
Titania−Hydroxypropyl Cellulose Thin Films for the Detection of
Peroxide Vapors
Travis H. James,† Cody Cannon,† Dane Scott,† Zeid AlOthman,‡ Allen Apblett,†

and Nicholas F. Materer*,†

†Department of Chemistry, Oklahoma State University, Stillwater, Oklahoma 74078-3071, United States
‡Chemistry Department, College of Science, King Saud University, Riyadh 11451, Kingdom of Saudi Arabia

*S Supporting Information

ABSTRACT: Titania nanoparticles in a hydroxypropyl cellulose matrix produced
using a sol−gel method were utilized to prepare films on polycarbonate slides and
coatings on cellulose papers. The exposure of these materials to hydrogen peroxide
gas leads to the development of an intense yellow color. By using an inexpensive
web camera and a tungsten lamp to measure the reflected light, first-order behavior
in the color change was observed when exposed to peroxide vapor of less than 50
ppm. For 50 mass percent titania nanoparticles in hydroxypropyl cellulose films on
polycarbonate, the detection limit was estimated to be 90 ppm after a 1 min
measurement and 1.5 ppm after a 1 h integration. The coatings on the filter paper
had a 3-fold higher sensitivity compared to the films, with a detection limit of 5.4
ppm peroxide for a 1 min measurement and 0.09 ppm peroxide for a 1 h
integration. The high sensitivity and rapid response of these films make them a promising material for use as a sensitive peroxide
detector.
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■ INTRODUCTION

Peroxides (O2
2−) are extremely strong oxidizing agents of great

importance in many industrial and biological fields. The most
prominent of these oxidants, hydrogen peroxide (H2O2), is
useful as a bleaching agent in the paper and textile industries,
which together consume over half of the annually produced
supply,1,2 and as a reagent for the treatment of organic and
other pollutants in water supplies.3,4 Gaseous hydrogen
peroxide is often used in the food and medicinal fields as a
cleaning reagent in situations where a sterile environment with
no bacterial or microbial growth is essential.5−11 Due to its
strong oxidizing potential, the Occupational Safety and Health
Administration (OSHA) has set a permissible average exposure
limit of 1 ppm over an 8 h day,12 which leads to the
requirement that users must be able to constantly monitor
levels of hydrogen peroxide down to 1 ppm. OSHA-approved
methods for quantification of gaseous peroxide include drawing
the atmosphere in question through an acidified solution of
titanium oxide sulfate13 and the use of Drag̈er or similar tubes
specific for hydrogen peroxide.14 In the first case, an optical
measurement of the solution is used to determine the peroxide
concentration; in the latter case, colored bands form, and the
length of these bands correlates with the concentration.
Additional methods for peroxide detection and quantification
include fluorometry,15−18 amperometry,19−22 spectrosco-
py,23−26 and electrochemical sensing.27 Many of these methods
cannot be easily automated because they require preconcentra-

tion of the atmosphere in solution and some amount of wet
chemistry or require constant attention by a technician.
Nanoparticle titanium dioxide (i.e., titania nanoparticles) has

gained interest as a catalyst and gas sensor. Beginning with its
use by Fujishima and Honda as a catalyst for the photolysis of
water,28 titania nanoparticles have been used in solar cells,29−31

UV filters,32,33 and water purification technology.34 As sensors,
they have application for the detection of hydrogen sulfide,35

ethanol,36 and carbon monoxide among many other gases.37−39

One notable paper used Ti3+-doped TiO2 spherelike nano-
particles for solution-based hydrogen peroxide detection.40 As
solid sensors, titania films can be produced by many methods
including physical and chemical vapor depositions,41−48

pyrolysis,49−51 RF sputtering,52−54 coprecipitation,55−57 and
sol−gel methods.58−61 Of these, the sol−gel approach is
attractive due to the low temperatures, low cost, and particle
size control.
Xu and co-workers have recently presented a cellulose paper

method based on aqueous absorption of titanium(IV)-oxo
complexes that bind with hydrogen peroxide vapor, causing a
color change.62 Our work complements this study by
investigating the use of nanostructured titanium dioxide
encapsulated within hydroxypropyl cellulose films supported
by polycarbonate slides or cellulose filter papers. The films and

Received: March 14, 2014
Accepted: May 21, 2014
Published: May 21, 2014

Research Article

www.acsami.org

© 2014 American Chemical Society 10205 dx.doi.org/10.1021/am501535g | ACS Appl. Mater. Interfaces 2014, 6, 10205−10212

www.acsami.org


coatings were prepared according to a method previously
described by Kusabe and co-workers63 with the elimination of
the final calcination step used to produce pure titania thin films.
In terms of detection, this work builds on the OSHA VI-6
method for hydrogen peroxide detection utilizing the complex-
ion between Ti4+ ions (in this case titanium(IV) oxysulfate)
and hydrogen peroxide.13 Titanium(IV) oxysulfate is believed
to be composed of Ti−O−Ti−O− zigzag chains coordinated
with water and hydrogen sulfate ions.64 When reacted with
hydrogen peroxide in an acidic media, the complex that is
formed can be either mononuclear with one peroxide per
titanium ion or dinuclear with peroxides bridging between
titanium ions.65 The selectivity, stability, and final intense color
of the resulting titanium(IV)-oxy complexes are the reason
these materials are used for colorimetric detection. Vogel’s
Textbook of Quantitative Chemical Analysis references the use
of acidic hydrogen peroxide solution to quantify titanium in
solutions.66 Our sol−gel films and coatings have a similar color
change when exposed to peroxide vapors, changing from
colorless to yellow, motivating this study. It is anticipated that
these films can be integrated into a low-cost sensor to monitor
peroxide concentrations in industrial workplaces.

■ EXPERIMENTAL DETAILS
Titanium(IV) Isopropoxide−Cellulose Solution. A solution of

titanium(IV) isopropoxide with hydroxypropyl cellulose in 2-propanol
was produced following the procedure outlined by Kusabe and co-
workers.63 Briefly, 1 g of hydroxypropyl cellulose (Alfa Aesar, Mr =
100 000) was dissolved in 70 mL of 2-propanol (Pharmco-Aaper, ACS
reagent). A measured amount of titanium(IV) isopropoxide (Alfa
Aesar, 97%) was then added dropwise while stirring. After stirring for 1
h under nitrogen, 1.5 g of concentrated hydrochloric acid (Pharmco-
Aaper, ACS reagent) diluted with 20 mL of 2-propanol was added to
the titanium−cellulose solution. The final solution was stirred under
nitrogen for 24 h before use. Solutions with varying quantities of
titania were prepared up to the point where sufficient titania was
present to yield a 60 mass percent titania/(titania + hydroxypropyl
cellulose) film, assuming that the titanium(IV) isopropoxide was
completely converted to titania. After production, the solutions were
pale yellow and stored under nitrogen. Film preparation was typically
performed within 12 h after the initial 24 h mixing period.
Preparation of the Films and Coatings. Polycarbonate slides (1

in. × 3 in. × 0.060 in.) were sonicated in ethanol for 30 min and dried
in air. Once dried, an excess volume of the titanium(IV)
isopropoxide−cellulose solution was applied to a slide held in an
aluminum slide holder (0.040 in. deep). A Gardco 8-path wet film
applicator was used to remove the excess solution and produce films of
the precursor solutions with a homogeneous thickness of 0.020 in. The
slides were then placed under a watch glass to air-dry for 1 h. The
resulting films were then used as prepared without the implementation
of the calcination stage.
Similar coatings were produced on cellulose filter paper (VWR 415)

by coating one side of the paper with an equal volume-per-area
amount of the titanium isopropoxide−cellulose solution, as was used
for the polycarbonate slides. The papers were hung vertically to air-dry
for 1 h. In the first 5 min of drying, the filter papers were constantly
rotated to ensure a uniform thickness.
Titanium(IV) Oxysulfate Solution. The colorimetric procedure

developed by OSHA was utilized to measure the peroxide vapor
concentration.13 This method requires a solution of titanium(IV)
oxysulfate in sulfuric acid. This was produced by dissolving a mixture
of 5.5 g of dehydrated TiOSO4·xH2O (Strem Chemicals) and 20 g of
ammonium sulfate (Spectrum, ACS reagent) in a heated solution of
100 mL of sulfuric acid (Pharmco-Aaper, ACS reagent). After cooling,
the resulting solution was added to 350 mL of ultrapure water, filtered
through a 0.40 μm filter to remove any suspended materials, and
diluted to 500 mL.

Film Testing Apparatus. Figure 1 shows a schematic diagram of
the apparatus that was used to expose and monitor the films. A

nitrogen cylinder (Airgas, ultrahigh purity) was used to supply
nitrogen as the carrier gas. The regulator backing pressure was set to
20 psi, and the flow was fixed at 350 standard cubic centimeters per
minute (sccm) for all experiments using an Omega FMA 5500 mass
flow controller (A). The nitrogen flow was then directed through a
250 mL bubbler containing peroxide solution (B). The gas was
dispersed into the solution using a sintered glass head, which
distributed the gas through the solution to ensure a steady uptake of
the peroxide vapor. The solution concentration of hydrogen peroxide
in the bubblier determines the gas-phase concentration, which is
directly measured as described below. Next, the peroxide-enriched gas
was directed into a glass cell containing the sample, either a film on a
polycarbonate slide or a coating on cellulose filter paper (C). The glass
cell had a piece of white paper attached on its outside bottom to create
a white background. A 20 W incandescent light was positioned above
the cell to provide homogeneous lighting for the slide, and a Logitech
Pro 9000 USB camera recorded images of the sample during exposure
to peroxide vapor (D). Between the camera and the cell was a Leiz
Wetzlar BG 12 blue bandpass filter, which isolated the wavelengths
between 300 and 500 nm. After leaving the cell, the gas progressed
through a bubbler containing 25 mL of the titanium(IV) oxysulfate
solution (E), which reacts with the peroxide in the gas and produces a
color change that is proportional to the total quantity of peroxide in
the gas. A second bubbler was attached following the first one to
confirm complete reaction of entrained peroxide vapor with the
titanium(IV) oxysulfate solution. There was no measured absorbance
change in the solution of the second bubbler when run with 30%
peroxide solution, the highest solution-phase concentration used in
these experiments, for 30 min, indicating that the peroxide vapor was
completely reacted in the first bubbler. The total peroxide
concentration was determined using the OSHA colorimetric method
that utilizes the absorption of the titanium(IV) oxysulfate solution at
410 nm.13 A Cary 50 Bio UV−vis spectrometer was used for the
absorption measurement and was calibrated as per this colorimetric
method. The peroxide concentration in the gas was computed using
the total concentration in titanium(IV) oxysulfate solution, the flow
rate which was fixed at 350 sccm for all experiments, and the exposure
time of the films to the flowing gas. This process was performed for
every exposure to determine the vapor concentration. The referenced
OSHA VI-6 method describes the hydrogen peroxide quantification
procedure for gas-phase sampling.13

The total volume of N2 gas passed through the apparatus is 21 L for
an hour long exposure. Since N2 gas bubbles through an aqueous
solution of hydrogen peroxide, the addition of water vapor could

Figure 1. Schematic diagram of the apparatus that depicts (A) the flow
controller, (B) the bubbler to entrain peroxide vapor, (C) the
exposure chamber, (D) the detection system, and (E) a bubbler used
to determine the total concentration of peroxide in the flow.
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slightly increase the total volume of gas volume passed. Since this was
not corrected for in the computation of the gas-phase concentration of
hydrogen peroxide, a slight underestimation could possibly occur.
Running the bubbler for an extended time (18 h) resulted in a water
mass loss of 0.5 g/h. This mass of water corresponds to approximately
0.6 L of water vapor in 21 L of N2 gas, given a maximum 3% error
toward lower parts per million.
Before each experimental run, the targeted gas-phase concentration

was obtained by varying the concentration of hydrogen peroxide in the
bubbler solution. For precise values, some iteration is required due to
variability in the stock hydrogen peroxide concentration with time.
Once started, each exposure was recorded as an MJPG video and saved
to a disk. The video was shortened using the open-source program
MEncoder by extracting one frame every 10 s for the duration of the
exposure, typically 0.5−1 h. Data reduction was performed using
ImageJ, an open-source analysis software package developed by the
National Institutes of Health.67 The imported video was split into red,
blue, and green channels. As discussed above, the BG 12 blue bandpass
filter limited the range of recorded wavelengths from 300 to 500 nm.
In these experiments, the reflected light saturated the blue channel;
therefore, the red channel, which has much lower sensitivity in the
blue region, was used to quantify the reflected light. The response of
the red channel to the desired analytical wavelengths was confirmed
using a broadband light source and a monochromator. Intensities were
extracted from the video using ImageJ. Except when noted, the
intensity was determined by an average center section area of the
samples, and the results were used to generate all plots.
Particle Size Measurements. A Malvern HPP5001 particle size

analyzer was used for size characterization of particulates in solution. A
total of 25 measurements were performed for each sample, which were
undiluted and measured at 25 °C.

■ RESULTS AND DISCUSSION
Characterization of the Films and Coatings. Films and

coatings were prepared as described in the Experimental Details
section. As the films air-dried, there was a tendency for the

films, produced from the titanium(IV) isopropoxide−cellulose
solutions with high titania mass loading, to crack or peel away
from the slide. This cracking was especially prevalent for films
deposited on glass slides, which led to the use of polycarbonate
slides in this investigation. On the polycarbonate substrates,
virtually all of the 40 and 50 mass percent titania coatings
produced high quality films upon drying. However, films with
60 mass percent titania could not be produced without
cracking. The decrease in adherence of the films to the slide
with high titania content may be due to the lower
hydroxypropyl cellulose content and increased stress within
the film, which results in a greater propensity for cracking.
These findings are in agreement with the previous description
of film cracking at higher titania loadings by Kusabe and co-
workers.63

Therefore, the majority of the work described herein was
performed with films with a 50 mass percent titania loading or
lower. The greatest color change was obtained for films and
coatings with 50 mass percent titania content. These films also
displayed excellent overall stability on the polycarbonate slides
before peroxide exposure. Although films with 40 and 50 mass
percent titania loading developed stress cracks after reacting
with the peroxide vapor, the degree of cracking had little
influence on the observed color evolution upon exposure to
hydrogen peroxide. There was no observable cracking or
peeling of coatings applied on the filter paper.
As the titania−cellulose solutions aged, there was an

observable increase in the turbidity of the solution. This
increase was attributed to continual particle growth and
aggregation with time. Dynamic light scattering (DLS) analysis
was used to measure the growth of the titania nanoparticles in
freshly prepared solutions as they aged for up to 1 week (see
Figures 2 and 3). DLS measurements of the precursor solution

Figure 2. DLS analyses of cellulose solution (A) before addition of titanium isoproproxide and (B) immediately after addition of titanium
isoproproxide.

Figure 3. DLS analyses of titania−cellulose solution after stirring (A) for 1 day and (B) for 1 week.
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for 50 mass percent titania films were performed immediately
(i.e., within 5 min) after preparation and 1 day of mixing.
The hydroxypropylcellulose solution lacking titanium iso-

proproxide (Figure 2A) showed distributions centered around
12 and 4000 nm, with the larger diameter distribution
containing over 60% of the total particle volume. This larger
distribution was attributed to the agglomeration of the
hydroxypropyl cellulose without a well-defined mean particle
size. Upon the addition of titanium isoproproxide, a large
distribution centered between 3 and 4 nm appeared,
comprising nearly 94% of the measured particle volume (Figure
2B). This distribution was assigned to nanoparticulate titania
forming in the solution. The remaining volume was as seen
before in the hydroxypropylcellulose control. The population of
the nanoparticles in this size range decreased over a 24 h mixing
period, by the end of which the mean particle size had increased
to approximately 10 nm (Figure 3A). This distribution is
noticeably shifted to lower particle sizes, with respect to the
hydroxypropylcellulose control. There is also a new, much
smaller distribution around 1000 nm or 1 μm. After 1 week, the
titania particles reached a mean size distribution around 1 μm
(Figure 3B). Experimentally, the films made within 24 h of the
solution preparation had slightly higher sensitively, or a more
rapid color change, to hydrogen peroxide vapor. To maintain
consistency, all films and coatings were prepared within 24 h of
preparation of the precursor solution.
The films and coatings were also used shortly after

preparation to ensure consistency. Over a week, both the
films and coatings remain stable. For the films, there is very
little difference in the sensitivity between a fresh film and one
stored in a covered Petri dish and exposed to light for six
months. The dense sol−gel film combined with the lack of
water that can produce radicals via photochemistry is believed
to contribute to the observed stability. However, the coatings
on filter paper are less stable and become brittle with time.
Over a six months period in a covered Petri dish, the coatings
lose approximately 50% of their initial sensitivity. However,
they are still more sensitive than the films even after six months
of storage. Although not a focus of this study, it is thought that
better storage conditions could extend the lifetime of the
coatings.
Reaction Kinetics. Upon exposure to gaseous hydrogen

peroxide, the films and coatings changed from colorless to
yellow wherein the intensities are dependent on the peroxide
concentration and the exposure time. When the intensities were
examined in detail, it was found that the images initially
saturated the blue channel. As the coatings and films react with
hydrogen peroxide, the absorption of light between 300 and
500 nm begins to occur (as demonstrated by the UV spectra of
exposed films), which causes less light to be reflected and
results in a darker image of the film or coating. A control film
and coating created without the addition of titanium
isopropoxide did not have an observed color change during
exposure to peroxide vapors.
The particular red dye used in the web camera has reasonable

absorbance in the blue region of the spectra, as confirmed using
a broadband light source combined with a 1/8 m mono-
chromator. Therefore, the red channel has an increased
dynamic range but lower sensitivity. The resulting image after
splitting the color channels using ImageJ and focusing only on
the red channel is shown in Figure 4A, B. As can be seen, a
dramatic decrease in the intensity was readily observed.

As discussed in the Experimental Details section, ImageJ was
used to extract the intensity as a function of time from the
video. A typical decrease in reflected intensity with time is
shown in Figure 5A. The intensity appears to exponentially
decline with time or peroxide exposure. This observation was
confirmed by plotting the natural logarithm of the intensity
versus exposure time (Figure 5B), yielding a linear plot that is
characteristic of an exponential time dependence. Additional
experimental data can be found in the Supporting Information.
Included are an experimental run with 0 ppm hydrogen
peroxide, and several different runs with 50 mass percent titania
films and coatings at different hydrogen peroxide concen-
trations.
The negative slope of this plot (Figure 5B), determined by

linear regression, is the phenomenological first-order rate
constant. At later time points, the decrease in reflected intensity
slows and then stops as the active titania particles in the film
and coating are consumed. The saturation intensities for 25 and
50 mass percent titania coatings on filter paper were 44.7 ± 5.5
and 16.2 ± 0.3, respectively. These intensities were determined
by the averaging of three experiments, two 60 min exposures to
hydrogen peroxide gas with concentrations of 37.3 and 38.5
ppm and one 80 min exposure of 10.7 ppm. The raw saturation
intensities for each experiment was performed by averaging of
the last 5 min of each exposure and differed by less than 2%
from that computed from the previous 5 min. As expected,
higher titania loading resulted in a smaller intensity value as a
result of more light being absorbed. While a higher mass
loading is important for the magnitude of the final absorption
value, the substrate is also extremely important. The saturation
intensity for the 50 mass percent titania films on polycarbonate
was determined from an average of three 60 min exposures to
hydrogen peroxide gas with concentrations of 72.6, 19.3, and
8.6 ppm and was found to be 42.0 ± 15.0. The standard
derivation of the saturation intensity of the 50 mass percent
titania polycarbonate film is significantly higher than the similar
50 mass percent titania coating on filter paper.
To determine the dependence on peroxide concentration or

equivalently the rate of the peroxide flux to the surface, six films
on polycarbonate and five coatings on cellulose filter paper
were exposed to peroxide concentrations ranging from 0 to 50
ppm. Selected kinetic data can be found in the Supporting
Information. Figure 6 shows the phenomenological first-order
rate constants, which were determined using the methodology
described above, plotted against the measured peroxide
concentrations. Experimentally, the error in the measurement
was dominated by the small inhomogeneity of the coating. The
error bars shown in Figure 6 were estimated first by dividing
the films and coatings into four equally sized sections to
determine the rate constants for each section and then

Figure 4. Reflected image of a titania−cellulose film on polycarbonate
(A) before and (B) after peroxide exposure. The film was exposed to a
hydrogen peroxide concentration of 42.1 ppm for 1 h.
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computing the standard deviation of the rate constant in each
quadrant. The resulting rate constants are linearly dependent
on the concentration of peroxide vapor. With a constant
concentration of the encapsulated titanium(IV) species within
the film, the color change is linearly proportional to the
hydrogen peroxide concentration or the flux of hydrogen
peroxide molecules to the surface.
The response of both films and coatings to hydrogen

peroxide were first order with respect to the gas-phase
concentration of hydrogen peroxide. The linear regression of
the phenomenological first-order rate constant versus the
hydrogen peroxide concentration obtained from the films on
polycarbonate and coatings on filter paper were 1.0 × 10−3 per
ppm with an R2 of 0.98 and 3.4 × 10−3 per ppm with an R2 of 1,
respectively. These results demonstrate that coatings on
cellulose filter paper are over three times as sensitive as the
films on polycarbonate, meaning that the filter paper is a
superior substrate for both sensitivity and reproducibility. Given
that the difference is only a factor of 3 and the surface area and
the porosity of the filter paper are significantly greater than
those of the polycarbonate substrate, the porous nature of the
filter paper is not likely the cause of the different rates. The
coating was prepared using a similar amount of the sol−gel
precursor solution per unit area as that of the films, eliminating
one advantage of a porous substrate. In addition to sensitivity,
the background noise for the films and coatings were measured
to be 5.2 and 1.1 intensity units, respectively. One major
difference between the films and coatings is that the films are

transparent and require a white background material to be
placed under the slide, resulting in loss in the reflected
intensity. The coatings are white and require no additional
background material to reflect the light. Thus, some of the
difference between the films and coatings could result from
small differences in the experimental setup. Importantly, our
measurements show that the chemistry that occurs on these
materials is similar. Finally, for higher hydrogen peroxide
concentrations, the measured errors for the phenomenological
first-order rate constants in Figure 6 were larger than those
found for lower concentrations. This was a result of the films
and coatings close to the peroxide inlet exhibiting a greater
initial rate of coloration.
The effects of titania mass loading on the phenomenological

first-order rate constant of the coatings were studied using 0,
25, and 50 mass percent titania mass, where the 0 mass loading
was used as a control. Figure 7 shows the response of these
coatings to exposures of various peroxide concentrations. Again,
select kinetic data can be found in the Supporting Information.

The control films with no titania showed no reactivity toward
peroxide. At lower concentrations of hydrogen peroxide vapor
(0−25 ppm), the 25% and 50% by mass titania films displayed
similar rates of color change at a constant hydrogen peroxide
concentration. When exposed to more concentrated vapor, the
25% by mass titania mass loading leveled off to a constant rate
of color change independent of the hydrogen peroxide
concentration. Leveling off at higher concentrations of

Figure 5. (A) Intensity versus exposure time for a 50 mass percent titania coating and (B) the first-order behavior of the first 10 min of exposure.
The film was exposed to a peroxide concentration of 43.5 ppm for 40 min.

Figure 6. Phenomenological first-order rate constants obtained from
the 50 mass percent titania films on polycarbonate (●) and coatings
on filter paper (○) substrates as a function of the peroxide
concentration. Error bars were determined from film homogeneity,
as discussed in the text.

Figure 7. Phenomenological first-order rate constants of 0 (▲), 25
(■), and 50 (○) mass percent titania coatings as a function of gas-
phase hydrogen peroxide concentration. Error bars were determined
from film homogeneity as discussed in the text.
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hydrogen peroxide was not observed for the 50% titania
coatings, which implies that the rate of intensity change of these
films can be used to quantify peroxide concentrations greater
than 40 ppm.
Peroxide Sensitivity and Reaction Mechanism. The

experimental results (Figures 6 and 7) can be qualitatively
understood by a reaction mechanism that depends on the flux
of hydrogen peroxide to the surface. The phenomenological
first-order rate constant at each peroxide concentration appears
to depend only on this flux (flux of hydrogen peroxide to the
surface). Therefore, the surface reaction rate for the formation
of the color species is fast relative to the arrival rate. The final
coloration depends only on the concentration of available sites,
presumably the encapsulated titanium(IV) species within the
film that are completely consumed at later time points. This
hypothesis is further supported by the linear dependence of the
rate constant on hydrogen peroxide concentration because the
flux of hydrogen peroxide molecules to the surface has a linear
dependence on the gas-phase concentration or partial pressure.
Additionally consistent with this model is the independence of
the phenomenological rate constant with titania loading (Figure
7). The fast surface reaction rate implies that, at these peroxide
concentrations, the measured rate should be independent of the
number of reactive sites within the films and coatings. However,
the ultimate capacity of these films is limited by the number of
active sites provided by the encapsulated titanium(IV) species;
thus, higher loading is associated with greater ultimate color
change in the presence of peroxide vapor.
The slope of the phenomenological rate constant versus

peroxide concentration (Figures 6 and 7) is an indicator of film
and coating sensitivity to peroxide vapor. Color change per
parts per million of hydrogen peroxide is directly correlated
with film and coating sensitivity to peroxide vapor. In other
words, a larger rate color change results in greater sensitivity.
By using the concentrations tested herein, the cellulose coatings
clearly provided greater sensitivity. A more quantitative
estimate was obtained using the slopes and the background
noise of the detection system. The background noise for the
films and coatings was measured to be 5.2 and 1.1 intensity
units, respectively. The major limiting factor is the sensitivity of
the web camera. By using 3σ as an estimate of the limit of
detection for the intensity measurements combined with
predetermined measurement times, the minimum detectible
slope or intensity change was estimated. In turn, the minimum
detectible slope was used to identify the detection limit in parts
per million. For the 50 mass percent titania films on
polycarbonate, the detection limit was estimated to be 90
ppm hydrogen peroxide for a 1 min measurement and 1.5 ppm
for a 1 h integration. The coatings on filter paper had a much
lower detection limit of 5.4 ppm hydrogen peroxide for a 1 min
measurement and 0.09 ppm hydrogen peroxide for a 1 h
integration.

■ CONCLUSION
Sol−gel methods were used to produce titania in a
hydroxypropyl cellulose matrix as films on polycarbonate or
coatings on cellulose, with titania/(titania + cellulose) mass
percent loading up to 50%. The films on polycarbonate with
loadings greater than 50 had a tendency to crack. These films
and coatings had reactivity toward hydrogen peroxide and
changed color from colorless to an intense yellow when
exposed to hydrogen peroxide. By using an inexpensive web
camera and a tungsten lamp to measure the reflected light, it

was determined that the films exhibited a first-order behavior
with regard to color change when exposed to peroxide vapor
concentrations of less than 50 ppm. As the titania content
present in the films increased, less light was reflected at
saturation. However, the mass ratio in the solution did not
affect the response rate for hydrogen peroxide concentrations
below 25 ppm. For the 50 mass percent titania films on
polycarbonate, the detection limit was estimated to be 90 and
1.5 ppm for a 1 min measurement and a 1 h integration,
respectively. The coatings on cellulose provided a 3-fold
increase in sensitivity compared to the films on polycarbonate,
with a detection limit of 5.4 ppm hydrogen peroxide for a 1 min
measurement and 0.09 ppm hydrogen peroxide for a 1 h
integration. The major limiting factor was the sensitivity of the
web camera. By using a more sensitive detection technique, it
may be possible to use the reflected intensity from these films
as an extremely sensitive hydrogen peroxide detector. Ongoing
studies are being conducted to determine the response of these
films to organic peroxides. Nevertheless, a sensor utilizing the
titania−cellulose coating may be constructed to monitor
peroxide vapor exposure in workplaces to determine whether
exposure levels are within the OSHA permissible average
exposure limit of 1 ppm of peroxide vapor over an 8 h day.12
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