
tricity because they carry electrical charges. Consequently,
the resistance of the graphite on the test strip would drop
after exposure to an acid. Strong acids including hydrochlo-
ric acid, sulphuric acid, and nitric acid dissociate entirely
and generate additional H* cations. Thus, this is likely the
cause of the substantial final resistance drop. On the other
hand, their contribution in electrical conductivity depends
on their concentration as presented in Table 2. Hydrogen
peroxide is a weak acid and contributes less in increasing
the conductivity due to generating fewer H' cations and,
therefore, causes less drop in resistance of the graphite-on-
paper as displayed in Table 2.

Ammonium hydroxide is a basic electrolyte that con-
sists of dissolved hydroxide anions (OH™) which conduct
electricity and act as charge carriers. NH,OH which is a
weak base dissociates slightly in water and that is the rea-
son for the drop in resistance of graphite. The curve asso-
ciated with NH,OH dropped and then had a sharp increase
which might be due to a chemical reaction between the
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paper and the chemical. Comparing the acids and bases,
the molar conductivity of HY cations (0.34982 S L/
mol cm) produced by acids in water is 1.75 times that of
OH™ anions (0.1986 S L/mol cm) produced by bases in
water. This likely caused a less of a contribution of the
bases in dropping the resistance of the graphite-on-paper
compared with acids.

The microstructure of specimens were photographed
before the test and immediately after chemical exposure
in wet condition at 50 X and 200 X magnifications using
an optical microscope. Figure 10 shows the microstruc-
ture images for all seven chemicals. In all specimens the
graphite appeared to remain intact. In addition, the paper
substrates were not degraded by the chemicals and it kept
its integrity similar to the condition before exposure.

Even though the current device is a handheld one, there
is still room for further miniaturization as a direction for
future work. To further scale the device down, one of
the methods is to deposit amorphous carbon thin films
on a paper using evaporation or sputtering techniques. A
polyimide film pattered by a laser beam can be used as
a physical mask for the deposition to define conductive
paper elements. The housing of the device can be still 3D
printed with a smaller size, but the features would be in
microscale. One of the advantages of this method is the
ability for batch fabrication.

Conclusions

This article examined the use of graphite-on-paper as a sens-
ing element in a device to identify various aqueous chemi-
cals. A specialized test fixture prepared with a graphite-on-
paper test strip consistently distinguished between various
liquid chemicals after dropping a specific amount of each
chemical onto a test strip through an inlet hole in the test
fixture. There was no contact between the sensor leads and
chemicals, and the only area exposed to the chemicals was
the graphite-on-paper test strip. The solvent detection princi-
ple was based on changes in temperature of thermosensitive
graphite due to chemical evaporation at room temperature.
The stronger the base or acid, the greater is the conductivity
and the lesser is the resistivity. Resistance of the graphite-
on-paper displayed dissimilar behaviour after exposure to
various liquid chemicals. The amount of ions dissolved in
each liquid chemical placed in contact with the graphite-on-
paper had an impact on the resistivity generated. This low-
cost chemical identification device may be used in multiple
industries where the testing of chemicals is essential.
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Fig. 10 The microstructure of specimens before and after (in wet condition) exposure at X 50 and X 200 magnifications
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