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Abstract

We describe an inexpensive paper-based sensor for rapid detection of low concentrations (ppm) of 

hydrogen cyanide gas. A piece of filter paper pre-spotted with a dilute monocyanocobinamide 

[CN(H2O)Cbi] solution was placed on the end of a bifurcated optical fiber and the reflectance 

spectrum of the CN(H2O)Cbi was monitored during exposure to 1.0–10.0 ppm hydrogen cyanide 

gas. Formation of dicyanocobinamide yielded a peak at 583 nm with a simultaneous decrease in 

reflectance from 450–500 nm. Spectral changes were monitored as a function of time at several 

relative humidity values: 25, 50, and 85% relative humidity. With either cellulose or glass fiber 

papers, spectral changes occurred within 10 s of exposure to 5.0 ppm hydrogen cyanide gas 

(NIOSH recommended short-term exposure limit). We conclude that this sensor could provide a 

real-time end-of-service-life alert to a respirator user.

* Corresponding author. ilv1@cdc.gov (L.A. Greenawald).. 

Disclaimer
The findings and conclusions in this report are those of the authors and do not necessarily represent the views of the National Institute 
for Occupational Safety and Health. Mention of product name does not constitute endorsement by the National Institute for 
Occupational Safety and Health or the Centers for Disease Control and Prevention.

Author contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the 
manuscript.

Appendix A. Supplementary data
Supplementary data associated with this article can be found, in the online version, at http://dx.doi.org/10.1016/j.snb.2015.06.085

HHS Public Access
Author manuscript
Sens Actuators B Chem. Author manuscript; available in PMC 2016 December 31.

Published in final edited form as:
Sens Actuators B Chem. 2015 December 31; 221: 379–385. doi:10.1016/j.snb.2015.06.085.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://dx.doi.org/10.1016/j.snb.2015.06.085


Keywords

Paper sensor; Optical sensor; Hydrogen cyanide; Cobinamide; Diffuse reflectance; End-of-
service-life indicator

1. Introduction

The National Institute for Occupational Safety and Health (NIOSH) defines a level of 50 

ppm as immediately dangerous to life or health (IDLH) for hydrogen cyanide gas (HCN) 

[1]. HCN is present in manufacturing industries such as electroplating, mining, production 

of paper, textiles, plastics and pesticides. It is considered a potential chemical warfare agent, 

having been used in both World Wars I and II, and in recent terrorist attacks [2–4].

In occupational or military settings, persons who may be exposed to HCN are required to 

wear a self-contained breathing apparatus (SCBA) or an air-purifying respirator (APR) fitted 

with a NIOSH-approved chemical, biological, radiological, nuclear (CBRN) canister. It is 

often difficult for users to determine when the activated carbon bed becomes saturated and 

reaches its “end-of-service-life” (ESL). The smell or irritation of a gas has been used to 

indicate breakthrough but by the time a user can smell a gas, dangerous concentrations may 

already be present. According to OSHA 1910.134, sensory warning properties cannot be 

used to determine cartridge/canister change-out [5]. Software models provided by 

manufacturers are currently used to help users estimate when breakthrough will occur [5]. 

Unfortunately, unpredictable input data such as types and concentrations of toxic chemicals, 

relative humidity, and breathing rate may not be readily available to the user. In addition, 

most of the theoretical models incorporated into the software are for organic vapors.

In 1984, NIOSH published standards for certification of sensors indicating breakthrough 

(termed “end-of-service-life indicators” or ESLIs,) to encourage their development [6]. The 

sensors are intended to provide a real-time alert to indicate to the user that the canister is 

near its maximum absorption capacity and vapor breakthrough is imminent. ESLI standards 

require a reliable sensor to indicate sorbent depletion at 90% canister volume [7]. Current 

challenges in developing these sensors for incorporation into respirators include the effects 

of humidity, as well as size, weight, and power restrictions. Additionally, manufacturers 

prefer to limit costs to no more than $1 per canister for the sensor and $20–$50 for the 

sensor-related fixturing and electronics per respirator [6]. Only a few colorimetric and 

qualitative ESLIs are available (such as for mercury vapor), and these rely on subjective 

visual detection to identify a color change [8,9]. These are inappropriate in poorly lit 

environments or for color blind persons.

One possible ESL sensor design is based on optical measurement of a colored compound 

dispersed on a white medium. The availability of small photodetectors, inexpensive optical 

fibers, and low-power LED light sources suggest that a simple diffuse reflectance 

configuration could satisfy the size, cost, and power requirements. In addition, paper is 

inexpensive and easily obtainable. Common sample media for diffuse reflectance include 

soil [10], paint [11], body tissues [12], crystals [13] and paper [14,15]. To obtain a linear 
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relationship of spectral intensity to sample concentration, the Kubelka–Munk equation may 

be applied:

(1)

where R is reflectance, K is the absorption coefficient, and S is the scattering coefficient. 

The Kubelka–Munk formula is the most common approach to interpret diffuse reflectance 

and make the data comparable to that of transmittance [16].

Paper is a promising substrate for real-time, low-cost sensors. It is lightweight, adaptable to 

varied size and shape requirements, compatible with chemicals of various matrices, and has 

high wicking ability [17]. Paper is also highly porous with a large surface area, which is 

advantageous for rapid adsorption of gas-phase analytes. A known potential disadvantage of 

using paper is irreproducibility that can occur when using detection systems close to the 

paper’s surface; this can be attributed to inhomogeneous coating of the indicator and the 

resulting diffusion. Nery and Kubota provide an extensive review on current “lab-on-paper” 

techniques [18]. The ubiquity of paper makes it a suitable support medium to incorporate 

into an economical and portable sensor.

With paper selected as the substrate, a compatible indicating system must be selected. 

Cobinamide (Cbi), a cobalt-centered hydroxocobalamin analog, can bind up to two cyanide 

(CN−) ions. The structure is shown in Fig. 1, where the X and Y ligands can be OH−, H2O, or 

CN−. A cyanide ion rapidly displaces a water or hydroxyl ligand on cobinamide, with an 

overall Ka value of 1022M−2 (compared to a Ka value of 1012M−1 for hydroxocobalamin), 

shown below [19].

At neutral pH in water, Cbi exists as the mixed hydroxyaquo complex OH(H2O)Cbi, termed 

aquohydroxocobinamide [20]. As noted by Baldwin et al. [21] and further shown by Ma et 

al. [20], more rapid and pronounced spectral changes occur on CN− binding when starting 

with monocyanocobinamide [CN(H2O)Cbi] than when starting with either 

diaquacobinamide or aquohydroxocobinamide; this is attributed to the stronger trans-

labilizing effect of CN− compared to OH−. The change from CN(H2O)Cbi to 

dicyanocobinamide [(CN)2Cbi] yields a significant color change from orange (peak 

absorbance at ~510 nm) to violet (583 nm) that is easily observed. Complexing of 

CN(H2O)Cbi with CN− can be detected at concentrations as low as 0.25 nM cyanide in 

solution [20,22]. Using a 583 nm LED, a cobinamide-saturated qualitative filter paper and a 

photodiode detector, 13.5 ppb HCN released from 1 mL of acidified blood has been detected 

[23]. In addition to vitamin B12 derivatives, triphenylamine-based chemodosimeters have 

reported naked-eye detection as low as 1.8 ppm [24]. Chemical ionization mass 

spectrometry (CIMS) and selected ion flow tube mass spectrometry (SIFT-MS) have 

reported LODs of 5 ppt and 8 ppt HCN, respectively [25,26]. Portable electrochemical 

detectors are widely available and detect HCN in the occupational range of interest of 
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0.0-100.0 ppm with LOD of 0.5 ppm [27]. Although commonly used, these portable 

detectors are too large to be useful as an ESLI. The latest developments of CN− and HCN 

detection can be found in a review by Randviir [28].

NIOSH designates maximum exposure limits for many occupational hazard gases. A short-

term exposure limit (STEL) is a 15 min time-weighted average that should not be exceeded 

at any time during a 10 h work day [29]. HCN has a STEL of 4.7 ppm [29]. For the 

proposed HCN-specific ESLI, a response to 5.0 ppm HCN must occur within minutes. Here 

we harness the distinct and rapid color change exhibited by cobinamide binding to CN− 

from HCN gas to generate a paper-based diffuse reflectance device.

2. Experimental

2.1. Chemicals and materials

Aquohydroxocobinamide [OH(H2O)Cbi], Co(III) was synthesized from hydroxocobalamin 

as described previously [30]. Potassium cyanide (KCN) was purchased from Fisher 

Scientific (granular; certified ACS) and was dissolved in 1 M NaOH (Fisher Scientific, 

certified). Stock HCN gas was purchased from Butler Gas (Pittsburgh) at a concentration of 

495.0 (±2%) ppm. Fisherbrand® P8 Qualitative filter paper (200 μm thick, 20-25 μm particle 

retention) and Gelman Sciences A/E Borosilicate Glass fiber filter paper (without binder, 

330 μm thick, 1 μm pore size) were used as the support media. Deionized water was from an 

18 MΩ cm deionized in-line water system (Thermo Scientific Micropure).

2.2. Preparation of cobinamide solution

A bench-top ultraviolet–visible (UV–VIS) spectrometer (Thermo Scientific Evolution 300) 

was used to determine the concentration of cobinamide stock solutions using a molar 

extinction coefficient of 2.8 × 104M−1 cm−1 [31]. The concentration of dicyanocobinamide 

[(CN2)Cbi] was determined using a molar extinction coefficient at 583 nm of 10,450 M−1 

cm−1. Binding of one cyanide ion to OH(H2O)Cbi was achieved by incubating equimolar 

amounts of cobinamide and KCN overnight at 4 °C. CN(H2O)Cbi stock solutions were 

diluted in deionized water to 50.0 ± 0.2 μM for fixing onto the paper substrates.

2.3. Preparation of paper substrates

Filter paper was cut into uniform 6.0 ± 0.5 mm diameter circles. A volume of 15.00 ± 0.02 

μL 50 μM Cbi was placed onto the center of each piece of paper leading to approximately 

0.9 μg CN(H2O)Cbi per paper. The CN(H2O)Cbi solution diffused uniformly on the paper 

substrate and was allowed to dry fully at room temperature (~21 °C). Some samples were 

tested at 50 and 85% relative humidity (%RH) by incubating the Cbi-spotted paper at the 

respective %RH for 4 h at 21.0 °C using an environmental chamber (Caron Model 6010-1) 

prior to the beginning of the experiment.

The average apparent absorbance of CN(H2O)Cbi on cellulose filter paper (measured at 500 

nm) was 0.14 ± 0.02 a.u. (F(R) value equal to 0.049 ± 0.001) with a 16%CV. The average 

apparent absorbance on glass fiber filter paper was 0.18 ± 0.03 a.u. (F(R) value equal to 
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0.089 ± 0.002) with 14%CV for glass fiber paper. These values are based on 30 samples for 

both cellulose and glass fiber filter paper with ± values of ±1 s.

2.4. Diffuse reflectance instrumentation

An Ocean Optics USB4000 UV-VIS-ES miniature spectrometer (200-850 nm) was used for 

diffuse reflectance measurements. The Cbi-impregnated paper circles were inserted into a 

custom-made holder constructed of black, Delrin® plastic. A 12.7 mm diameter mirror (Thor 

Labs BB05-E02) was incorporated into a screw-top lid at top of the holder, above the paper 

circle. Two holes in each side of the holder allowed HCN to pass through the holder; the 

holder is shown in Fig. S1 (Supplementary Material). The common end of a bifurcated fiber 

optic (Ocean Optics, core diameter 600 μm, fused silica) was connected to the bottom of the 

holder directly under the filter paper. The two distal branches of the fiber were connected to 

a tungsten halogen light source (Ocean Optics LLS, 215-2500 nm) and the USB 

spectrometer, respectively.

2.5. HCN flow experimental setup

The experimental setup is shown in Fig. S2. Three mass flow controllers (MFCs; Alicat 

Scientific) regulate air flow, the HCN concentration, and the percent relative humidity 

(%RH). The %RH was measured with a humidity sensor prior to each experiment and the 

HCN concentration was confirmed using an HCN-specific electrochemical detector 

(Interscan RM, 0-50.0 ± 0.1 ppm) [32]. Experiments were performed at a carrier gas flow 

rate of 1 liter per minute (LPM) at 25%RH (unless otherwise specified) at room temperature. 

HCN gas from the cylinder was diluted with air to the desired HCN concentration (1.0-10.0 

ppm), and the final concentration was verified using the Interscan HCN detector. The lowest 

concentration at which an accurate dilution could be obtained was 1.0 ppm. All tubing was 

made of Teflon (PFTE) material.

The system was initially flushed with air at the desired %RH (no HCN) for 1-2 h before the 

experiment. The system was evaluated by the Interscan to ensure a reading of 0.0 ppm HCN. 

A blank paper circle was then placed in the holder. The reflectance signal from the blank 

was defined as 100% reflectance at each wavelength. A piece of CN(H2O)Cbi-impregnated 

paper was then placed in the holder and the appropriate reflectance spectrum recorded. In 

some experiments, the reflectance spectrum of CN(H2O)Cbi-doped paper was designated as 

the blank when the goal was to monitor changes in the CN(H2O)Cbi spectrum. The paper 

circles were allowed to equilibrate with the desired %RH for 30 min in the holder prior to 

beginning the experiment. Initially, a three-way valve was set to allow air to flow to the 

Interscan HCN detector. Once the Interscan sensor read the desired HCN concentration, the 

valve was switched to direct the air to flow over the sensor. The valve switching time was 

designated as the start of the experiment.

3. Results and discussion

3.1. System optimization

3.1.1. Instrument—For the cellulose filter paper, the integration time of the spectrometer 

was set at 600 ms, with a boxcar width and scans-to-average set to give. The integration 
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time for an individual scan was selected to give a signal 85% of the spectrometer’s 

saturation level (limited by the A/D converter to 65k counts), while the number of scans-to-

average was chosen to optimize signal-to-noise. The glass fiber filter paper used was thicker 

than the cellulose paper and allowed more light to be reflected back to the detector. Thus, 

the integration time was set to 300 ms with a boxcar width and scans-to-average set to five. 

The spectrometer software measures the intensity of reflected light returning back to the 

detector from the paper through the bifurcated fiber optic and converts the data to an 

apparent absorbance.

Absorbance was converted to reflectance (Eq. (2)) and then to the Kubelka–Munk Function 

(Eq. (1)) by:

(2)

where A is absorbance (a.u.).

3.1.2. Flow—The flow rate over the paper was set to 1 LPM to avoid back pressure build-

up in the sensor holder. This flow rate has no correlation to the air flow through a canister 

but was chosen to focus on studying the binding between HCN and CN(H2O)Cbi. The small 

size of the sensor box combined with the 1 LPM flow rate yields a time constant of a few 

seconds for a step change in HCN concentration.

3.1.3. Volume and concentration of cobinamide—The optimal concentration of 

CN(H2O)Cbi to pipette onto the paper substrate was found to be 50.0 ± 0.2 μM. This 

concentration yielded a reflectance spectrum with a high signal to noise ratio without being 

too concentrated, which would result in lower sensitivity in detecting small changes of the 

reflectance spectrum.

The optimal volume of CN(H2O)Cbi placed onto the paper circles was 15.00 μL ± 0.02, 

which completely wicked over the surface of the paper without oversaturating and leaving 

CN(H2O)Cbi residue outside the paper. This volume allowed the paper substrates to dry 

within 1 h.

3.2. UV–VIS spectra of cobinamide

The absorbance spectra for OH(H2O)Cbi, CN(H2O)Cbi, and (CN)2Cbi in aqueous solution 

at 20 μM are shown in Fig. 2. The absorbance spectra for OH(H2O)Cbi and CN(H2O)Cbi 

are similar, thus the changes in absorbance spectrum when trace amounts of CN− bind to 

OH(H2O)Cbi are not analytically useful. When a second cyanide ion binds to CN(H2O)Cbi, 

a peak appears at 583 nm, absorption at 450-500 nm decreases, and an isosbestic point 

occurs at 531 nm.

The absorption spectrum of a 50 μM CN(H2O)Cbi solution is similar to the diffuse 

reflectance spectra of CN(H2O)Cbi on cellulose and glass fiber papers (Fig. 3A). The 

spectra of Cbi both in aqueous solution and on paper are similar. A higher K/S value (Eq. 

(1)) for CN(H2O)Cbi is observed on the glass fiber paper than on the cellulose filter paper, 
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likely due to the greater thickness of the glass fiber paper reflecting more light to the 

detector.

3.3. Cbi detection of HCN

3.3.1. Cellulose filter paper—The average blank signal on cellulose paper measured in 

the range 570-590 nm in terms of the Kubelka–Munk function is 6 (± 1) × 10−7, or in terms 

of absorbance: 0.0005 ± 0.0002 a.u. (n = 10). Statistically, the limit of detection (LOD) 

using cellulose filter paper in terms of the Kubelka–Munk function is 3.1 × 10−6, or 0.001 

a.u. using LOD = 3σ + 

Fig. 3B shows the spectral changes that result from the conversion of CN(H2O)Cbi to 

(CN)2Cbi when excess KCN (in 1 mM NaOH) is added to a CN(H2O)Cbi solution in a 

cuvette (absorbance spectrum) and when 15.0 ppm HCN flows over a Cbi-impregnated glass 

fiber paper for 15 min (diffuse reflectance). There is a slight variation between the 

absorbance spectrum and diffuse reflectance spectrum, but the characteristic features of the 

dicyano complex are apparent by diffuse reflectance. Thus, substitution of the water ligand 

by cyanide occurs readily for the CN(H2O)Cbi on the paper.

Fig. S3a (Supplemental Information) shows the response of CN(H2O)Cbi on cellulose filter 

paper when exposed to 5.0 ppm HCN after 1 and 5 min at 25%RH. The Kubelka–Munk 

function is plotted for the diffuse reflectance spectra. The increased signal at 583 nm, 

decreased signal at 450-500 nm and isosbestic point at 531 nm are apparent. This is more 

easily seen in Fig. S3b where the spectrum of CN(H2O)Cbi on filter paper was the blank, 

creating difference spectra. The characteristic spectral shifts are similar to those reported in 

Ma et al. and Blackledge et al. for CN− binding to OH(H2O)Cbi [20,22].

Two F(R) vs. time trends, one at 583 nm and the other at the average response of 450-500 

nm, are shown in Fig. S4a. T = 0 corresponds to the time at which the valve was turned to 

direct the HCN gas over the sensor. As expected, exposure to 5.0 ppm HCN shows a higher 

signal at 583 nm (and lower signal at 450-500 nm) than exposure to 1.0 ppm HCN. Fig. S4b 

displays an expansion of Fig. S4a as the initial response when HCN passes over the sensor. 

With an estimated dead time of less than 2 s for the start of the cyanide flow, a measurable 

response at 583 nm appears within 10 s for a 5.0 ppm exposure. A slower response is 

observed for a 1.0 ppm exposure, with an increase in signal occurring at approximately 20 s.

3.3.2. Glass fiber filter paper—The average blank signal on glass fiber filter paper 

measured in the range 570-590 nm in terms of the Kubelka–Munk function is 8 (± 1) × 10−9, 

or in terms of absorbance: 0.00005 ± 0.00009 a.u. (n = 10). The LOD (LOD = 3σ + ) using 

glass fiber filter paper in terms of the Kubelka–Munk function is 2.8 × 10−7, or 0.0003 a.u. 

These values are lower than those obtained for cellulose filter paper.

Using the glass fiber paper and plotting the Kubelka–Munk function for the diffuse 

reflectance spectra, a similar pattern is observed: the 583 nm signal increases and the 

450-500 nm signal decreases when 5.0 ppm HCN is present at 25%RH (Fig. 4A). Unlike the 

signal from cellulose paper, the signal from the glass fiber paper levels off at longer HCN 

exposure times, with a near steady-state signal observed within 10 min of exposure. This 
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observation is likely attributed to the larger surface area of the thicker glass fiber paper and 

more cobinamide available to complex with CN−. This is also more easily visualized in Fig. 

4B where the spectrum of CN(H2O)Cbi on glass fiber filter paper is the blank, creating 

difference spectra. Similar to the cellulose paper, Fig. 5A shows F(R) vs. time at 583 nm for 

5.0 ppm and 1.0 ppm, where a larger signal is observed for the 5.0 ppm HCN exposure. Fig. 

5B shows a rapid initial response occurring within 5 s for 5.0 ppm HCN exposure, while the 

initial rapid rise occurs over ~10 s for the 1.0 ppm exposure. Compared to cellulose filter 

paper, the glass fiber paper displays initial response times approximately half those of the 

cellulose paper.

A comparison between the response of cellulose filter paper and glass fiber filter paper when 

exposed to 5.0 ppm HCN for 15 min is shown in Fig. S5. The response with the glass fiber 

filter paper is significantly larger than with the cellulose filter paper. Although 5.0 ppm of 

HCN is the primary concentration of interest, the glass fiber paper displays increased 

Kubelka–Munk values (F(R)) at every HCN concentration for each time interval when 

compared to cellulose filter paper. For 5.0 ppm HCN, the Kubelka–Munk function is linear 

for cellulose paper but nonlinear for glass fiber paper with respect to time (Fig. S6). The 

saturation of the response suggests that the amount of reacted cobinamide complex is 

approaching the total amount of cobinamide immobilized in the paper. The linear behavior 

for cellulose paper indicates that the amount of reacted cobinamide is small with respect to 

the total amount of cobinamide over the 15 min of exposure. These differences indicate that 

the interaction of CN(H2O)Cbi with the substrate affects its response to HCN.

The Kubelka–Munk signal is linear with respect to HCN concentration after 1 min (Fig. 

S7a) as well as after 15 min (Fig. S7b) with R2 values 0.9885 and 0.9943, respectively. 

Deviations are most likely due to the nonhomogeneous medium. One of the assumptions of 

the Kubelka–Munk function is that the substrate is isotropic and homogenous, which is not 

the case here [33]. An improved linear correlation using the Kubelka–Munk function is 

observed after 15 min exposure, most likely due to the system being at steady state at each 

concentration. Although the Cbi-impregnated filter papers can detect HCN concentrations of 

less than 5.0 ppm, the focus of this study is the STEL of HCN and we found that HCN at 5.0 

ppm can be detected in less than 1 min using the CN(H2O)Cbi-impregnated paper.

3.4. Effect of percent relative humidity (%RH) on HCN detection

The effect of %RH on the paper’s detection performance was quantified for RH values of 50 

and 85%. These humidity values (including 25%RH) were evaluated because respirators are 

used in a wide range of climates with various temperatures and humidity. Fig. 6A shows the 

response on cellulose filter paper as a function of time for varying %RH, with data and 

expansion of the initial response in the Supplementary Material (Table S5, Fig. S8a, and 

Table S6). A data point was added to Fig. 6A indicating the average F(R) at 583 nm for 25% 

RH after 60 min (0.030 ± 0.001), similar to the F(R) values of 50 and 85% RH after only 15 

min (0.035 ± 0.001 and 0.0358 ± 0.0001, respectively). At each %RH, the signal responds at 

approximately the same time (~10 s) after exposure to HCN. The faster response of the 

CN(H2O)Cbi-impregnated paper for high relative humidity is clearly evident in this figure. 

Fig. 6B shows data for the glass fiber, with data and expansion of the initial response in the 
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Supplementary Material (Table S5, Fig. S8b, and Table S7). These F(R) values are much 

higher than those observed for the cellulose filter paper. The response for 25%RH starts to 

plateau after 10 min, while the response for 50 and 85%RH starts to plateau after 5 min for 

50% and close to 1 min for 85%RH, reaching steady state much more rapidly than cellulose 

paper. The cellulose and glass fiber filter papers both show a larger signal and a faster 

response at the wavelengths of interest at higher %RH. This observation may be attributed to 

the ability of the papers to absorb water vapor [34]. The adsorbed water may create a more 

solution-like medium for the reaction between HCN and cobinamide. It is also possible a 

higher response is due to a smaller scattering cross-section for both types of paper as water 

fills the air-filled pores of the paper [34].

The large value of the binding constant for cyanide with CN(H2O)Cbi (108) implies that the 

cyanide binding should be irreversible. However, Fig. 7 shows that the complex can slowly 

revert back to CN(H2O)Cbi when HCN is removed from the gas stream. HCN was cycled 

on and off at 15 min increments with an additional 60 min absence of HCN at the end of the 

experiment. Surprisingly, the rate of loss of cyanide was greatest at 50%RH compared to 

25% and 85%RH. The rate of loss of cyanide appears to be slower than the rate of binding. 

In terms of an ESLI, a brief exposure to HCN may not trigger the sensor due to insufficient 

change in the reflectance spectrum. However, the sensor would remain sensitive and 

respond rapidly upon a repeated exposure to HCN (i.e. if the user moved in and out of 

contaminated air). However, the initial detection at a specific point within the canister (e.g. 

representing 10% service-life remaining) from the wavefront HCN would indicate to the 

user that the canister must be immediately replaced, as per ESLI standards and user 

instructions [7,35]. Alternatively, the onset removal of environmental HCN, regardless of 

%RH, would unlikely cause full reversibility; the CN− within the activated carbon would 

redistribute and eventually reach the sensor location again by diffusion [36].

4. Conclusions

We demonstrated an inexpensive paper-based optochemical sensor for detecting low 

concentrations (1.0-10.0 ppm) of HCN gas. The sensor has potential to be used as an end-of-

service-life indicator in respirators. Cobinamide-impregnated filter papers can detect the 

NIOSH-recommended STEL concentration for HCN gas within 10 s of HCN exposure. A 

more rapid response occurs under conditions of higher humidity, and the Kubelka–Munk 

function yields a more linear signal as a function of HCN exposure time and concentration.

This work shows proof of concept that an ESLI could be developed to indicate to the user 

that the canister service-life has almost ended. The sensor would work as follows: the sensor 

would be embedded with direct contact to the carbon bed of a canister. Once HCN reaches a 

fixed point prior to breakthrough, the sensor would rapidly respond due to a change in the 

cobinamide spectrum. When a defined threshold is reached, an alarm would indicate to the 

user that the canister must be quickly replaced.

The availability of small photodetectors, inexpensive optical fibers, and battery-powered 

LED light sources suggest that the simple diffuse reflectance configuration could be 

modified to satisfy the size, cost, and power requirements of ESLIs. The small footprint of 
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the device makes it feasible to incorporate other sensing elements (for VOCs, halogens, 

CWAs, etc.) in a multiplexed fashion. The cobinamide sensing element has the potential to 

detect other compounds known to complex with cobinamide, such as ammonia and 

hydrogen sulfide [37].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Structure of cobinamide (Cbi).
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Fig. 2. 
Spectra of the three cobinamide complexes: OH(H2O)Cbi (solid line), CN(H2O)Cbi (dotted 

line) and (CN2)Cbi (dashed line).
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Fig. 3. 
(A) Comparison of monocyanocobinamide solution spectra and diffuse reflectance spectra 

on cellulose and glass fiber filter paper. The Kubelka–Munk function is plotted for the 

diffuse reflectance spectra. Solution spectra for 20 μM CN(H2O)Cbi (solid line); diffuse 

reflectance on cellulose filter paper (dashed line) and diffuse reflectance spectra on glass 

fiber filter paper (dotted line). (B) Comparison of monocyanocobinamide solution spectra 

and diffuse reflectance spectra on glass fiber paper. Solution spectra for 20 μM CN(H2O)Cbi 

in solution before excess KCN is added (solid line) and after KCN is added (dotted line). 

Diffuse reflectance spectra for CN(H2O)Cbi on glass fiber paper before excess HCN gas is 

introduced (short dashed line) and after HCN exposure (long dashed line).
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Fig. 4. 
(A) Monocyanocobinamide response to 5.0 ppm HCN exposure on glass fiber filter paper as 

a function of time of exposure. CN(H2O)Cbi before HCN (solid line), 1 min of exposure 

(dotted line), 5 min of exposure (short dashed line), 10 min exposure (long dashed line) and 

15 min exposure (hollow line). (B) Diffuse reflectance spectra when the reflectance 

spectrum of CN(H2O)Cbi on glass fiber filter paper was designated as the “blank” (solid 

line), 1 min exposure (dotted line), 5 min exposure (short dashed line), 10 min exposure 

(long dashed line) and 15 min exposure (hollow line).
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Fig. 5. 
(A) CN(H2O)Cbi on glass fiber paper response to 1.0 and 5.0 ppm HCN. 5.0 ppm HCN 

response at 583 nm (black line), 1.0 ppm HCN response at 583 nm (dotted line). (B) 

Expanded version of the initial response (in s) to 5.0 ppm HCN at 583 nm (solid line) and 

1.0 ppm HCN at 583 nm (dotted line).
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Fig. 6. 
(A) Average response of CN(H2O)Cbi on cellulose filter paper to 5 ppm HCN gas as a 

function of time of exposure at 25%RH (circle), 50%RH (square) and 85%RH (triangle). 

Error bars are represented by 95% C.I. for n = 3. (B) Average response of CN(H2O)Cbi on 

glass fiber filter paper to 5.0 ppm HCN at various exposure times at 25%RH (circle), 

50%RH (square) and 85%RH (triangle). Error bars are represented by 95% C.I. using n = 3 

for 50%RH and 85%RH and n = 6 for 25%RH.
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Fig. 7. 
Cycling of 5.0 ppm HCN exposure at various %RH. 25%RH at 583 nm (solid line), 50%RH 

at 583 nm (dotted line), 85%RH at 583 nm (dashed line).
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