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Based on the gas-liquid phase chemiluminescence tester independently developed by our laboratory,
a highly sensitive, fast and accurate on-line detection method of formaldehyde gas in ambient
atmosphere is established. The chemiluminescence system and the trace formaldehyde gas in the air
directly undergo an interface heterogeneous chemiluminescence reaction to obtain a strong
chemiluminescence signal. Through the measurement of the chemiluminescence signal intensity,
a highly sensitive, real-time and on-line method for the determination of formaldehyde in the air was
established. Factors influencing the experimental results such as gallic acid, potassium dichromate,
reaction medium concentration, surfactant type and concentration, pump speed, tube length, and
interfering gas were discussed based on the single factor and orthogonal analysis results. Finally, the
optimal detection conditions were collected, and the detection results were compared with the national
standard phenol reagent method. The results show that when the concentration of the standard
formaldehyde gas is in the range of 0-0.582 pug L™2 the linear equation of this method is y = 208x +
29.667, the linear coefficient is R? = 0.997, and the minimum detection concentration of formaldehyde
is 2.327 x 107% pg L1 Under the same external conditions, the comparison and analysis using the
national standard phenol reagent method proved that this method has the advantages of fast detection
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pollution gas generation.® In an indoor environment, due to the
large number of decorative materials containing formaldehyde

1 Introduction
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With the rapid development of the social economy and
industry, the use of formaldehyde (HCHO) as an important
chemical organic raw material is steadily increasing. Formal-
dehyde is an irritant and toxic gas that is harmful to human
health due to its mutagenicity and carcinogenicity." The World
Health Organization (WTO) and the U.S. Environmental
Protection Agency (EPA) have long listed it as a class of carcin-
ogens.” In an outdoor environment, formaldehyde will rapidly
photodegrade under light exposure to generate hydroperoxyl
radicals ("HO,), and then react with nitric oxide (NO) to form
active hydroxyl radicals (‘"OH), which ultimately leads to ozone
(O3), peroxyacetyl nitrate (PAN) and other photochemical
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and the slow air flow, the indoor concentration of formaldehyde
is much higher than that in an outdoor environment. Formal-
dehyde can cause irritation and allergic reactions after being
inhaled by the human body. A high concentration of formal-
dehyde has adverse effects on various organs and may even
cause death.*® Therefore, the detection of formaldehyde
content is crucial in the field of environmental monitoring and
human health.

Several detection methods of formaldehyde were reported”™
and they are generally divided into traditional analysis methods
and modern analysis methods. Traditional analytical methods
were developed in the 1990s, which mainly include spectro-
photometry, chromatography, and chemiluminescence anal-
ysis.'**> Modern analytical methods are new analytical methods
developed in the recent decade, which include the electro-
chemical method," catalytic kinetic spectrophotometry (CKS),**
sensor method,”™" gas-liquid chemiluminescence analysis
(GLC)* and fluorescent probe (FP) method.® The gas-liquid
heterogeneous chemiluminescence analysis (GLHC) is a new
high-sensitivity detection method developed on the basis of
chemiluminescence analysis. The reaction reagent directly
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reacts with formaldehyde gas, while the sampling and absorp-
tion process are not needed so that formaldehyde can be
detected directly and quickly without an external light source.
Moreover, this method can also avoid the interference of stray
light, humidity and other external factors. Compared with the
flow injection chemiluminescence (IC) analysis, GLHC analysis
has significant advantages.

Based on the chemiluminescence analyzer of gas-liquid
heterogeneous interface independently developed in the labo-
ratory, a highly sensitive, fast and accurate on-line analysis and
detection method of the formaldehyde gas in ambient atmo-
sphere is established in this study. Alkaline conditions were
employed for comparison with the -classical gallic acid-
hydrogen peroxide system®™ and luminol-hydrogen peroxide
chemiluminescence system.”® Potassium dichromate was
selected as the oxidant to achieve more stable luminescence
and less interference. The system provides a new idea for the on-
line detection of formaldehyde gas by chemiluminescence.

2 Materials and methods
2.1 Apparatus and reagents

A gas-liquid phase chemiluminescence tester (self-made in the
laboratory, 1000 V for negative high voltage of photocell) and
a Lambda 35 ultraviolet visible spectrophotometer (Perki-
nElmer, USA) and MCS-2SLMP-D/5 M laminar flow mass flow
controller (Alicat, USA) were used in this experiment. Formal-
dehyde standard gas (HCHO, 20 pg L™, No. 163801091, filled
with nitrogen, Wuhan New Reid Special Gas, CHINA), gallic acid
(C;He05,99%, Aladdin, USA), potassium dichromate
(K5Cr,07,99.8%, Aladdin, USA), ammonium ferric sulfate,
anhydrous ethanol (NH,Fe(SO,),, C,H¢O, AR, Chengdu Kelong
Chemical Reagent, CHINA), phenol reagent (CgHoN3S-HCI-H,-
O, AR, Tianjin Guangfu Fine Chemical, CHINA), sodium
hydroxide, sulfuric acid, formaldehyde (NaOH, H,SO4, HCHO,
AR, Chongqing Chuandong Chemical, CHINA), Tween 20,
Tween 80, ethylene glycol, Brij58, and TritonX-100 (C,Hs50010,
C24H4406, (CH,OH),, Cs6H114051, C15Hp505 AR, Sigma, USA)
were used as reagents.

2.2 CL assay for the detection of HCHO

The working principal diagram of the gas-liquid phase chem-
iluminescence tester is shown in Fig. 1. The reaction reagents
(No. 1-3) and formaldehyde sample gas (No. 6) were pumped
into the reactor (No. 8) through the peristaltic pump (No. 5) and
vacuum pump (No. 9), respectively. The sample gas flow was
controlled by a mass flowmeter (No. 7). The reaction reagent
and the formaldehyde sample gas gave rise to a chem-
iluminescence reaction in the reactor, and a small amount of
current was generated by an optical signal after being received
by the photocell. It was received and processed by an industrial
computer (No. 11) after the circuit was amplified. The obtained
electrical signal was related to the intensity of the lumines-
cence. Within a certain concentration range, the luminescence
signal showed a linear relationship with the formaldehyde
content in the sample gas. The reagent and waste gas after the
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reaction was removed in time and collected in the waste liquid
bottle (No. 4) and waste gas absorption bottle (No. 10).

A schematic diagram of the reactor is shown in Fig. 1c. An
oval reaction zone (No. 5) in the middle of the reactor was paved
with a layer of hydrophilic polymer materials. After the liquid
reagent was pumped into the reaction zone, a uniform liquid
film was formed. The gas sample into the reactor was used to
keep the laminar flow state and to fully contact with the liquid
membrane. The CL reaction occurred at the gas-liquid hetero-
geneous interface, and a luminescence signal was generated.

3 Results and discussion
3.1 Optimization of the chemiluminescence reagent system

In order to obtain a high detection sensitivity, the luminescent
reagent system needs to be optimized. Each luminescent
reagent and the formaldehyde standard gas at a certain
concentration were pumped into the reactor at the same time
for the chemiluminescence reaction and signal measurement.
The variation curve of the luminescence intensity with the
reagent concentration was recorded, and the optimal reagent
concentration and luminescence intensity at this concentration
were determined. The instrument parameters of the gas-liquid
phase chemiluminescence tester set when optimizing the
reagent system were: photocell negative high voltage of 1000 V,
peristaltic pump speed of 2 (at the flow rate of 40 uL min™"),
vacuum pump flow rate of 2 L min ', formaldehyde gas
(entering the reactor) concentration was 2.3 pg L', and data
filtering of 0.4.

3.1.1 Optimization of the gallic acid solution. The effect of
the gallic acid concentration on the luminescence intensity was
investigated. Gallic acid was used as the luminescent reagent in
this experiment and its concentration directly affects the
luminescence intensity of the reaction. The results are shown in
Fig. S1a.t When formaldehyde was introduced into the system,
the reaction luminescence intensity first increased and then
decreased with the increase in the gallic acid concentration. The
luminescence signal was the strongest at the gallic acid
concentration of 0.03 mol L™'. Therefore, the optimized
concentration of gallic acid was 0.03 mol L™ .

3.1.2 Optimization of the potassium dichromate solution.
The effect of the potassium dichromate concentration on the
luminescence intensity was investigated at the concentration of
0.03 mol L' gallic acid while keeping other conditions
unchanged. Potassium dichromate was an oxidant in the
system, and its concentration also has a great influence on the
luminescence signal. As shown in Fig. S1b,T with the increase in
the concentration of the potassium dichromate solution, the
chemiluminescence intensity of the system first increased
significantly and then decreased gradually. The possible reason
is that potassium dichromate is a colored solution, and the
excessive concentration will lead to self-absorption. Therefore,
the optimized concentration of the potassium dichromate
solution was 5.0 x 10~* mol L™".

3.1.3 Optimization of the reaction medium. The effects of
an alkaline medium NaOH and acidic medium H,SO, on the
chemiluminescence intensity of the system were investigated.

RSC Adv, 2022, 12, 23956-23962 | 23957



RSC Advances

Fig. 1
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(a) Schematic diagram of the chemiluminescence analyser: (1) gallic acid solution; (2) potassium dichromate solution; (3) sodium

hydroxide solution; (4) waste liquid bottle; (5) multi-channel peristaltic pump; (6) formaldehyde like gas; (7) mass flow meter; (8) reactor; (9)
vacuum pump; (10) waste gas absorption bottle; (11) control display system; (b) gas—liquid phase chemiluminescence analysis system; (1) mass
flowmeter; (2) reaction reagent; (3) various joints; (4) veristaltic pump; (5) vacuum pump; (6) reactor; (7) control module; (8) standard gas; (c) (1
and 4) liquid inlet and outlet; (2 and 3) air inlet and outlet; (5) reaction interface; (6)quartz window; (7) reaction chamber; (8) photocell; (9) seal

ring; (A) reactor front; (B) reactor rear.

Using the optimum potassium dichromate and gallic acid
concentrations, the luminous intensity of the system reaction
was tested when the concentrations of NaOH and H,SO, solu-
tions were 0.01, 0.03, 0.05, 0.07, 0.09, 0.10, 0.30 and
0.50 mol L™, respectively. As shown in Fig. Sic,t the luminous
intensity of the system first increases rapidly with the increase
in the NaOH concentration, reaches the maximum at
0.09 mol L™, decreases rapidly after a short period of stability,
and tends to be stable after 0.30 mol L™'. When H,SO, was
selected as the reaction medium, the luminescence intensity of
the system almost remained unchanged by the change in the
H,SO, concentration. It was speculated that in the H,SO,
medium, potassium dichromate was highly oxidizing and
reacted quickly with reducing gallic acid, preventing formal-
dehyde gas from participating in the reaction between potas-
sium dichromate and gallic acid. Therefore, 0.09 mol L™ NaOH
alkali solution was selected as the reaction medium.

3.1.4 Surfactant optimization. Surfactants have the char-
acteristics of adsorption, penetration, dispersion and solubili-
zation, which can reduce the liquid surface tension, change the
interface properties and greatly enhance the chem-
iluminescence intensity of the reaction system.** Under the
above-optimized experimental conditions, six surfactants
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(absolute ethanol, Tween 20, Tween 80, ethylene glycol and
brij58) were added to the gallic acid solution at four different
concentrations of 0.5%, 0.7%, 1.0% and 1.2%, and their
chemical luminescence intensity was measured in the gas-
liquid chemiluminescence system. As shown in Fig. 2a, in
addition to Brij58, the other four surfactants caused significant
enhancement on the luminous intensity of the system, but
there enhancement effects had small differences. In order to
further optimize the enhancement effect of the surfactants, the
four surfactants were compounded in pairs with an additive,
and their luminous intensity was measured. As shown in
Fig. 2b, the chemiluminescence intensity of the system further
enhanced when different surfactants were added. The combi-
nation of glycol and Tween 80 makes the luminescence inten-
sity of the system reach 399.

3.2 System parameter selection

In order to obtain a stronger chemiluminescence signal, the
effects of the liquid inlet speed and reagent mixing tube length
on the intensity of the chemiluminescence signal were investi-
gated under the condition of optimizing the luminescent
reagent system. The reagent feeding speed was controlled by the
peristaltic pump. The luminous instrument was equipped with

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Different surfactant luminous intensity diagram; (b) opti-

mized luminescence intensity map of different surfactants.

two pump speeds. When the pump speed was the first gear (20
uL min ), the chemiluminescence intensity of the system was
257, and when the pump speed was the second gear (40
uL min~ "), the chemiluminescence intensity of the system was
399. The results showed that when the pump speed was 40
uL min~', the luminous intensity was high and the chem-
iluminescence intensity was stable and has a large signal-to-
noise ratio.

Each reaction reagent was mixed before entering the reactor,
and the length of the tube after mixing affected the mixing
degree and reaction degree of the reagent before entering the
reactor. The chemiluminescence intensity of the system was
tested when the length of the pipeline from the mixing node to
the reactor was 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 cm, and the
optimal tube length was determined. As shown in Fig. 3, the
luminous intensity of the system gradually increases first and
then decreases with the increase in the tube length, but the
luminous intensity reaches the maximum after 10 cm. There-
fore, the optimal reagent mixing tube length was determined to
be 10 cm.

3.3 Interference test

Under the optimized experimental conditions, 10 pg L~
mixture of acetaldehyde, nitrogen dioxide, sulfur dioxide,
ozone, hydrogen sulfide and carbon monoxide diluted with zero
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Fig. 3 Effect of tube lengths on chemiluminescence intensity.

air was pumped into the system for chemiluminescence
measurement, and the luminous intensity was recorded. As
shown in Fig. 4, After each interfering gas was introduced, the
luminous intensity of the system showed no evident change and
was negligible. Therefore, the interference gas of 10 pg L'
acetaldehyde, nitrogen dioxide, sulfur dioxide, ozone, hydrogen
sulfide and carbon monoxide have no impact on the system
detection.

3.4 Comparison between the phenol reagent method and
instrument method

The phenol reagent method was a classical analytical method
for the detection of formaldehyde in air,”® which has the
advantages of having a low detection limit, high sensitivity and
good precision. However, it takes a long time to analyze,
requires skilled testers and cannot test online. The phenol
reagent method was compared with the instrument method,
and the measured data were compared and analyzed. The
detection limit was calculated as follows: D = 3S,/S, wherein D
is the detection limit, pg L% Sy, is the standard deviation of

(=]
T

CL intensity
E-S
T

0 1 Ire 1

CH3CHO NO2 S02 Co2 03 co H28

disturbing experiment

Fig. 4 Effect of interfering substances on the formaldehyde detection
system.
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blank signal, %; S is the equation sensitivity (the slope of the
standard curve).

3.4.1 Phenol reagent method. The formaldehyde standard
solution, color developer, and phenol reagent absorption solu-
tion were prepared. The 5 mL absorption solution was packed in
a 10 mL bubble absorption tube, and the gas was collected at
a flow rate of 0.5 L min " for 20 minutes, and then the collected
samples were analyzed. The standard curve was drawn using the
formaldehyde content (x) as the abscissa and the absorbance (y)
as the ordinate. As shown in Fig. S2(a),T the linear equation of
the standard absorption curve of the phenol reagent was y =
0.0555x + 0.011, the linear correlation coefficient R> = 0.997,
and the detection limit of the method was 0.066 ug L.

3.4.2 Instrument method. Under the optimized experi-
mental conditions, the reagent system and different concentra-
tions of formaldehyde were injected into the gas-liquid phase
system for chemiluminescence measurement, and the lumines-
cence intensity was recorded. The standard curve was drawn with
the formaldehyde content (x) as the abscissa and luminous
intensity (y) as the ordinate. As shown in Fig. S2(b), the linear
equation of the standard absorption curve of the gas-liquid
chemiluminescence system was y = 208x + 29.667, the linear
correlation coefficient R* = 0.997, and the detection limit of the
method was 0.003 pg L™'. Motyka® reported a method for the
determination of HCHO in the air, which belongs to Trautzsuch as
Schorigin (TSR) continuous CL. The detection limit was 0.66 x
10~ pg L' but there was no reaction interface in this reaction
system and the H,O, is an unstable oxidant in the reagent system
which cannot ensure the stable progress of luminescence reaction.

Comparing the test results of the phenol reagent method
and the instrument method showed that the linear relationship
of both the two methods was better, but the detection limit of
the instrument method was lower. Through the above experi-
ments, it was found that four formaldehyde samples were
detected by the two methods, and the results are shown in Table
1. The experimental results showed that the measured results of
0.3 ug L' and 0.5 pg L' standard gas by the instrument
method and phenol reagent method were basically consistent
but for indoor and outdoor air samples in the laboratory,
phenol reagent method was not detected. While the instrument
method detects specific values and the operation of the
instrument method was simpler than the phenol reagent
method, there was no need to absorb the formaldehyde gas and
the test time was shorter.

3.5 Chemiluminescence reaction mechanism

The gas-liquid chemiluminescence reaction system is obviously
complex. As an element with variable valencies, chromium can
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enter Haber-Weiss-type reactions leading to the generation of
hydroxyl radicals ("OH).>* The reaction of Cr(vi with different
reductants gives rise to Cr(v) complexes. The hydroxyl radical
generation by Cr(vi) reduction has been demonstrated in
a variety of model systems.* As a reducing agent, Ga is oxidized
by Cr(vi) in the CL reaction. In order to explore the possible
chemiluminescence mechanism, the luminescence wavelength
of the reaction system was measured and studied by the BPCL-
GP21Q-TGC ultra-weak chemiluminescence measuring instru-
ment, and the chemiluminescence spectrum of K,Cr,0,-GA-
KOH-HCHO was drawn.

As shown in Fig. 5, the luminescence signal was low when
there was no formaldehyde in the reagent system. When
formaldehyde was added, the strongest light was emitted by the
chemiluminescence system at a wavelength of 665 nm. It was
speculated that the luminescent body of the reaction was singlet
oxygen (10,).2° '0, is very active and can easily form a bimolec-
ular singlet oxygen in the excited state ('0,),*. CL occurs when
the (*0,),* generated during the reaction transitions back to the
ground state. It is speculated that the energy generated during
the reaction between HCHO and 'OH is transferred to the
excited bimolecular singlet oxygen,*” and then transitions back
to the ground state to produce CL. The light wavelength
released after returning to the ground state is about 603-
703 nm. The specific reaction mechanism remains to be
explored. The CL emission in the Ga-K,Cr,0,-KOH system is
very weak and thus, the HCHO content plays the main role in
enhancing the CL intensity of this system. The possible
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Fig. 5 CL spectra of K;Cr,0O;—Ga—KOH-HCHO and K,Cr,O;,-Ga-
KOH systems.

Table 1 The results of four samples were compared between phenol reagent method and instrument method

Test methods Indoor air Outdoor air 0.30 pg L' HCHO 0.50 ug L™" HCHO
Phenol reagent 0.061 pg L " ND 0.291 pg L' 0.488 pg L*
method

Instrument method 0.059 pg L' 0.011 pg L' 0.290 g L' 0.480 pg L*
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sequence of reactions occurring during the CL signal genera-
tion was as follows.

Cr,0~ + Ga+ OH™ — Cr(v) + '0, + OH (1)
'0, +'0, = ('0y)* (2)

HCHO + ‘OH, — ('0y),* — E (3)
('0y),* — E — 20, + hv (2 = 603-703 nm) (4)

4 Conclusions

In this study, a formaldehyde-gallic acid-potassium dichromate
chemiluminescence system under alkaline conditions was
studied and a new method for the continuous determination of
gaseous formaldehyde based on a gas-liquid chem-
iluminescence detection system was established. This method
was based on the chemiluminescence reaction of the formal-
dehyde gas directly with gallic acid and potassium dichromate
solution under alkaline conditions at the gas-liquid interface.
The optimal concentration of each reagent and other reaction
conditions were discussed, and compared with the phenol
reagent method. The results showed that the chem-
iluminescence method has the advantages of providing accu-
rate results, simple operation, low detection limit (as low as
0.003 pg L"), and nitrogen dioxide, sulfur dioxide, ozone and
other gases have no obvious interference with the system. The
method can be extended to the quantitative detection of other
trace gases in ambient air.

In order to further optimize the formaldehyde gallic acid
potassium dichromate chemiluminescence system, the mate-
rial of the reaction interface can be optimized to improve the
signal intensity. The liquid forms a liquid film on the surface of
the reaction interface to increase the contact area of atmo-
spheric liquid and reduce the detection limit. So far, the non-
woven fabric used in this study is the best choice for the reac-
tion interface. In addition, optimizing the sample gas path can
increase the flow stability of the sample gas and reduce the
freedom of system noise, so as to improve the optical stability of
the gas-liquid chemiluminescence detection system. With the
improvement of accuracy, the gas-liquid chemiluminescence
detection system can not only be applied to the real-time
detection of indoor formaldehyde but also to measure the
spatial distribution of atmospheric HCHO concentration by
carrying equipment.
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