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Detection of trace cyanide in water
by isonicotinic acid — pyrazolone — bispyrazolone polarography
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To enhance the detection sensitivity of cyanide, a method was proposed for the determination of trace cyanide in
water by using isonicotinic acid — pyrazolone — bispyrazolone polarography. Under optimized experimental conditions,
cyanide reacted with chloramine T, isonicotinic acid, and pyrazolone, and bispyrazolone to form a stable blue dye, which
produced a sensitive polarographic wave at a peak potential of -766 mV (vs. Ag/AgCl) on the dropping mercury electrode.
The results showed that there was a good linear relationship between the cyanide concentration and the second-order
derivative peak current (i ) intherange of 0.32-60 pg-L-!, with an impressive detection limit of 0.08 wg-1."!. Bispyrazolone
could effectively inhibit the decomposition of the blue dyo and increase i by 12%. The polarographic wave originated
from the two-electron reduction of the carbonyl group on the pyrazollnone moiety of the blue dye, exhibiting an irrevers-
ible adsorptive characteristic. The method was successfully applied to the determination of cyanide in drinking water,
groundwater, and surface water, with relative standard deviations of less than 4.5% and recovery rates ranging from 96.7
to 107%. The method significantly lowered the detection limit of cyanide and exhibited high precision and accuracy,
making it suitable for the analysis of trace cyanide in water.
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J17ist TTOBBITIIEHN ST YYBCTBUTEIHHOCTI OOHAPYKEHUA I{aHua ObLT TPeJIOsKeH MeTO/| OIpeiesIeHIsI CJIeOB IaHI/Ia
B BOJIE C TIOMOIIIBIO MOJISIPOrpad i MBOHMKOTHHOBOI KUCJIOTHI — HUPA30J0HA — OUCIIpPazosioHa. B onTuMn3npoBaHHbIX
YCTOBUAX HRCIEPIMEHTA ITITAHT] PeATITPOBAT ¢ XT0paMuHoM T, MBOHITKOTIHOBOM KITCIOTOT, TIMPA30TOTOM I GICITITPA30TOHOM
¢ oOpasoBaHueM cTabuILHOTO CHHEro KpacuTes s, KOTOPhIl TeHepUpPOBal TYBCTBUTEIBHYIO TOJISPOrpauyeckyio BOJHY
¢ UKOBBIM 1oreHnuanom -766 mB (nmporus Ag/AgCl) Ha pryrHomM KanenbHOM dyekTpoje. Pesyibrarsl mokasainn,
UYTO CYTIECTBYET XOPOTTast JIMHEHHass 3aBMCIMOCTh MKy KOHTIeHTPATIIe TIIAHIIA W TITKOBBIM TOKOM MPOM3BOIHOT
BTOPOTO MTOPSTKA (', ") 8 nuanasone 0,32—60 mrr/m, ¢ npegenom oonapyskenus 0,08 mrr/i. Bucnupasonon spderrusro
HHPHOHpPYeT pasiozsenne cunero kpacurenas u yseandusaer (" na 12%. Hoasporpaduueckas sonna BosHukana
B PesysIbTaTe IBYXdIEKTPOHHOTO BOCCTAHOBICH ST KaPOOHIILHOT rpynnm Ha TIPA30INHOHOBOM MOTIBE CITHETO KPACHTEJIST,
ITPOSIBIIsisE HEOOPATUMYIO a/lcOPOIMOHHYI0 XapakrepucTury. MeToj bl yeIemno mpuMeHEH JIJIsT OIpeJiesIeH st InaHuja
B MIUTHEBOI BOJE, TPYHTOBLIX U MOBEPXHOCTHBIX BOJAX ¢ OTHOCHTETHIBIMI CTAHTAPTHLIMI OTKIOHCHIAMI Metee 4,0%
n koaprmmernramn Boccranosaentiss o1 96,7 mo 107%. Mero mpogeMOHCTPIPOBAT BEICOKYIO TOUHOCTD 1 TOCTOBEPHOCTD,
3HAYNTEBLHO CHUBWII [Ipejiest 00HAPYKeH s [Ua I/, YTo [eJiaeT ero MPUroHBIM IS aHaI3a CIe[0B [HaHuia B Boje.

Karuessie crosa: TaHU/bI, HOJ’IHpOI‘p‘d(X)I/IH, M30HMKOTUHOBAA KNCJIOTA, TNPA30JIOH, 6I/ICHHp‘dSOJIOII.
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The majority of cyanides enter the environ-
ment with industrial effluents. Cyanides are
fastest-acting and highly toxic substances and
even their trace amounts pose potential haz-
ards to humans and ecosystems, making them
one of the priority pollutants for water quality
monitoring [1]. Environment al cyanides may
be water-soluble inorganic salts (NaCN or KCN)
orunbound substances (CN~or HCN); the latter
being the most toxic [2].

Therefore, accurately determining trace
cyanides in environmental water is of great
significance for environmental protection and
human health. Currently, the primary methods
for detecting cyanides in water include spectro-
photometry [3], ion chromatography [4], flow
injection analysis [9], polarography [6], among
others. Among these, polarography stands out
in the field of environmental monitoring due to
its simplicity of operation, rapid analysis, high
sensitivity, and low equipment cost.

The isonicotinic acid — pyrazolone spec-
trophotometry based on the Konig reaction
[7] is one of the primary methods for analyz-
ing cyanides. However, its detection limit of
0.016 mg-L!'[8] falls short of meeting the
requirements for detecting trace cyanides in
clean water sources such as drinking water or
groundwater. Research has shown that replac-
ing spectroscopic analysis with polarographic
analysis can significantly enhance the sensitiv-
ity, thereby lowering the detection limit [9].
Guo et al. successfully applied the isonicotinic
acid — pyrazolone polarography to analyze trace
cyanides in food and drinking water, however,
they did not delve into the analysis mechanism
[10]. Moreover, the reaction products of this
system are unstable, leading to poor precision.
Building upon this, our experiment explored
the method for determining trace cyanide in
water using the isonicotinic acid — pyrazolone —
bispyrazolone polarography.

Objects and methods of research

Instruments and reagents. JP—303 polaro-
graph with a three-electrode system consisting
of a dropping mercury electrode (or a hanging
mercury drop electrode for cyclic voltammetry
(CV) measurement), a platinum wire auxiliary
electrode, and a Ag/AgCl reference electrode.
Standard material for cyanogen analysis in
water: 50.0 mg-L'' (GBW (E)080115). Cyanide
standard solution: 1.00 mg-L-"and 0.100 mg-L!,
prepared by diluting the standard material with
0.1% (mass fraction, the same below) NaOH

solution. Chloramine T solution: 5.0 g-L"!, pre-
pared by dissolving 0.50 g of chloramine T in
100 m L water. Bispyrazolone solution: 1.0 g-L."",
prepared by dissolving 0.10 g of bispyrazolone in
100 mL of N,N-dimethylformamide. Pyrazolone
solution (12.5 g-L.'"): 1.25 g of pyrazolone dis-
solved in 100 mL of N,N-dimethylformamide.
Isonicotinic acid solution (15.0 g-L!), 1.50 g
of isonicotinic acid dissolved in 25 mL of 2.0%
NaOH solution and diluted with water to 100 m1L.
Bispyrazolone — pyrazolone — isonicotinic acid
solution: bispyrazolone solution, pyrazolone
solution, and isonicotinic acid solution mixed in
a volume ratio of 1:2:10. Phosphate buffer solu-
tion: 34.0 g of KH,PO, and 35.5 g of Na,HPO,
dissolved in 1000 mL of water.

Bispyrazolone (bis(3-methyl-1-phenyl-5-
pyrazolone)) (98%); pyrazolone (1-phenyl-3-
methyl-5-pyrazolone) (99%); sodium hydroxide
(GR); other reagents are analytical — reagent
grade. The experimental water is ultrapure water
(resistivity > 18.2 MQ-cm).

Experimental Method. The test samples
were pre-treated according to the distillation
method and interference elimination method
described in HJ 484-2009 [8]. When the re-
search object is cyanide standard solution, pre-
treatment is not required. Take an appropriate
amount of cyanide standard solution or pre-
treated test sample into a 25 mL colorimetric
tube, and dilute it to 10 mL with 0.1% NaOH
solution. Subsequently, add 5.0 mL phosphate
buffer solution and 0.2 mL chloramine T solution
in sequence, mix immediately, and allow to stand
for 3—5 min. After that, add 2.6 mL bispyrazolo-
ne — pyrazolone — isonicotinic acid solution,
dilute the solution to 25 ml., and mix thoroughly.
Next, place the colorimetric tube in a water bath
at 39 °C for a reaction time of 60 min, then remove
and let it stand at room temperature for another
10 min. This is the test solution to be analyzed.
Transfer a portion of the test solution into a
10 mL beaker and analyze it using a polarograph.
Set the initial potential to -500 mV, the scan
rate to -700 mV/s, and record the second-order
derivative peak current (ip”) al the peak potential
of -766 mV (Fig. 1).

Reaction Mechanism. Under neutral condi-
tions, cyanides in water react with the hydrolysis
product (HCIO) of chloramine T to generate
CNCI, which then reacts with isonicotinic acid
and undergoes hydrolysis to form 3-carboxy-
pentenedialdehyde. Subsequently, 3-carboxy-
pentenedialdehyde then undergoes condensation
reaction with pyrazolone to generate a blue dye.
Bispyrazolone is used to eliminate residual HCIO
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Fig. 1. Polarographic wave: 1 — reagent blank;
2-p(CN) =032 pg'L'5; 3= p(CN°) =10.0 pe-1t

and stabilize the blue dye. The i " value of the
blue dye at -766 mV (vs. Ag/AgCDl) is measured
by a polarograph.

Results and discussion

Determination of Analytical Conditions.
The experimental conditions were investigated
using a cyanide standard solution (0.100 mg-L!)
of 7.00 mL as the research subject.

The effects of pH values at 6.9, 7.0, 7.1, 7.2,
7.3, and 7.4 on i " were examined. The results
showed that when the pH ranged from 7.0 to
7.3, ip" reached its maximum value and remained
stable. Therefore, a pH of 7.0 was selected for
the experiment, controlled by adding 5.0 mL of
phosphate buffer solution.

The effects of adding chloramine T solu-
tion at volumes of 0.05, 0.10, 0.20, 0.30 mL and
reaction times of 1, 2, 3, 4, 5, 6 min on i " were
investigated. The results indicated that when
the volume of chloramine T solution ranged
from 0.1 to 0.3 mL and the reaction time was 3
to D min, ip" reached its maximum and remained
stable. Thus, 0.2 mL of chloramine T solution,
corresponding to a concentration of 0.040 g-L.!,
was chosen, and the reaction time for converting
cyanide to CNCI was set at 3—5 min.

The effects of adding isonicotinic acid
solution at volumes of 1.0, 1.5, 2.0, 2.5, 3.0,
3.0 mL on i " were examined. The results
showed that when the volume of isonicotinic
acid solution ranged from 1.5 to 3.0 ml,, i "
reached ils maximum and remained stable.
Therefore, 2.0 mL of isonicotinic acid solution,
corresponding to a concentration of 1.20 g-L.!,
was selected.

The effects of adding pyrazolone solution
at volumes of 0.20, 0.30, 0.40, 0.50, 0.60 mL on
i," were investigated. The results indicated that
when the volume of pyrazolone solution ranged
from 0.30 to 0.50 mL, i ” reached its maximum
and remained stable. T?nus, 0.40 mL of pyrazo-
lone solution, corresponding to a concentration
of 0.20 g-L!, was chosen.

To investigate the role of bispyrazolone, the
absorbance (A4) of the test solution was measured
simultaneously. The effects of adding bispyrazo-
lone solution at volumes (V) of 0,0.08,0.12, 0.16,
0.20,0.28,0.40 mL on i " and A4 were examined,
and the results are shown in Figure 2. The results
showed that when Vwas less than 0.2 mL, both ip”
and A increased simultaneously with increasing
V; when Vwas greater than 0.2 mL, both ip" and
A decreased simultaneously with increasing V.
Therefore, 0.20 m L of bispyrazolone solution, cor-
responding to a concentration of 8.0 mg-L.!, was
selected. Compared to V=0mlL,i "at V=0.20 mL
increased by 12%, indicating that the addition
of bispyrazolone improved the sensitivity of the
method.

The A~V variation indirectly reflected the
effect of bispyrazolone on the concentration of
the blue dye produced by the Konig reaction.
The A~V trend was basically consistent with
the L'D"~Vtrend, indicating that bispyrazolone
enhanced the sensitivity of polarographic
analysis by increasing the concentration of
the blue dye.

To simplify the operation and avoid the loss
of CNCI, bispyrazolone solution, pyrazolone
solution, and isonicotinic acid solution were
mixed in a volume ratio of 1:2:10, resulting in a
total addition of 2.6 mL of the bispyrazolone —
pyrazolone — isonicotinic acid solution.
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2
< 052f
. 10.110 =~
~% 048
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Fig. 2. Effects of the volume (V) of bispyrazolone
solution on the absorbance (4) and second-order
derivative peak current (i)
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Fig. 3. A~t curves of systems: | — isonicotinic
acid—pyrazolone, IT — isonicotinic acid—pyrazo-
lone—bispyrazolone

To further explore the mechanism of bis-
pyrazolone, the time — scan function of the spec-
trophotometer [11] was utilized to investigate
the absorbance — time (A~t) curves of System |
(isonicotinic acid — pyrazolone) and System I
(isonicotinic acid — pyrazolone — bispyrazolone)
within 120 min. As depicted in Figure 3, the sig-
nificant decrease of A over time after 70 min in
system I, indicative of the blue dye’s instability,
can be attributed to the oxidation and decoloriza-
tion of the dye caused by residual HCIO from the
chlorination process. In contrast, in System II, A
decreases slightly only after 95 min, and the A
value of System I1is significantly higher than that
of System I, with a longer duration of 4 . Thus,
the introduction of bispyrazolone can effectlvely
inhibit the decomposition of the blue dye, enabling
synchronous increases in A andL (Fig. 2).

It has been reported that i in the Konig re-
action, pyrazolone not only participates in the
condensation process but also eliminates the
oxidative decolorization effect of HCIO on blue
dyes through its reaction with HCIO. However,
an excess of pyrazolone also lead to a reduction
in CNCI [12], subsequently decreasing the
sensitivity of the method. The optimal concen-
tration of pyrazolone chosen in the experiment
was 0.20 g-L'. The significant decrease in A
value in System | when (>70 min indicates that
HCIO still remains in the system. However,
in System II, with an additional 8.0 mg-L"! of
bispyrazolone, the A value is higher and more
stable, suggesting that trace amounts of bis-
pyrazolone can further reduce residual HCIO
while avoiding the negative impact of excessive
pyrazolone on sensitivity, thus providing both
stabilizing and sensitizing effects.

With the reaction time fixed at 60 min, the
effect of temperature on ip” was investigated
within the range of 18—-55 °C. The results show
that ip” increases with temperature when below
30 °C, reaches a maximum and remains stable
within the range of 30—45 °C, and then decreases
with further increases in temperature above
49 °C. This suggests that an increased tem-
perature significantly accelerates the rate of
the Konig reaction, however, excessively high
temperatures can expedite the decomposition of
blue dyes. Consequently, a reaction temperature
of 35 °C was selected for the Konig reaction in
this experiment.

The effect of scan rate (AE/t) on ip” was in-
vestigated within the range of -300 to -900 mV /s
(at intervals of 100 mV/s). As shown in Figure 4,
i " significantly increases with the increase in
|AE/t| within the range of -300 to -700 mV/s,
reaching a maximum at AE/t =-700 mV/s, and
then slightly decreases with further increases
in |AE/t|. Therefore, a scan rate of -700 mV /s
was selected.

Linear Range and Detection Limit of the
Method. A good linear relationship was observed
between ¢ " and cyanide (CN") concentrations
ranging from 0. 00, 0.32, 0.80, 2.00, 5.00, 10.0,
20.0, 40.0, to 60.0 pg: L1 With the cyanide
concentration (p, wg-L'!) as the horizontal axis
and ip" (nA) as the vertical axis, the linear
equation was derived as i "=20.96p+3.00, with
a correlation coefficient /2=0.9991. At a given
confidence level of 95%, the limit of detection
(LOD) is calculated as LOD=4.6S, /K, where S,
is the standard deviation of i " obtained from
20 measurements of reagent blanks, and K
is the slope of the linear equation. Given
§,=0.36 nA and K=20.96, the LOD can be cal-
culated as LOD=4.6-0.36/20.96=0.08 pg-L".
Following the convention of using 4 times LLOD
as the lower limit of quantitation (LOQ), the
LOQ is determined to be 0.32 ug-L!, which is
one-fiftieth of that achieved by the isonicotinic
acid-pyrazolone spectrophotometric method [6].
The linear range (LLR) of this method spans from
0.32 to 60 pg- L.

Mechanism of Polarographic Analysis. A CV
analysis was conducted on the reaction prod-
ucts. A peak appeared during the negative scan,
while no peak was observed during the positive
scan. Additionally, the peak current decreased
with increasing scan cycles, indicating the ir-
reversible nature of the polarographic wave. The
mercury column height (&) exhibited a good
linear relationship with i ” within the range of
10.6 to 33.0 ¢cm, with a correlation coefficient
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Fig. 4. Effects of scanning rate (AE/t) on i,

R*=0.9972, consistent with the adsorption cur-
rent formulai =kh. Upon adding small amounts
of cetylpyridinium bromide, emulsifier OP, and
sodium dodecyl sulfate, the polarographic wave
decreased significantly or even disappeared, in
line with the relationship between adsorption
waves and surfactants. Within the temperature
range of 26 to 30 °C, L'p" decreased with increasing
temperature, with a temperature coefficient of
-0.42%, conforming to the relationship between
adsorption current and temperature. In sum-
mary, the effects of &, surfactants, and tempera-
ture on ¢ " all indicate that this polarographic
wave exhibits characteristics of an adsorption
wave. The half-peak width of the non-derivative
wave was measured as W, ,=48.0 mV at 25°C.
Using the known formula for irreversible
waves W]/2:2.446RT/(anF) [13], we calculated

an=1.31. With the constant a=0.58, the electron
transfer number n was calculated as 2.26, which
approximates 2. The peak potential (£)) of this
polarographic wave shifted negatively with in-
creasing pH. Over the pH range of 6.1 to 7.6, the
relationship was given by £ =-0.0856pH-0.182
(R*=0.9980), yielding dEp/ij=-0.0856. From
this, the proton transfer number m was calcu-
lated as 1.9, approximating 2. Based on the elec-
tron and proton transfer numbers, the electrode
reaction mechanism of the blue dye product was
was inferred. A carbonyl group on the pyrazolone
moiety of the blue dye accepts two electrons and
two protons, reducing to a hydroxyl group on
the dropping mercury electrode, resulting in a
reversible polarographic wave.

Sample Analysis. The cyanide content in
mineral water, tap water, well water, and river
water were analyzed, with each sample being
measured in parallel for three times. The results
are shown in Table 1. The results indicate that
the recovery rate of the method ranges from
96.7% to 107%, and the relative standard de-
viation (RSD) is less than 4.5%. This method
exhibits high accuracy and precision. The high
precision suggests that the method has good
reproducibility, while both high accuracy and
good reproducibility indicate that this method is
suitable for the determination of trace amounts
of cyanide in water.

Method Comparison. A comparison of the
detection limit and measurement range of this
method with other cyanide detection methods re-
ported in the literature is presented in Table 2. As
shown in Table 2, the current national standard
methods for cyanide detection (HJ 484—2009,

Table 1
Analysis result of different samples
Sample Detected Added Recovery (%) RSD (%)
pe L pg L
Mineral water 0.34 0.15 107
0.32 0.30 103 4.5
0.35 0.60 98.3
Tap water 4.16 2.00 97.0
4.12 4.00 98.8 2.4
4.21 8.00 102
Well water 12.1 6.00 96.7
121 12.0 97.5 1.7
12.2 24.0 101
River water 25.4 12.0 102
24.9 14.0 97.1 1.4
25.6 48.0 99.0
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Table 2
Comparison of different methods for cyanide detection
Method LOD LR References
pg-L! pg-L!

[sonicotinic acid — pyrazolone spectrophotometry 4 16~250 [8]
[sonicotinic acid — barbituric acid spectrophotometry 1 4~450 [8]
Headspace — gas chromatography (GB 5009.36-2016) 1 2~100 [14]
Headspace — gas chromatography (with NaClO) 0.2 0.4~80 [15]
Continuous flow injection spectrophotometry 0.2 2~200 [5]
Continuous flow injection amperometry 0.2 0.6~80 [16]
Ton chromatography 0.15 1~30 [17]
Capillary electrophoresis — laser induced fluorescence 0.1 0.4~13 [18]
Isonicotinic acid—pyrazolone—bispyrazolone polarography 0.08 0.32~60 This work

GB5009.36-2016) are unable to accurately mea-
sure trace amounts of cyanide with concentra-
tions below 1 pg-L1. By improving the standard
methods or adopting advanced instrumentation,
the sensitivity can be enhanced, allowing the
LOD and LOQ for cyanide to be reduced below
1 w11 The LOD of this method is slightly lower
than that of capillary electrophoresis — laser —
induced fluorescence, significantly lower than
that of headspace — gas chromatography (with
NaClO as the derivatizing agent), continuous
flow injection spectrophotometry, continuous
flow injection amperometry, and ion chromatog-
raphy, but higher than that of gas chromatogra-
phy — mass spectrometry. It can be seen that only
the gas chromatography — mass spectrometry
method based on 2-(dimethylamino)-ethylthiol-
CN" derivatives exhibits better sensitivity than
this method. However, compared to it, this
method offers simpler operation, lower equip-
ment cost, and a wider linear range.

Conclusion

This work has developed a novel method
for the determination of trace cyanide in water
usingisonicotinic acid — pyrazolone — bispyrazo-
lone polarography. By replacing spectroscopic
analysis with polarographic analysis and adding
bispyrazolone to inhibit product decomposition,
the detection limit for cyanide has been reduced
to one-fiftieth the detection limit of isonicotinic
acid—pyrazolone spectrophotometry (HJ 484-
2009). This method offers advantages such
as operation simplicity, high accuracy, good
reproducibility, and does not require expensive
equipment. In addition, the mechanism of bis-
pyrazolone and polarographic analysis study
provides a theoretical basis for further cyanide
analysis research.
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ment (JYTZD2023191), the Doctoral Research Ini-
tiation Fund of Liaoning University of Science and
Technology (2307B12), and the Research Team for
New Chemical Materials and Chemical Pollutant
Control (XKT202302).
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