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Hydrogen  cyanide  is a highly  toxic  compound  employed  for applications  such  as  electroplating,  produc-
tion of  organic  solvents,  fish  stunning,  and  even  as a chemical  weapon.  In  this  work,  we describe  a  new
microfluidic  paper-based  assay  for selective  cyanide  determination,  based  on  the  reaction  of  the  cyanide
anion with  palladium  dimethylglyoximate  (DMG)  followed  by  colorimetric  reaction  of  DMG  with  nickel.
Quantification  was  performed  by measuring  the  absorbance  of  light  passing  through  the  paper,  employ-
ing  an  LED  emitting  at 525  nm  and a log ratio amplifier  circuit  emulating  Lambert-Beer’s  law.  This  offers
an  alternative  to the  smartphone-based  methodologies  for signal  treatment  usually  employed  in colori-
metric  �PAD-based  methods  The  technique  enabled  linear  calibration  within  the  range  100–500  ppb  of
bsorbance
ydrogen cyanide
imethylglyoxime
iniaturization

HCN,  as well  as  a detection  limit  of 10 ppb  for HCN  in  gaseous  samples.  The  sampling  time  used  for  this
concentration  range  was  5  min.  The  method  was  also  tested  for the  quantification  of  cyanide  in aqueous
samples  by  adding  H3PO4 to  the  sample,  followed  by exposure  of  the paper  sensor  to the  gaseous  HCN
generated.  A  detection  limit  of 1  �M was  achieved,  which  makes  the  method  also  suitable  for  detection
of  cyanide  in  liquid  samples.

©  2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

Many chemical compounds present in the gas or vapor phases
an cause harmful effects to living beings, depending on their occur-
ence, concentration, reactivity, and toxicity. The development of
nalytical methods suitable for the detection of molecules in the
as phase in a wide range of matrices still remains a challenge
n the analytical chemistry field. New analytical methods must be
ufficiently versatile for use in many different applications involv-
ng gaseous and other types of samples, in areas such as industrial
ygiene, air pollution, detection of biomarkers in exhaled breath,
iological greenhouse gas emissions, and determination of dis-
olved gases or volatile compounds present in liquid solutions
including food, biological, and cosmetics samples) [1–3]. Hydro-
en cyanide (HCN) is found in many matrices. It is a highly toxic
ompound that is naturally present in low quantities in foodstuffs

uch as apples, mangoes, and rapeseeds, and is used by some plants
s a mechanism of defense against herbivores [4]. In industry,
yanide salts are used in electroplating, mining of gold and sil-
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ver, metallurgic and photographic activities, and for the production
of organic solvents [5]. Hydrogen cyanide is extensively employed
as a fumigant in food storage facilities and warehouses [6]. HCN
and its derivatives are also used in less desirable activities. In the
Philippines, large quantities of NaCN (estimated at 1 million kilo-
grams since 1960) are deposited into the ocean in order to stun
ornamental fish for easier capture [5]. There are also concerns that
cyanide may  be used as a terrorist weapon. In 1982, cyanide was
used as an adulterant in medicine packages in Chicago [7]. In 1995,
cyanide was  found in subway restrooms in Tokyo [8].

Although the usage of large amounts of cyanide in mining activ-
ities is of concern regarding the occupational health of workers, the
highest exposures of the general population to HCN are associated
with accidental fires, automotive exhaust, and cigarette smoke [9].
Hydrogen cyanide can be lethal to humans following a short period
of exposure, which may  be by inhalation, absorption through the
skin, or ingestion (in the form of cyanide salts). Once absorbed,
cyanide limits the functionality of a mitochondrial enzyme respon-
sible for the metabolism of blood oxygen in the electron transport
chain process and creation of most of the ATP produced by means of

respiration [10]. Cyanide metabolism is very rapid in humans [10],
with exposure to high levels of HCN leading to death by suffocation
[4].

https://doi.org/10.1016/j.snb.2018.04.101
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2018.04.101&domain=pdf
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Table  1
Methods for determination of HCN in the gas-phase.

Detection Method Response
Time

LOD Reagent
Medium

Ref

Colorimetric/Naked-eye 30 min  2 ppm Acetonitrile [28]
Colorimetric/Transmittance 2 min  0.5 �M Water [8]
Colorimetric/Conventional 18 min  1 ppm Acetonitrile [29]
Colorimetric/Diffuse Reflectance 10 s 1 ppm Water [33]
Optical Parameter Oscillator 10 s 0.4 ppm – [30]
EPM 5 s 150 ppm – [31]
QCM 10 s 5 ppm – [32]
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Colorimetric/Absorbance 5 min  10 ppb Water This work

PM: Embedded Piezoresistive Microcantilever; QCM: Quartz Crystal Microbalance.

In healthy adults, blood cyanide (BCN) levels are found in the
ange from sub-�M up to 40 �M [11]. Survivors exposed to smoke
rom fires showed blood cyanide concentrations of 200 �M [8].
igher levels of BCN are considered toxic and can be fatal. The

evels of CN− in drinking water are regulated by many agencies
orldwide, such as the World Health Organization (WHO), which

imits the presence of cyanide to 2 �M [12]. The US EPA and the
uropean Union have established maximum permissible levels of
.7 and 2 �M,  respectively [5]. In air, a short-term exposure limit of
.7 ppm of HCN for 5 min  is recommended by NIOSH. Levels higher
han 250 ppm may  be lethal within seconds.

Given this background, there is still a need to develop point-of-
are platforms tailored to the determination of hydrogen cyanide in

 wide range of samples (gases or liquids). Analytical methods avail-
ble in the literature for the determination of gaseous HCN cover

 broad spectrum of techniques [4,13,14]. Despite the availability
f many benchtop instrumental methods (notably gas chromatog-
aphy), there are few examples of simple point-of-care devices
uitable for the quantification of sub-ppm or ppb levels of HCN in
he gas phase (Table 1). Colorimetric assays are an elegant alterna-
ive for detection of an analyte by means of a color change that can
ndicate the presence or absence of a substance, or provide quanti-
ative data [15]. Many colorimetric reagents have been reported for
queous cyanide recognition, although their use for direct gaseous
CN detection is not so common. A disadvantage is that most of

he reagents require organic solvents or laborious synthesis steps,
ubstantially reducing their attractiveness.

Colorimetric assays performed on paper-based analytical
evices have been used in a wide range of applications involving
iological and industrial samples [16,17]. Microfluidic paper-based
evices offer many advantages [18], such as (i) low cost and
eady worldwide availability; (ii) requirement for small amounts of
eagents (1–10 �L), avoiding toxic waste generation; (iii) the possi-
ility of POC applications, with high potential for miniaturization;
nd (iv) excellent performance as solid sorbents for gas collection
19–21]. However, their use for cyanide determination has not yet
een fully explored.

Quantification of analytes using paper-based colorimetric
ssays has often been based on the use of consumer electronic
evices (such as smartphones or flatbed scanners) to measure the

ntensity of light reflected from the surface of the �PAD [22]. This
etection approach provides a real-time response and a high degree
f portability. However, quantification using this approach is not
lways easy, with a high concentration of the colored product being
equired, so the limits of detection tend to be high [23]. To address
his point, Ellerbee et al. [23] presented an alternative method
ased on measuring the intensity of the light passing through the
aper, rather than the reflected light intensity. The device consisted

f a light-emitting diode (LED) as a controlled light source, together
ith a photodiode detector and integrated amplifier. The associated

lectronic circuitry was  simple and gave an output corresponding
o the transmittance (T) parameter.
uators B 268 (2018) 392–397 393

Here, we propose a new approach for gaseous hydrogen cyanide
determination, featuring an improved chemical reaction employ-
ing palladium dimethylglyoximate as reagent, followed by a
colorimetric reaction step with nickel chloride. To the best of our
knowledge, this has only been reported once, without optimization
[24]. In addition, measurement of absorbance was used for quan-
tification, employing an LED, photodiode, and log ratio amplifier
circuitry. This configuration directly followed Lambert-Beer’s law,
leading to an output voltage corresponding to the absorbance [25],
which, in contrast to the transmittance value, is directly propor-
tional to concentration. The output voltage was  measured with a
portable digital multimeter, with no need for programming steps
or complicated data processing. This versatile and portable plat-
form can be applied for the determination of hydrogen cyanide in
gaseous samples and liquid solutions.

2. Experimental

2.1. Materials and reagents

Microfluidic paper-based analytical devices were produced by
the wax  printing method, as described elsewhere [26], using a
color printer (Model ColorCube 8580, Xerox, New York, United
States). Whatman 41 cellulose filter paper (Whatman, Kent, United
Kingdom) was used as the solid support. Solutions of potassium
cyanide (Synth, Brazil), sodium hydroxide (Synth, Brazil), potas-
sium hydroxide (Qhemis, Brazil), acetic acid (Synth, Brazil), nickel
chloride (Synth, Brazil), and potassium chloride (Sigma-Aldrich, St
Louis, United States) were prepared using Milli-Q deionized water
(Millipore, USA). A solution of dimethylglyoxime (Synth, Brazil) was
prepared in methanol (Tedia, Brazil).

2.2. Instrumentation

LEDs with emission peaks centered at 525 (HLMP-CM15) and
565 (HLMP-3950) nm were obtained from Broadcom Ltd. (San Jose,
California, United States). A sensitive silicon photodiode for the vis-
ible spectral range (Model BPW21) was acquired from Osram Opto
Semiconductors (Regensburg, Germany). A low noise operational
amplifier (OPA 2227U) and a log ratio amplifier (LOG101) were
obtained from Texas Instruments (Austin, Texas, United States).
Passive components were obtained from Distrelec (Switzerland).
Measurements of the output voltage from the LED absorbance
detector were made with a digital multimeter (Model M3600,
Metex, Toronto, Canada). Absorption spectra were recorded using a
conventional UV–vis spectrophotometer (Varian, Santa Clara, Cali-
fornia, United States).

2.3. Preparation of reagent solution and sampling filters

The palladium (II) dimethylglyoximate (Pd(DMG)2) reagent was
prepared by precipitation from an acidic solution of palladium chlo-
ride by addition of a solution of 1% dimethylglyoxime in methanol.
This reaction mixture was stirred for 24 h. The yellow compound
obtained was filtered and then washed sequentially with large
amounts of water and methanol. The solution of Pd(DMG)2 was
solubilized in 3 mol  L−1 KOH.

The �PADs had a diameter of 8.5 mm,  with hydrophobic barri-
ers created using the wax printing method. Subsequently, 2.5 �L of
PdDMG solution and 2.5 �L of 50% (v/v) ethylene glycol were added
to the paper, prior to exposure to gaseous HCN.
2.4. Preparation of gaseous standards

The permeation tube method was employed to generate gaseous
standards of hydrogen cyanide used for calibration. The HCN per-
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Fig. 1. Scheme of the generation of HCN from liquid samples containing cyanide
anions. Hydrogen cyanide is formed in acid conditions and transported to the �PAD
using airflow.
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ig. 2. Diagram of the absorbance based platform for colorimetric assay performed
n  �PAD’s.

eation tube (PT) device (VICI Metronics, Santa Clara, United
tates) was positioned inside a permeation chamber (PC) with the
emperature controlled at 30 ± 0.1 ◦C. Under this condition, the
ertified permeation rate of HCN was 110 ng min−1. Nitrogen was
sed as the carrier and dilution gases. Mass flow controllers (MFCs)
Model 1179, MKS  Instruments, Austin, Texas, United States) were
mployed to deliver different concentrations of hydrogen cyanide
o the sampling stream (S). The gas flow through the permeation
hamber was kept at 200 mL  min−1. The complete standard gas
enerator is illustrated schematically in Fig. S1 (Supplementary
aterial).

.5. Analytical protocols for gaseous and liquid samples
For gas samples, the �PAD with [Pd(DMG)2]2− and ethylene gly-
ol was positioned under the sampling stream, allowing exposure
o HCN. At the end of the sampling time, 2.5 �L of a solution con-
uators B 268 (2018) 392–397

taining acetic acid and nickel chloride at concentrations of 3 and
1 mol  L−1, respectively, was  added to the paper. The paper was  dried
for 2 min  using a clean air flow and was then positioned in the mea-
surement cell. The absorbance obtained by the LED detector was
measured using the digital multimeter.

For aqueous samples, a 2.0 mL  volume of solution containing
cyanide was added to a glass tube, which was  then capped. A 1 mL
aliquot of 50% (v/v) H3PO4 was added through a tube located in the
top, and the top hole was then closed. Immediately after this step,
clean air was  manually and gently bubbled through the solution
at a constant flow rate, using a 50 mL  syringe that had been pre-
viously filled with air. The generated HCN present in the air was
transferred to the �PAD surface through a Teflon tube (4 mm i.d.).
This procedure was  adapted from a published method for determi-
nation of cyanide in blood, developed by Ma  et al. [8]. Fig. 1 shows
the procedure used for the generation and transport of hydrogen
cyanide from the liquid sample to the paper sampler device.

3. Results and discussion

3.1. Optimization of detection

The two  chemical reactions selected in this study for the col-
orimetric detection of cyanide were based on (i) the strong affinity
between palladium and cyanide, and (ii) the high molar absorptiv-
ity of the nickel dimethylglyoxime complex. Feigl et al. [24] found
that in strong basic solutions, the palladium dimethylglyoximate
complex reacts selectively with cyanide anions, according to Eqs.
(1) and (2).

Pd(DMGH)2 + 2OH− → Pd(DMG)2−
2 + 2H2O (1)

Pd(DMG)2−
2 + 4CN− → [Pd (CN4)]2− + 2DMG2− (2)

It is important to note that the soluble palladium dimethylgly-
oxime complex (formed in Reaction (1)) is highly stable and that
other complexation reactions involving the palladium ion (with the
exception of cyanide) will not take place. This provides remarkable
selectivity of the reagent for cyanide detection. The reaction can
be observed visually from decoloration of the yellow solution of
[Pd(DMG)2]2−. As can be seen in Reaction (2), dimethylglyoximate
is released from the palladium complex. It is well known [27] that
in the pH range from 5 to 10, nickel (II) reacts with dimethylgly-
oxime to form an intense red precipitate (Reaction (3)). The pH is
a fundamental factor, since the Ni-DMG reaction occurs with the
protonated form of dimethylglyoxime (DMGH), which has a pKa
of 10.14 [27]. Furthermore, highly basic conditions could lead to
the formation of Ni(OH)2. Therefore, the analytical signal related
to cyanide determination can be based on the formation of this
intensely red compound.

Ni2+ + 2DMGH → Ni(DMG)2 + 2H+ (3)

The reaction was  tested using a paper disk (8 mm diame-
ter) treated with 2.5 �L of [Pd(DMG)2]2− solution (3.4 mmol L−1).
To this, 2.5 �L of a CN− standard solution at a concentration of
10 mmol  L−1 (25 nmol) was added. This was followed by the addi-
tion of 2.5 �L of a solution containing 3 M acetic acid and 1 M NiCl2.
The addition of acetic acid was required in order to lower the pH and
enable formation of the colored complex. The amount used was  the
experimentally found optimum for maximum color development.

3.2. Absorbance detection using the microfluidic paper devices
The detection arrangement used in this study was  based on the
quantification of absorbance by measuring the light that passed
through the �PAD impregnated with the colorimetric reagent. The
microfluidic analytical paper device (d = 8.5 mm)  was inserted into
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Fig. 3. LED’s emission spectra (max. intensity at 525 and 565 nm)  and absorbance
spectrum of Ni(DMG) . The red precipitate was  diluted in water before the spectra
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Fig. 4. Relation of the analytical signal versus number of mols of cyanide using LED’s
emitting at 525 and 565 nm.
2

cquisition. (For interpretation of the references to colour in this figure legend, the
eader is referred to the web  version of this article.)

 metal holder (20 (L) × 35 (H) mm)  and positioned perpendicularly
etween the LED and the photodiode, hence allowing the transmis-
ion of light through the paper, as shown schematically in Fig. 2. The
ED and the photodiode were mounted on a support that enabled
heir alignment on the two sides of the paper. The LED was  powered
sing a constant current of 25 mA,  with an LM317 voltage regula-
or to minimize emission fluctuations. The current generated at
he photodiode (i) and the reference current (i0) provided by an
xternal circuit based on a voltage divider were processed by a log
atio amplifier, producing an output voltage VO = log(i0/i), where

 V was equivalent to one absorbance unit (AU). An offset circuit
as employed to zero the absorbance reading and compensate for

mbalance between the intensities of i and i0. Additionally, a low-
ass filter was applied in order to reduce high frequency noise. The
evice circuitry is shown in Fig. S2 (Supplementary Information).

As the Lambert-Beer law only holds true for monochro-
atic radiation, the use of LEDs as light sources in absorbance
easurements could cause deviation from linearity. For non-
onochromatic sources, this deviation can be minimized by

electing an LED whose emission spectrum satisfactorily matches
he absorbance bands [25]. In this study, two LED options were
nvestigated (Fig. 3). In order to evaluate linearity, the absorbance
f the Ni(DMG)2 generated with different concentrations of cyanide
as measured using the two LEDs with emission peaks centered at

25 and 565 nm.  It was found that the analytical signal was  linear
hen the LED emitting at 525 nm was employed (Fig. 4).

.3. Effect of drying of the paper device on the signal

Due to the small volumes of sample and reagent solutions
mployed, evaporation of water from the paper devices could not
e neglected. As shown in Fig. 4, the analytical signal was  strongly

nfluenced by the moisture content of the paper. This could be
xplained by light scattering related to changes in the refrac-
ive index of the paper-fluid matrix, resulting in a pronounced
ffect on the light transmitted through the paper. At the start of
he experiments, the absorbance was zeroed using the offset cir-
uitry, employing a freshly prepared blank paper containing only
Pd(DMG)2]2− and NiCl2. When the paper was still visibly wet, the

tability was relatively poor, with precipitate formation also con-
ributing to the low stability of the analytical signal in the initial

inutes. The signal varies and increases continuously while the
aper is drying. A stable reading was only reached when the paper
Fig. 5. Effect of paper moisture on the absorbance measurements of the colorimetric
assay of the blank ([Pd(DMG)2]2−) and exposed to HCN.

was dry, indicating that the measurement should be carried out
under this condition (Fig. 5). A disadvantage was the long time
required for drying the paper. This was resolved by using a flow
of air (provided by a hair dryer) to accelerate the drying process,
which reduced the time needed to reach the steady state from 40
to 2 min. The stability of the absorbance after 2 min  of exposure to
the air flow is shown in Fig. 6.

3.4. Calibration and limit of detection for the direct
determination of cyanide in solution

In order to evaluate the sensitivity of the method, a calibration
curve was constructed of the absorbance according to the amount
of CN− (in nmol). For each measurement, an average of three inde-
pendent replicates was used. Linearity was obtained in the range
from 6.75 to 25 nmol of CN−, described by the equation: A = 0.739
CN− + 7.48 × 10−4 (r2 > 0.99). The precision of the measurements,

determined as the relative standard deviation (RSD), was 4.25%. The
limit of detection was 2 nmol (based on three times the standard
deviation of the blank signal).
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Table 2
Analytical parameters of HCN determination.

Parameter HCN gaseous samples HCN liquid samples

Linear range 100–500 ppb 5–100 �M
Correlation coefficient 0.991 0.993
Limit  of detection (3*SD of blank) 10 ppb 1 �M
Calibration equation A = 1.22 × 10−4 [HCN] − 0. − −4

Response time 5 min 

Precision (RSD, n = 7) 4.25% 
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Fig. 6. Signal stability after drying of the �PAD with airflow for 2 min.

.5. Optimization and calibration of the sensor for determination
f gaseous HCN

Evaluation was made of the conditions necessary to improve
he efficiency of HCN sampling and maximize the performance of
he sensing system. Increasing the efficiency of the sensing layer
or trapping molecules was essential for optimizing the conditions
f the method. The sample flow was passed over the �PAD con-
aining Pd(DMG)2 and ethylene glycol (ETG) for 5 min, followed
y the colorimetric reaction with acetic acid and nickel chloride,
nd exposure to the air flow for 2 min. The HCN concentration was
ept at 500 ppb and the gas flow rate was adjusted in the range
rom 50 to 200 mL  min−1. The absorbance of the sample was then

easured after zeroing the absorbance using the offset circuitry
nd the paper containing the Pd complex/acetic acid/nickel chlo-
ide mixture. The best sampling efficiency was obtained at a flow
ate of 200 mL  min−1, which was therefore used in all subsequent
xperiments.

Previous studies [19–21] found that the addition of ETG to
eagents resulted in improved gas sampling efficiency. In this study,
t was demonstrated that the humidity of the paper affected the
nalytical signal response. Therefore, the presence of ETG could
ead to an improvement of the sampling efficiency, but could also
ffect the stability of the analytical signal. A four-fold increase of the
bsorbance was achieved when the �PAD was impregnated with
.5 �L of 50% (v/v) ethylene glycol, which was therefore chosen as
he optimum condition.

The sensor was calibrated by determining the absorbance as
 function of the HCN concentration. The sampling flow rate was
aintained at 200 mL  min−1, with a sampling time of 5 min. After
he sampling step, 2.5 �L of solution containing acetic acid and
ickel chloride was added to the �PAD, followed by exposure to
he air flow for 2 min. A linear relation was obtained in the range
rom 100 to 500 ppb of HCN. For each concentration, an average of
0275 A = 0.739 [CN ] + 7.48 × 10
–
7.5%

three replicates was calculated. The linear equation obtained was
as follows:

A = 1.22 × 10−4[HCN] − 0.0275

Under the experimental conditions employed, the RSD of the
measurements (n = 7) was 4.25%. Based on three times the stan-
dard deviation of the blank signal, the calculated limit of detection
was 10 ppb. The sensor performance parameters are summarized
in Table 2. It is important to mention that the limit of detection and
linear range were obtained for a sampling time of 5 min  and could
be modified according to the application requirements.

3.6. Determination of cyanide in liquid solution by volatilization

Volatilization of compounds present in liquid solutions is a pos-
sible cleanup procedure for minimizing interference from the liquid
matrix. In this study, HCN was  released from liquid solution using
an adaption of the procedure described by Ma  et al. [8]. The ana-
lytical procedure consisted of the formation of gaseous hydrogen
cyanide after addition of 1.0 mL  of 50% (v/v) phosphoric acid to the
sample. Air was then bubbled through the solution using a syringe,
producing an output air stream enriched in HCN. The �PAD contain-
ing [Pd(DMG)2]2− and ETG was positioned at the end of the output
air stream for exposure to the gaseous HCN. Using this procedure,
a linear relation was obtained for aqueous cyanide in the range
from 5 to 100 �mol  L−1, with a limit of detection of 1 �mol  L−1. It is
important to mention that the limit of detection can be adaptable
(e.g. by increasing sample volume or sampling time), depending on
the requirements of the application.

4. Conclusions

A portable, low cost, simple, and highly selective and sensi-
tive optical platform for the determination of gaseous HCN was
developed, based on absorbance measurements using a microflu-
idic paper analytical device. The Pd(DMG)2 reagent could be easily
synthesized in simple steps using readily available chemicals. The
use of a log ratio amplifier circuit (LOG101) enabled direct measure-
ments of absorbance through the paper, representing a robust yet
inexpensive alternative to commonly used approaches such as the
employment of smartphone cameras or similar devices for colori-
metric assays performed on �PADs. An inexpensive LED emitting
at 525 nm and a silicon photodiode were employed in the detection
device. The use of paper as the solid support offered the advantages
of disposability, low cost, easy handling, use of small volumes of
reagents, and minimal environmental impacts. The platform was
able to detect gaseous HCN and cyanide in liquid solution with lim-
its of detection of 10 ppb and 1 �mol  L−1, respectively, under the
conditions employed in this study.

The sensing device showed excellent performance when com-
pared to other optical arrangements for detection of gaseous HCN

described in the literature. The method is suitable for the analy-
sis of hydrogen cyanide in air (such as indoor environments), in
biological samples (such as blood), and in aqueous media. Further
development of the sampling unit, involving use of portable low-
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ower air pumps and valves controlled by computer, should enable
roduction of a fully automated device for in situ determination of
CN in various situations.
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