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ABSTRACT

Using supported ionic-liquid membrane (SILM)-inspired methodologies, we have synthesized,
characterized, and developed a humidity sensor by coating a liquid composite material on a
hygroscopic and porous substrate. Similar to pH paper, the sensor responds to the environment’s
relative humidity and changes color accordingly. The humidity indicator is prepared by casting
few microliters of low toxicity reagents on a non-toxic substrate. The sensing material is a newly
synthesized liquid composite, which comprises a hygroscopic medium for environmental
humidity capture, and a color indicator, which translates the humidity level into a distinct color
change. Sodium borohydride was used to form a liquid composite medium and DenimBlu30 dye
was used as a redox indicator. The liquid composite medium provides a hygroscopic response to

relative humidity, and DenimBlu30 translates the chemical changes into a visual change from a



yellow to blue color. The borate-redox dye based humidity sensor was prepared, then Fourier
Transform Infrared Spectroscopy, Differential Scanning Calorimetry, and image analysis
methods were used to characterize chemical composition, optimize synthesis, and gain insight
into sensor reactivity. Test results indicated that this new sensing material can detect relative
humidity in the range of 5-100% in an irreversible manner with good reproducibility and high
accuracy. The sensor is a low cost, highly sensitive, and easy-to-use humidity indicator. More
importantly, it can be easily packaged with products to monitor humidity levels in

pharmaceutical and food packaging.

INTRODUCTION

Many products, ranging from food and pharmaceuticals to semiconductors and natural gas,
face issues with product degradation in the presence of humidity'™. In many cases, product
damage due to the effect of humidity is difficult to assess before use. In pharmaceuticals, for
example, humidity can cause issues with degradation of active ingredients resulting in decreased
effects or changes in the auto adhesive properties of drugs, resulting in deviations from expected
delivery times®. Most of the time, pharmaceutical products need to be stable within the 25% -
75% range of relative humidity; food products need a constant humidity range depending on the
application' . Humidity monitoring of consumer products requires an inexpensive, simple, and
equipment-free sensor with a relatively low toxicity.

In semiconductor packaging, desiccant evaluation, and similar measurements humidity
monitoring is needed on a large scale, but at a low cost. Cobalt (II) chloride is commonly used
for these applications, but it is unsuited for purposes where irreversibility is required and toxicity
is a concern”®. Other metal chlorides have been proposed and produced, but unfortunately they

are still somewhat toxic and have a much higher cost than cobalt (IT) chloride’. Moreover, metal



chloride based humidity sensors can also cause environmental damage when disposed. Photonic
crystal sensors have gathered a large amount of attention as a low cost optical humidity sensor
due to their highly sensitive visual response to changes in humidity, but unfortunately most
cannot accurately detect low levels of humidity and are intrinsically reversible sensors®''. A
highly sensitive, irreversible, environmentally friendly, and low-cost humidity indicator,
therefore, is needed for humidity monitoring of common consumer goods.

In this paper, we describe the characteristics and developmental details of a new type of
colorimetric humidity sensor based on a liquid composite material. The sensing material used for
sensing consists mainly of a viscous medium that provides hygroscopic characteristics for
environmental humidity capture, and a redox indicator that translates the humidity level of the
matrix into a distinct color change. DenimBlu30, which has been previously used for detection
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of oxygen in aqueous solutions, is used as the redox indicator'* "

. DeminBlu30 is yellow in its
reduced form and turns blue upon oxidation. The choice of DenimBlu30 is strategic because it
has been approved for use as a food colorant in the United States and the EU and is currently
considered safe for use in many end consumer products, including blue jeans and food'*".

The new colorimetric sensor described here has several advantages over conventional
instruments. First, the sensor is comprised of well-known compounds of low toxicity, making it
much safer than cobalt (II) chloride sensors for humidity monitoring of pharmaceutical or food
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products Second, the preparation of the material for the sensor utilizes relatively mild

chemicals and consists of a very simple process. Third, it was found that the probe material and
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matrix do not readily degrade under standard conditions when unreacted and kept dry

Finally, the sensing material was found to easily detect peak humidity levels in the range 5-100%



relative humidity, providing a sensor that can be very easily mass produced and has potential

applications in pharmaceutical and food packaging.

EXPERIMENTAL
Materials

DenimBlu30 (high purity, biological stain), ethanol (200 proof, analytical grade), potassium
acetate (99%), magnesium chloride hexahydrate, and silica gel were purchased from Sigma-
Aldrich. Sodium hydroxide (99.3%) was purchased from Fisher Scientific, and sodium
borohydride (98%) was purchased from EMD Millipore. Water (18 MQ.cm) was purified using

an ELGA Purelab Ultra reverse osmosis water purifier.

Sensing Solution and Sensor Preparation

Sensing solution preparation: Solutions consisted of sodium borohydride, sodium hydroxide
(pH ~10), water (10ml), Denimblu30 (saturation), and ethanol (3.75ml) mixed and purged with
ultra-high purity nitrogen. After mixing, they were transferred to a nitrogen environment glove
box (VAC OMNI-LAB) for storage and casting.

Sensor preparation: Sensors were prepared using GENETIX polypropylene 384-well plates as
substrates. Firstly, unmodified silica gel with gypsum (60 A porosity, 5-15um particle size, 500-
600 m?/g surface area) was cast in individual wells of the plate and dried in ambient conditions.
Plates were then transferred to a glove box and the sensing solution (13ul/well) was added to the
wells. Well plates were then allowed to dry for 2 days before testing. The well plates were used
only to control the drying rate of the coated silica gel; the silica gel was tested in the well plates

for simplicity.



Glove Box Conditions

Samples were prepared under inert atmosphere conditions in a VAC OMNI-LAB glove box
with ultra-high purity nitrogen. Humidity levels typically remained at 0.5 ppm (0.002% RH)
with peak levels of 10 ppm, and oxygen levels typically remained at 0.1 ppm with peaks of less

than 1 ppm. After the appropriate amount of aging time, samples were cast and allowed to dry.

Fourier Transform Infrared Spectroscopy (FTIR) Measurements

All FTIR measurements were taken using a Thermo-Scientific Nicolet 7600 FTIR
spectrometer equipped with a Smart Orbit diamond plate single reflectance ATR unit. Samples
for FTIR analysis were prepared by casting 50 ul samples on glass slides in glove box
conditions, and then scanned via diamond ATR crystal. Background spectrums were averaged
over 64 scans and sample spectrums were averaged over 32 scans. Samples were measured with

a resolution of ~2 cm™ in the range of 500 cm™ to 4000 cm™'.

Differential Scanning Calorimetry (DSC) Measurements

DSC measurements were performed using a Thermal Advantage DSC and -40 °C refrigerated
cooling system with ultra-high purity nitrogen gas flow. Samples were prepared in aluminum
hermetic DSC pans in masses ranging from ~3mg - ~5Smg. Sample pans were loaded and pressed
under inert conditions in a MBRAUN Labmaster 130 glove box. DSC samples were prepared by
casting 50 uLL samples of solution on glass slides, then transferring the dried sensing material to a
hermetic aluminum DSC pan. An empty hermetic pan was used as a reference and a ramp rate of

10 "C/min was used for all tests. The same reference pan was used for all experiments.



Humidity detection and calibration

Intensity measurements were taken using a Logitech webcam in a closed container with
saturated salt solutions for humidity measurement. Ambient conditions of saturated potassium
acetate (~23% RH), saturated magnesium chloride (~33% RH), saturated sodium chloride (~75%
RH), and water (~100% RH) were used as calibration humidity controls. Two hours were
allowed for equilibration of sensors in a close environment with a humidity control solution, and
then images of the sensors were taken and processed. RGB Image processing was done in
ImageJ (NIH) by taking the signal as the blue or red intensity normalized by the grey intensity

(sum of the intensity of all components), which provided maximum sensitivity to humidity.

RESULTS AND DISCUSSION
Fourier Transform Infrared Spectroscopy Study

As explained in the sensor preparation subsection of the experimental section, once the sensing
material’s components were combined, they were stored in an inert ultra-low humidity
environment (glove box) at room temperature. Spontaneous reaction of the solution occurring
under inert conditions determined the final sensing mixture composition, with time being the
main factor. Fourier Transform Infrared Spectroscopy (FTIR) was employed to evaluate the
optimized aging time of the final sensing mixture. In addition, Differential Scanning
Calorimetry (DSC) was used to evaluate thermal transitions of the sensing mixture with heat
exposure (see below). Preparation conditions of the sensing mixture, used as a sensing material,

were optimized, allowing for a chemically and thermally stable sensor.



It is worth noting that the sensing material was prepared by aging the solution of sodium
borohydrate and the redox indicator in an alkaline media in the absence of oxygen and humidity
(see reaction mechanism section), the pH of which ranged from ~7.5 to ~9. Figures 1A and 2
show FTIR spectra by which changes in chemical moieties of the sensing solution can be
observed over the course of the solution aging process. Peaks due to vibrations, symmetric
stretching, and asymmetric stretching of water typically occurring at 1885 cm™, 3506 cm™, and
3685 cm’, were observed for this sensing at ~1625 em™!, ~3450 cm™, and ~3550 cm™!, which
gives insight into changes in the sensing material’s bonding environment**. This specific type of
shift has been reported to be characteristic of very polar bonding environments in aqueous
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systems™ . In addition, Figure 1A shows that the characteristic peaks of sodium borohydride

diminished at 1105 cm™, 2220 cm™, and 2275 cm™', and new peaks appeared between 1800 cm™
— 2300 cm’', indicating the presence of the hydrogen-bridged boron structures of diborane®’'.
Additionally, a strong peak increasing in intensity at ~ 850 cm™ indicated an increase in the

concentration of orthoborates, which are expected during the aging of sodium borohydride®". Tt is

worth noticing that main changes of chemical moieties occurred during the first 3 days of aging.
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Figure 1. (A) FTIR spectra of sensing materials cast and dried after different days of aging in a
glove box environment, short and mid IR regions. (B) Cast and dried sensing material before (1)
and after (2) centrifugation. The test was performed to demonstrate the liquid nature of the

sensing material at room temperature.
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Figure 2. FTIR spectra from non-aged (A) and 9-day aged (B) sensing solution. Grey lines

represent unmixed simulated curves. The black line represents experimental spectra.

In order to characterize the water shift phenomena, spectral unmixing simulation of the above-
mentioned water and —OH peaks was performed by fitting gaussian and lorentzian distributions

to the spectrum until the sum of all distributions produced a peak that matched the experimental



peak with a good fit. Figure 2 shows the experimental and unmixed simulated spectra, and it can
be seen that the peak at ~3300 cm™ can be separated into several secondary peaks corresponding
to water and other -OH containing compounds. Since during the course of the reaction
orthoborate concentrations rise (at ~850 cm™), -OH containing groups were attributed to said
borate species and considered to be responsible for the changes in bonding environment arising
from the aging process. Increases in pH of the solution from about 7.5 to 9 were measured in the
course of sensing material aging (from day 1 to day 9), which is in agreement with the formation
of polyborates during the course of aging®. Distribution of borates species (mainly B(OH)s,
BsO4(OH),, B3;03(OH)s, B4Os(OH),*,B303(OH)s”,and B(OH)s) is highly dependent on
temperature, pH, counter-ion, and concentration. The observed change in pH is indicative of a
change in the distribution of equilibrium concentrations in the borate mixture®®>% >,

It is important to note that the aging of the sensing solution not only brings chemical changes,
but also significant changes in physical properties. The cast and thoroughly dried sensing
material turns into a highly viscous liquid with aging, which can be easily dispersed by the action
of centrifugation (Figure 1 B).

We consider the material to be a liquid composite, since it is a liquid by virtue of its
diverse composition, being composed of very little solvent (see DSC analysis below) and mostly
species that are highly crystalline under the same conditions when pure. Additionally,
gravimetric measurements showed that the dried solution only weighed roughly 40% more than
the total amount of solids added initially (after 9 days of aging). Since it is well known that
much of the water is incorporated into the borate products (see below), this reinforces the notion

that very little of the final sensing element is free water.”>™>



Solution aging was a key point for the liquid composite medium formation; it was found that a

chemically stable product resulted from 9 or more days of aging.

Differential Scanning Calorimetry (DSC)

DSC was performed to evaluate the thermal properties and thermal stability of the non-aged
and aged sensing material. Figure 3A shows DSC scans for sensing material samples aged for 1,
4, 9, and 14 days. In addition, the heat absorbed (lower portion of the scan) and released (top
portion of the scan) during the scan was evaluated during heating and cooling (Figure 3B).
Likewise, heating and cooling glass transition temperatures were extracted. In all samples,
heating glass transitions were observed from -12 °C to 35 °C and a small degree of quenching
and annealing was seen during cooling at -15 °C **. From Figure 3B, it can be observed that the
sensing material’s heat capacity decreased and approached constant values as aging time
increased. This is consistent with a drop in water content, as water has roughly double the heat

capacity of anticipated borate products >
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Figure 3. (A) DSC curves for samples aged different times in aqueous media. (B) Heat capacity
of sensing material vs. aging time of the solution used as sensing material. Note: absolute values
are not corrected, and they may include instrument offset. However, testing offset is equal for

each test.

It is worth noting in Figure 3A that higher values of heat, indicating an exothermic process,
were released once the samples were exposed to temperatures higher than 90 °C. In addition, the
degree of the exothermic process was elevated for longer aged sensing samples. This exothermic
reaction may occur due to the presence of borate products in aged samples. It is hypothesized
that some borate products (e.g., diborane) could react with the aluminum capsule used for
testing. This exothermic reaction, in addition to glass transition temperatures (see below), were
utilized to access the stability of the synthesized sensing material over time.

In order to stabilize the aged sensing material, a heat treatment at 50°C was applied. Aged
sensing samples treated at 50 °C did not show destructive exothermic behavior after (at least) 1
week of treatment. Figure 4A shows an example of DSC scans for 9-day aged sensing samples
untreated, and then treated with heat for 1, 2, and 6 weeks. In all heated samples, destructive
exothermic behavior was not observed below 100 °C during high temperature DSC tests. In
addition, the stability gained for heat treatment was found to be permanent. This effect is

demonstrated in Figure 4B.
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Figure 4. (A) DSC curves of sensing materials cycled from -20 to 150 °C after 2 cycles from -
20-75 °C. The sensing materials were left at 50 °C for different times. (B) DSC curve of sensing

material at low (up to 70°C for 1* and 2 cycles), and at high (150°C for 31 cycle) temperatures.

The sensing material sample was previously treated with heat at 50 °C for 5 weeks and left at 25

°C for 1 week.

During the course of this work, DSC thermal cycling was performed and the analysis of
changes between cycles was noted to be indicative of thermal stability. As evidenced by cooling
glass transition temperatures shown in Figure 5A, the temperature of the first cooling glass
transition shifted notably in non-aged solution samples during thermal cycling. The shift became
more evident with sensing samples that were further aged. However, the shift disappeared for
heat-treated aged sensing samples. The stability shown in the glass transition temperature after
heating (Fig. 5A) was also observed in heat-treated sample kept at room temperature (not

shown). This is in agreement with the stability gained in the inhibition of the exothermic process
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(discussed above). Therefore, it can be concluded that oven aging of the sensing samples results

in thermal stability gains that are retained over time at room temperature conditions.
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Figure 5. (A) Cooling glass transition temperature vs. cycle number, with first 2 cycles ramping
from -20 to 75 °C, then the third cycle ramping from -20 to 150 °C for different aged sensing
material samples (4, 9, and 14 days), and 14-day aged sensing samples treated with heat at 50°C
(1 and 2 week oven aging). (B) DSC curve from thermal cycling of a slightly hydrated sample

(see text for details).

An investigation of hydrated samples provides further evidence of the low-solvent nature of
the liquid composite. It is well known that weakly associating water in the sensing material can
be detected by a melting point at slightly below 0°C°. In Figure 5B, a sample that had not dried
to the same degree as the rest of the samples was cycled. It can be seen that the first cycle
exhibits a melting point slightly below zero. In subsequent cycles, the melting point lowers in

temperature, the melting peak broadens, and the melting peak lowers in intensity. This is

13



indicative of water in the borate matrix that is weakly associating with the chemical
environment; this free water begins to associate more strongly with the matrix on each thermal
cycle. The lack of this feature in the remaining DSC curves indicates that little to no free water
is present in the sensor. Thermal cycling demonstrated that increases in instability from solution
aging could be alleviated by oven aging of the prepared sensor. This reinforces the notion that

our sensing material is a liquid composite material with little to no characteristics of free water.

Humidity Detection

As described in the experimental section, the sensing material was deposited onto silica
substrate. Optical measurements were taken with sensor exposure to different humidity levels.
Figure 6A shows the absorbance spectra of the sensing material before and after the exposure to
humidity. It can be observed that the wavelengths corresponding to Blue and Red RGB
components were the most affected by the humidity-induced color change. The Blue and Red
intensity changes were normalized by the sum of the intensity of all components (RGB), giving a
measure of chromaticity change, and studied as a function of relative humidity levels. Figure 6B
summarizes the most relevant results of the system. It is worth noticing that the normalized Red
signal gave out greater sensitivity at low relative humidity levels, while the normalized blue

signal showed greater sensitivity at high relative humidity levels.
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Figure 6. (A) Absorbance spectra of sensing material. The changes are due to reduced and
oxidized dye. RGB wavelengths are marked with solid vertical lines, along with pictures of the
new humidity sensor. (B) Calibration curve of the new humidity sensor. Relationship between
the new humidity sensor signal and relative humidity assessed with a reference humidity sensing
device. The sensor signals were taken as the intensity (red or blue) change over the total

intensity (red + blue + green) of the sensor.

Another interesting feature observed was that when placed in a dry environment after two or
more hours of equilibration to a set humidity, the sensors did not display reversible behavior.
This is likely due to the high stability of the reduced form of the redox dye in this medium.
Figure 7 shows comparative results assessed between the new calibrated colorimetric humidity
sensors and either ambient relative humidity levels measured via hygrometer or humidity
controlled by saturated salt solution. It can be observed that calibration of the sensor using a
CMOS chip from a webcam setup illuminated by ambient lighting can provide relatively

accurate results that are in good agreement with the reference sensor, with errors not exceeding
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12%. Overall, we found the sensor capable of detecting humidity levels with a standard deviation
of roughly 3.3% relative humidity, which could be improved upon by better preparation
methods, testing conditions, and signal processing. The sensing reaction takes between 50-70
minutes to equilibrate under natural diffusion. It is worth noting that; the sensor response may be
accelerated by using different sensor configuration and forced convective. Despite improvements
being needed, our sensor still provides improved resolution than the typical cobalt (II) chloride

sensor without utilizing toxic materials.
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Figure 7. (A) The relationship of relative humidity readings (RH %) between the new humidity
sensor and a reference humidity sensing device. (B) Bland-Altman plot comparing the new

sensor’s absolute errors to the reference humidity sensing device in a range from 0 to 100% with

dotted lines representing the 95% confidence limits.

Reaction Mechanism
The borate matrix is produced in aqueous conditions by the reaction of sodium borohydride

with water, producing mainly NaBO, by the irreversible reaction: **2%3*3%
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NaBHy(aq) + 2H,0(1) 2 NaBO;(aq) + 4Hx(g)

The reaction product, NaBO;, is hydrated to generate NaB(OH)s, which then equilibrates
reversibly into a diverse mixture of borate ions. In simple aqueous systems, borate ion solutions
can contain over a dozen components, since the composition depends on temperature, pH,
concentration of species, and counter-ions”>"*2. The aqueous borate solution is then coated on
silica gel and dehydrated. This sensing material product maintains itself as a liquid composite
coating providing a very strong hydrogen bonding environment, as discussed above.

While in the dehydrated state, the strong hydrogen bonding environment does not allow
oxidation of the redox dye, despite ambient conditions holding ample oxygen (generally 20.5%).
This is possibly due to unfavorable reaction environment and/or extremely low permeability of
the liquid composite coating to oxygen. Humidity detection is attained by embedding this redox
dye in the borate matrix and taking advantage of its strong hydrogen bonding borate
environment, which is favorable for water absorption. Once the dye-modified liquid-composite
material is exposed to water, absorption of water induces an improvement of dye-oxygen
reaction environment and/or increase in the liquid composite’s affinity for oxygen, resulting in a
visual oxidation of the redox dye from yellow to blue38, which is_made irreversible +#theby the

liquid-composite_being deposited on silica; the liquid composite itself has shown reversibility

when-is exposed-baek to a dry environment after reaction. It is also worth remarking that the
sensor is designed and tested for ambient oxygen levels (20.5%).

In addition, it was found that by varying the film thickness of the sensing liquid
composite on the silica gel the sensitivity and dynamic range of the sensor can be easily tuned.

Thick coating sensing films were more sensitive to higher humidity levels, while thinner coating
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sensing films were more sensitive to lower humidity levels. This is an interesting feature for

implementation of the sensor in real sensing conditions and broad humidity level range.

Stability

The sensing material developed herein has shown great long-term stability in room
temperature settings. Sensors that have been exposed to dry environments with high and low
oxygen concentration have shown no signs of visual color changes or degradation of the material

for over 4, and 12 months, respectively.

CONCLUSION

The borate-redox dye based humidity sensor was successfully prepared, and systematic
characterizations were performed using FTIR, DSC, and imaging methods to gain insight into
the composition, sensor stability, and reactivity. The extent of reaction of sodium borohyride in
the sensing solution was monitored via FTIR, and showed that after 9 days of solution aging a
chemically stable liquid composite sensing material could be produced. By DSC screening, we
found that further aging in the dried state at elevated temperature produced a thermally stable
sensing material. By aging the dried sensor at 50 °C, thermal stability could be established as per
evaluation by traditional and cyclic DSC methods. The material was found to be stable over
time in conditions similar to or more extreme than the needs of the food and pharmaceutical
industries with the use of materials of low toxicity. The sensor can detect a relative humidity in
the range of 5-100% in an irreversible manner with good reproducibility and high accuracy. This

low-cost, highly sensitive, and easy-to-use humidity sensor can be sized to a miniaturized strip,
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which makes it easy to be applied to product humidity monitoring in pharmaceutical or food

products.

ABBREVIATIONS: SILM: Supported Ionic-Liquid Membrane, EU: European Union, FTIR:
Fourier Transform Infrared Spectroscopy, ATR: Attenuated Total Reflectance, RH: Relative

Humidity, DSC: Differential Scanning Calorimetry, ppm: Parts per Million (By Volume).
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