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A simple and sensitive flow injection chemiluminescence (CL) method in which CdS quantum dots (QDs)
enhanced the CL intensity of KMnO,-formaldehyde (HCHO) reaction was offered for determination of

HCHO. This CL system was based on catalytic activity of CdS QDs and its participation in CL resonance
energy transfer (CRET) phenomenon. A possible mechanism for the supplied CL system was proposed by
using the kinetic curves of the CL systems and the spectra of CL, photoluminescence (PL) and ultraviolet-
visible (UV-Vis). The emanated CL intensity of the KMnO,-CdS QDs system was amplified in the presence
of a trace level of HCHO. Based on this enhancement effect, a simple and sensitive flow injection CL method
was suggested for determination of HCHO concentration in environmental water and wastewater samples.
Under selected optimized experimental conditions, the increased CL intensity was proportional to the HCHO
concentration in the range of 0.03 - 4.5 pg L' and 4.5 - 10.0 pg L' The detection limit (30) were 0.0003 pg
L"and 1.2 pg L™". The relative standard deviations (RSD%) for eleven replicate determination of 4.0 pug L™

HCHO were 2.2%. Furthermore, the feasibility of the developed method was investigated via the

determination of HCHO concentration in environmental water and wastewater samples.

Keywords: CdS quantum dots; Chemiluminescence; Formaldehyde; Flow injection.

1. Introduction

Formaldehyde (HCHO) is the simplest member of aldehyde
family with pungent odour synthesized in 1885." 2 This organic
compound is extensively applied in some industries as preserving,
disinfectant and bleaching agents. Materials consisting of HCHO
which was employed as coating, resin, adhesive, and furniture were
converted to significant contaminants.> HCHO has perilous effect on
human health and may cause health problem such as eye irritation,
blindness, asthma attack, headaches, insomnia, nervous system
harm, lung cancer, nausea, and allergic skin reactions.* * In addition,
HCHO is released to atmosphere via automobile exhaust gases,
photooxidation of methane, other hydrocarbons and household tools.
Moreover, a substantial source of HCHO resulting in existing of this
substance in aquatic systems is atmospheric deposition.’
Furthermore, drinking water was contaminated by HCHO through
discharge of industrial wastes and oxidative water treatment
procedures such as ozonation and chlorination.” Aforementioned
hazardous effect of HCHO on human health should be enough to
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merit great attention from scientists. So, attempt to explore a
sensitive method for determination of HCHO in water samples has
substantial importance. On the other hand, HCHO is a substance
widely uses in different industries and discharge of industrial
wastewater is a great contaminating. So, extraction and
determination of HCHO in wastewaters is valuable.®

Regarding to comprehensive literature surveys, some analytical
methods have been implemented for determination of HCHO in
different real samples, including high performance liquid
chromatography ~ (HPLC),> °'> gas  chromatography-mass
spectrometry (GC-MS),* spectrophotometry,” > fluorimetery,'®"
and chemiluminescence (CL).> 2%

Among the above stated approaches, CL which has stirred
extraordinary attention is considered as a desirable class of detection
procedure proposing high sensitivity, high throughput, wide dynamic
range and low detection limit for many categories of substances.
Moreover, CL procedure provides superiority such as low-cost,
rapidity, and no excitation light necessity.**° Since the associated
processes in CL systems are rapid, precision and sensitivity of CL
depend on the ability of mixing the solutions.”” Hence,
implementation of flow analysis with CL methods improves
sensitivity and precision of achieved outputs by affording the fast
and reproducible mixing of reagents in the proximity of detector.?®

Recently, most researchers’ attempts have been concentrated on
improving the analytical attributes of conventional CL methods by
employing nanomaterials which intensify signals and enhance
sensitivity and stability of conventional CL systems.” 2 3 It is
worthy to mention that attractive characteristics of nanomaterials
such as unique size and physicochemical attributes take part in CL
system improvement.25 - 3 Quantum dots (QDs) owning
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extraordinary optical and electronic properties have captured
remarkable consideration of researchers in view of broad utilizations
in diverse areas of bio-labelling, bio-imaging, and multicoloured
photoluminescent probes.>** So, employing of QDs in CL system is
a good strategy for overcoming the low quantum yield deficiency of
some CL systems.34‘ 3

In the present work, water dispersible L-cysteine capped CdS
QDs were prepared via a facile hydrothermal procedure. It was
found that CL emission of HCHO and KMnO, reaction considerably
increases by exploiting CdS QDs. Also, further investigation
indicated that there is linear relationship between enhancement in the
CL intensity and HCHO concentration. Therefore, a facile, simple
and sensitive flow-injection CL was offered for determination of
HCHO in different water and wastewater samples. In the following
experiments, the probable mechanism of the represented CL system
using CL, ultraviolet-visible (UV-Vis) absorption and
photoluminescence (PL) spectra was investigated.

2. Experimental
2.1. Materials and solutions

Chemicals and reagents employed through the experiments were
of analytical grade and purchased from Merck Co. (Germany).
Deionized water was applied during the whole experiments.
Preparation of 100 mg L' HCHO stock standard solution was
performed by diluting 250 pL of 37 % HCHO solution to 1 L with
deionized water.

2.2. Apparatus

The emitted CL signals during the involving CL reactions in the
flow cell were measured using a FB12 luminometer (Berthold
detection systems, Germany). Data processing was accomplished by
the coupled computer. Scanning the UV-Vis spectrum of the samples
was performed by UV-Vis spectrophotometer (52000, WPA
Lightwave, England). Crystal structure investigation of as-
synthesized CdS QDs sample was acquired by powder X-ray
diffraction (XRD) analysis conducted utilizing a Siemens X-ray
diffraction D5000 diffractometer (California, USA), comprised of
Cu Ko radiation source (1.54065 A) generated at 40 kV and 35 mA
at room temperature. The mean crystalline size of the as-prepared
samples was evaluated using the Debye-Scherrer expression.*® The
Scanning electron microscopy (SEM) image which applied for
morphological and structural feature investigation of as-prepared
samples was scanned with Mira3 FEG (Tescan, Czech Republic).
Moreover, further investigation about the diameter size of as-
prepared nanoparticles was performed via Microstructural Image
Processing (MIP) software (Nahamin Pardazan Asia Co., Iran).
Fourier transform infrared (FT-IR) spectra were taken with KBr
pellets by applying of IR-spectrometer (Tensor 27, Bruker,
Germany). The PL spectra were acquired with a spectrofluorometer
(FP-6200, Jasco, Japan). CL spectra were recorded by a
spectrofluorometer in which the xenon lamp was turned off.

2.3. Procedures for chemiluminescence assay

The CL pattern was analyzed using lab-made flow injection CL
detection system represented in Figure S1. The proposed device
composes of a peristaltic pump, four lines, and a six-port injection
valve with 150 pL loop. All flow lines were polytetrafluoroethylene
(PTFE) tubes (1.0 mm internal diameter (i.d.)). As indicated in
Figure S1, the solution of acid (line (a)), sample or standard solution
of the mixture of HCHO and CdS QDs (line (b)), deionized water as
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the carrier (line (c)), and KMnO, solution (line (d)) were propelled
with flow rate set at 2.0 mL min™' via peristaltic pump. The merged
solution of lines (a) and (b) via passing mixing tube (silicon tubing,
1.0 mm i.d.) was delivered to the stream of carrier and combined
with the flow of the KMnO, solution through a Y-piece. After
introducing the mentioned combined streams into the flow cell, CL
emission was initiated. Obtained signals through connected
computer were processed via software provided by the manufacturer
of the luminometer. The determination of HCHO was relied on the
enhancement effect of HCHO on CL intensity obtained according to
the formula: Al= Iy, where I and I, were the CL intensity in the
presence and absence HCHO, respectively.

2.4. Synthesis of L-cysteine capped CdS QDs

Synthesis of water-dispersed CdS QDs was accomplished via
hydrothermal method following portrayed approach in our former
works.?* 37 Concisely, Cd(CH;CO0),.2H,0/Na,S with defined
molar proportion of 1:1.7 were dissolved in 30 mL of distilled water
and regulating the pH value of obtained solution was accomplished
using 1.0 M NaOH solution. L-cysteine solution was blended with
the above-noted mixture so that the final molar proportion of
Cd>*/S*/L-cysteine was kept at 1:1.7:2.3 in the achieved solution.
The obtained solution was undergone deaeration via bubbling under
nitrogen for 30 min and transmitted into a 100 mL Teflon-lined
stainless steel autoclave. After completing the heating step of seal
autoclave in an oven and at 150 °C for defined times (4, 5, and 6 h),
the autoclave was cooled to room temperature. Absolute ethanol was
employed for acquiring the better precipitation of as-prepared L-
cysteine capped CdS QDs. Afterward, the accumulated samples were
washed with deionized water and absolute ethanol several times to
eliminate the remainder reactants and maintained in air-dry at room
temperature for 2 h.

2.5. Pre-treatment of real sample solutions before assay

Tap water, underground water and wastewater samples were
newly accumulated into pre-cleaned polyethylene flasks according to
standard methods® and selected for following analysis. Eliminations
of solid contamination from water samples were accomplished by
filtration through a 0.45 pm pore size polyamide membrane filter
according to standard methods.

In the case of tap water and underground water samples, prior to
the determination analysis, the obtained water samples were spiked
with HCHO from its stock solution in order to make solutions with
0.3, 0.5, 2.0, and 4.0 pg L' concentrations. Removing interferences
of metal cations in determination of HCHO in environmental
samples was performed by passing through a packed exchange
column with the strong cation-exchanging resin (Chelex 100) at a
flow rate of 4 mL min™. The prepared solutions were employed for
the determination of HCHO concentration relying on the general
procedure. Finally, the same approach was exploited for blank
sample, without HCHO, for the determination of the blank value.

For determination of HCHO in wastewater of paint factory in
Tabriz, Iran, HCHO extraction was accomplished according to
literature.® In this sense, the obtained filtrated sample was passed
through a packed exchange column with the strong cation-
exchanging resin (Chelex 100) at a flow rate of 4 mL min™. pH of 10
mL of sample solution containing the HCHO, 0.05 mol L™ of
methyl acetoacetate as derivatization agent, and 20% (w/v) of NaCl
was adjusted at 6.4 in a glass test tube with conic bottom. The
blended solution was remained at 60 °C for 10 minutes and cooled
down in water for 5 min. In the next step, 1.0 mL methanol
(dispersive solvent) comprising 75 pL ionic liquid [CsMIM][PFq]
was injected by 1.0 mL syringe, rapidly. After centrifuging for 5 min
at 3,000 rpm, cloudy solution was used for the following analysis.
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Before the determination analysis, 500 pL of the obtained
wastewater sample were dispersed in 300 uL methanol and diluted
with deionized water. Furthermore, wastewater samples were spiked
with HCHO from its stock solution in order to make solutions with
0.4 and 1 pg L™ concentrations.

3. Results and discussion
3.1. Optical characteristics of synthesized CdS QDs

Optical characteristic assessment of CdS QDs which were
formed in three various heating times (4, 5, and 6 h) was conducted
by utilization of the room temperature UV-Vis absorption and PL
spectra represented in Figures 1a and 1b, respectively.
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Figure 1. (a): UV-Vis absorption and (b): PL spectra of CdS QDs
after different synthesis times (4, 5, and 6 h) at 150 °C. CdS QDs
concentration: 1.0 mmol L' ; excitation wavelength: 375 nm.

As indicated in the figure, red shift to longer wavelength in
absorption spectra which attributes to the first exciton peak (1g-1.)
arises from nanocrystal growth during hydrothermal process.*
The achieved results are in accordance with former investigations
proving quantum confinement in the synthesized CdS QDs. Peng’s
equation*” was applied to estimation of the as-prepared CdS QDs
diameter as follow:

D = (—6.6521 x 107** + (1.9557 x 10742 — (9.2352 x 109 +
13.29 (€))]

In the aforementioned formula, D (nm) and A (nm) express
estimated size of CdS QDs and the wavelength of the first excitonic
absorption peak of the QDs, respectively. Obtained results from
diameter determination of CdS QDs via the noticed expression
indicated that diameter of nanocrystals treated with 4, 5, and 6 h
hydrothermal procedure were 4.07, 4.85 and 5.32 nm, respectively.
In view of the fact that QDs band gap (E,) is a significant point in
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the associated CL reaction, evaluation of the optical direct band gap
energy of as-prepared CdS QDs was performed using the UV-Vis
absorption spectra of CdS QDs samples and Tauc’s equation:*'
(Ahv)* =K(hv-E,) )

In the noted equation, A, hv, K and E, are representative of the
absorption coefficient, the photon energy (eV), a constant and the
optical direct band gap, respectively.

The band gap energy of the CdS QDs with 4, 5, and 6 h heating
times relying on the extrapolation of linear portion graph of (Ahv)
versus hv were evaluated as 2.96, 2.83, and 2.62 eV, respectively.

Complementary studies confirm quantum confinement in all
synthesized CdS QDs samples based on gained E, of synthesized
CdS QDs which are higher than the described value for bulk CdS
with absorption onset at 515 nm (E, = 2.42 eV).* Moreover reduce
in E, of QDs which results from growth in nanocrystals size can be
assigned to the quantum confinement effect in all as-prepared
samples.*

3.2. Structural characteristics of synthesized CdS QDs

Crystalline feature investigation of CdS QDs was performed
using X-ray diffraction (XRD) pattern of L-cysteine capped CdS
QDs. XRD pattern of CdS QDs which underwent 6 h hydrothermal
heating process was represented in Figure 2a. As obviously evident
in the figure, main XRD diffraction peaks of the L-cysteine capped
CdS QDs situating at 20 (scattering angle) values of 24.9°, 26.6°,
28.3°, 36.8°, 43.9°, 48.1°, 52.1°, 58.6°, and 67.1° can ascribe to the
(100), (002), (101), (102), (110), (103), (112), (202), and (203) plane
reflections. These results verify that synthesized CdS QDs are in
accordance with the standard patterns of hexagonal wurtzite CdS
(JCPDS 41-1049).** * Furthermore, as displayed in the figure,
synthesized QDs have high purity. The mean crystalline size of CdS
QDs formed at 6 h hydrothermal was assessed to be about 5 nm by
exploiting the Debye—Scherrer formula®® and the sharpest peak of
XRD plan (20 of 28.3°).

Further evaluation about the morphology and particle size of as-
prepared CdS QDs was performed via the study of SEM image of
CdS QDs prepared at 6 h hydrothermal duration (Figure 2b).
Spherical-like shape and well homogeneity of synthesized CdS QDs
are evident from the image. Also, CdS QDs size frequency
investigation was carried out by employing MIP software.**
Investigations indicated that average particle size is 5-9 nm (Figure
2c¢), which is in a good accordance with the XRD and optical
outcomes.

L-cysteine attachment on the surface of CdS QDs was
distinguished using investigation of FT-IR spectra of free L-cysteine
and L-cysteine capped CdS QDs samples (Figure S2). Regarding the
two mentioned spectra comparison, disappearing of thiol group
stretching peak (2550 to 2670 cm ') in the FT-IR spectrum of L-
cysteine capped CdS QDs arises from bonding of the thiol group of
L-cysteine to CdS QDs surface implying presence of L-cysteine on
the surface of CdS QDs.*®#

Photochem. Photobiol. Sci.
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Figure 2. (a): XRD pattern, (b): SEM and (c): particle size
distribution of L-cysteine capped CdS QDs.
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3.3. Chemiluminescence reaction enhanced by CdS QDs

The kinetic curves of CL system are exhibited in Figure 3.
Preceding evaluations revealed that CL emission generated upon
reaction of HCHO and KMnO, (see Figure 3, curve a). In addition,
investigations in this work indicated that CdS QDs considerably
amplify the CL intensity emanated from KMnO,-HCHO reaction
(see Figure 3, curve c). Results of further experiments reveal that
KMnQy in acidic media is capable of inducing a CL emission from
CdS QDs (see Figure 3, curve b). As is recognizable from the figure,
the produced CL signals from KMnO,~-HCHO and KMnO4-CdS
QDs reactions are so weak in comparison with KMnO4,-HCHO-CdS
QDs CL signals. Controlling assessments were accomplished using
the reagents applied for the synthesis of CdS QDs (Cd(CH;COO0),,
L-cysteine, and Na,S solutions). The mentioned reagents have no
effect on the CL emission. The achieved results confirm that
amplification in the CL intensity arises from association of CdS
QDs. The CL intensity of KMnO4HCHO (6.1 pug L')-CdS QDs
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system is about 35 times greater than CL intensity in the absence of
CdS QDs. Furthermore, it is completely obvious that CL reaction of
KMnO,-HCHO in the presence of CdS QDs is comparatively fast.
This statement proves the accelerating effect of CdS QDs on the
mentioned CL reaction, which ascribes to the catalytic performance
of CdS QDs. As shown in Figure 3, curve d and e, when
concentration of HCHO was increased, CL signal intensity could
considerably intensify. These observations declare that the proposed
CL system can be developed as the simple and sensitive method for
the determination of HCHO.

Also, the effect of other aldehydes such as acetaldehyde,
propionaldehyde, butyraldehyde, benzaldehyde, glyoxal and
glutaraldehyde on the KMnO4,CdS QDs CL system was
investigated. The relative CL intensity of KMnO,-CdS QDs in the
presence of acetaldehyde, propionaldehyde, butyraldehyde and
benzaldehyde was shown in Figure S3. The effect of the aldehydes
in comparison with the effect of HCHO on KMnO,-CdS QDs CL
system is negligible. Furthermore, the relative CL intensity of
KMnO,-CdS QDs system in the presence of 0.4 mg L' of glyoxal
and glutaraldehyde was studied and shown in Figure S4. Increase in
the intensity of CL emission of KMnO,-CdS QDs system in the
presence of glyoxal and glutaraldehyde is considerable in
comparison with the other aldehydes. It can be mentioned that trace
amounts of HCHO can intensively enhance the intensity of the
KMnO,-CdS QDs CL system in which the increased CL intensity
was proportional to the HCHO concentration. Furthermore,
according to Jacqui et al. *, low molecular weight aldehyde can be
employed as enhancer in permanganate CL system. In this context,
the results of our investigations about the effect of other aldehydes
on KMnO,-CdS QDs CL system are in accordance with those

reported in the literature.” 2,
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Figure 3. Kinetic curves for (a): KMnO~HCHO (b): KMnO,~CdS
ODs and (c), (d), (e): KMnO~HCHO-CdS QDs CL system with
different concentration of HCHO. The concentrations of KMnO,,
HCI, CdS ODs were 0.06 mmol L™, 1.0 mol L™, 0.7 mmol L™ and
concentration of HCHO in (a), (c), (d) and (e) were 30.0 ug L' 13
ugL' 4.1 ugL" and 6.1 ug L', respectively.

Complementary investigation reveals that sodium
hexametaphosphate (SHMP) can increase CL signal of CdS QDs-
KMnO, which is shown in Figure 4. But, increase in CL intensity of
CdS QDs-KMnOy in the presence of SHMP is low in compare with
CL intensity in the presence of HCHO (Figure 4). Since the increase
in the signal of KMnO,-SHMP-CdS QDs CL system in the presence
of different concentrations of HCHO is not proportional to HCHO
concentration, this CL system seems to not be proper for sensitive
determination of trace HCHO.

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Kinetic curves for (a): KMnO~HCHO (b): KMnO~
SHMP-CdS QDs (c): KMnO,~HCHO-CdS QDs and (d): KMnO
SHMP-CdS QDs—HCHO CL system with different concentration of
HCHO. The concentrations of KMnO,, HCI, CdS QDs, HCHO in (c)
and (d), and SHMP were 0.06 mmol L 1.0 mol L', 0.7 mmol L',
0.5mmol L™, 6.1 ug L', and 4 mmol L™, respectively.

3.4. Optimization of the chemiluminescence reaction conditions

A series of evaluations concerning to the impact of KMnO,
concentration, various types and concentration of acid, particle size
and concentration of CdS QDs on emitted CL signal was developed.
In this context, impact of different concentrations of KMnO, in the
range of 0.01-0.8 mmol L on the CL signals was assessed (see
Figure S5a). According to the figure, the highest CL signal was
generated at 0.06 mmol L' concentration of KMnO,. Further
increase in KMnQ, concentration more than 0.06 mmol L' gives
rise to decrease trend which can be assigned to potential non-
radiative de-excitation.>® So, 0.06 mmol L' of KMnO, was selected
for the following analysis.

Type and concentration of acid have influence on permanganate
involved CL reaction.” In the following step, effect of HCI, HNO;,
H;PO, and HNO; over the range of 0.01-2.0 mol L' was evaluated
and shown in Figure S5b. According to the figure, the CL intensity
in HCL medium with 1.0 mol L' concentration was achieved to the
highest value. Therefore, 1.0 mol L' of HCL was selected for
subsequent analysis.

In order to study the impact of particle size of CdS QDs on
induced CL intensity, CdS QDs with particle size of 4.07 to 5.32 nm
was employed in CL system. The result of analysis revealed that
increase in particle size of CdS QDs follows enhancement in CL
emission. The mentioned observation can be attribute to the
facilitation in process of electron injection to the CdS QDs arising
from reduce in E, of QDs with an increase in particle size according
to the CL energy match theory.**:*?

Ultimately, concentration effect of CdS QDs with appropriate
particle size of 5.32 on the intensity of CL emission was
investigated. As is apparent from Figure S5¢, 0.7 mmol L™ of CdS
QDs induce the highest CL emission and subsequent increase in CdS
QDs concentration leads to weakness in the CL intensity. In this
matter, it can be mentioned that high concentration of CdS QDs
causes intense interaction.’> > Therefore, 0.7 mmol L™ of CdS QDs
was used as optimized value.

3.5. Possible chemiluminescence mechanism
Investigation of emitting species relating to the CL system is

important point in clarifying the probable mechanism. Hence, CL,
PL, and UV-Vis analysis were implemented. The obtained CL

This journal is © The Royal Society of Chemistry 20xx
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spectra were used for discovering the emitting species and function
of CdS QDs in KMnO,~HCHO-CdS QDs CL reaction. As
demonstrated in Figure 5, curve a, HCHO was oxidized by KMnO,
in acidic media leading to generation of CL emission. Regarding the
extensive Dbibliography surveys, Mn (III) generated through
reduction process of permanganate with aldehyde. Mn (III) species
can be maintained in the solution in the presence of a stabilizing
agent such as polyphosphate. Moreover, further reduction reaction of
Mn (IIT) can be accomplished by aldehyde and in the absence of
stabling agent, which produces Mn(II)". On the other hand,
nucleophilic addition of permanganate to aldehydes gives rise to
formation of permanganate ester intermediate.>* > According to the

¢ figure, emitted CL signal of KMnO,-HCHO which was in the range

of 450 to 650 nm can be assigned to the generated permanganate
ester intermediate, during oxidation of HCHO according to literature

investigations.”® Oxidation of HCHO by KMnO; can be
demonstrated as follow:
MnOj;+2HCHO +4H" — 3)

2 HCOOH + Mn(IIl) + 2 H,O + hv (A, = 450 — 650 nm)
2 Mn(III) + HCHO + H,0 — HCOOH + 2 Mn (II)" + 2H"  (4)
Mn (1)’ = Mn (IT) + ho (A,,,, =725 nm) 5)

As revealed in the Figure 5, curve ¢, CL emission of KMnO,-
HCHO 1in the presence of CdS significantly is increased. In this
sense, it should be mentioned that the oxidative decomposition of
permanganate ester intermediate generated through the nucleophilic
addition of permanganate to HCHO is the rate-determining stage in
the oxidation process.®* > It can be supposed that CdS QDs
accelerate  oxidative decomposition of permanganate ester
intermediate.

In addition, CL emission through the reaction of CdS QDs with
KMnQ, in acidic condition in the range of 500600 nm (Figure 5,
curve b) matching with PL spectrum of CdS QDs with 5.32 nm
particle size (Figure 1b) can be attributed to the formation of (CdS
QDs)’. According to preliminary investigation, hole injection
process can be achieved along oxidation of CdS QDs with KMnO,.
In this sense, excitation of electrons into the high energy levels can
perform at temperatures higher than absolute zero.’® Coinciding of
the two aforementioned process leads to exciton formation.
Consequently, CL response induces over the returning of excited
state of CdS QDs ((CdS QDs)") to its ground state are clearly
illustrated in the consequent expressions:

MnO; + CdS QDs + 8H" — Mn(I)* + (CdS QDs)" + 4H,0
(CdS QDs)" — CdSQDs + hvu(},,,, = 520nm) (7)

As is clearly evident from the Figure 5, curve ¢, CL signals of
KMnO,-HCHO considerably increase by participation of CdS QDs.
In this case, it also can be mentioned that broad absorption band of
CdS QDs with particle size of 5.32 nm (see Figure 1a) overlaps with
emission band of HCHO. Therefore, it can be proposed that CdS
QDs can behave as sensitizers which enhance CL intensity of
KMnO4-HCHO reaction with association in CL resonance energy
transfer (CRET) procedure from the mentioned redox reaction.

As is clear in Figure 5, curves a, b, and c, the second peak is
located around 725 nm. According to complementary literature
review, participation of permanganate in acidic condition CL
reaction emanate radiation with a maximum wavelength near 734 +
5 nm can be allotted to the excited Mn(II) (Mn(I)*) (from the *T, to
SA, transition) in the acidic permanganate CL systems *° simplified
as follow:

Mn(Il)* — Mn(Il) + hv (A,,,, = 725nm)

(6)

®
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Figure 5. CL spectra of (a): KMnO,~HCHO (b): KMnO,~CdS

ODs and (c): KMnO~HCHO-CdS QDs CL system. The

concentrations of KMnO, HCHO in (a) and (c), HCI, and CdS

ODs were 0.06 mmol L™, 25.0 ug L and 6.5 ug L', 1.0 mol L,

and 0.7 mmol L™, respectively.

Moreover, Figures 5a and 5b demonstrate the UV-Vis
absorption spectra of the KMnO,-HCHO CL system in the absence
and presence of CdS QDs, respectively.
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Figure 6. UV-Vis absorption spectra of (a): KMnO,~HCHO CL

system and (b): KMnO,~HCHO-CdS QDs in acidic media, recorded

at different time intervals after their mixing. Conditions: the

concentrations of KMnO,, HCHO, CdS QDs, and HCI were 0.06

mmol L', 8.5 ug L 0.7mmol L', and 1.0 mol L', respectively.

As represented in Figure 6b, UV-Vis absorption spectrum of
KMnO,~HCHO-CdS QDs CL system, decline in absorption band of
KMnO, is faster than decline in absorption band of KMnO, in
Figure 6a, UV-Vis absorption spectrum of KMnO,-HCHO CL
system in the absence of CdS QDs. It implies that CdS QDs facilitate
consumption of KMnO, in the reaction resulting from catalytic
function of CdS QDs.

3.6. Analytical performance for HCHO determination
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Under the optimum conditions, the enhancement effect of
HCHO on the suggested CL intensity is linear over the concentration
range of 0.03 - 45 pg L' and 4.5 - 10.0 pg L™'. The linear
regression equation is y= 6169.6 x + 3985.2 (r* = 0.99), where y is I,
and x is the HCHO concentration in pg L. The limit of detection
(LOD) (30) of the developed CL method was calculated to be 0.0003
pug L and 1.2 pg L. Also, the limit of quantification (LOQ) of the
developed CL method was calculated to be 0.001 pg L' The relative
standard deviation (RSD%) 1is 2.18% for eleven replicate
determinations of 4.0 pg L' HCHO. These outcomes reveal that the
offered CL system has relatively high sensitivity, a good linear
range, and desirable precision. Furthermore, some investigated
methods for determination of HCHO in literature were compared
with the developed CL system (see Table 1). The developed CL
method possessing advantages such as rapidity, simplicity, relatively
inexpensive configuration, and high sensitivity improves linear range
and LOD of the previously reported CL method.® 2*%

Table 1. A comparison of different analytical techniques for the determination of
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HCHO.
. LR* LOD
Method Matrix QgL ) Ref.
HPLC® Beer Samples 46-4600 16 z
Resin and the air of an
Fluorimetery animal specimens 40-1190 7.5 19
room
Chemical industrial
wastewater and phenol 14-700 7 13
formaldehyde resin
Spectrophotometry Formulations »
and biological fluids 470-40000 360
. . 1000- 15
Fabric and air 20000 20
oL Textiles 0.606-3.03 1.51 71
Indoor air 0.06-3.0 0.01 0
L Environmental 0.03-4.5 0.0003 and This
waters samples 4.5-10.0 0.0009 work

 Lincar range

b High performance liquid chromatography

3.7. Interference study

With a view to evaluate the potential application of the noted CL
method for measurement of HCHO in real sample, the selectivity of
the method for determination of HCHO in the presence of interfering
foreign species need to be investigated. In this sense, determination
of HCHO in solution involving 5.0 pg L' HCHO and diverse value
of potentially interfering compounds was performed. The outcomes
for external compound values resulting in a relative error of less than
5% in the CL intensity were distinguished as the tolerance limit of
each compound in the determination of HCHO explained in Table
S1. Metal ions interference elimination regarding Table S1 was
accomplished by passing the real sample mixture through a packed
strong cation exchanger column. Furthermore, the effect of phenols
like quercetin, rutin, gallic acid and vanillin on the CL emission of
KMnO,-CdS QDs system was investigated. Although extraction
method exhibits good selectivity for HCHO and eliminated the
interfering effect of phenolic compounds and other interferences,?
tolerable concentration ratios of phenolic compounds with respect to
5.0 pg L™ of HCHO were added in Table S1. The results reveal that
the above mentioned phenols have enhancing effect on KMnO4-CdS
QDs CL system. Furthermore, the relative CL intensity of KMnO,-
CdS QDs in the presence of quercetin, rutin, gallic acid and vanillin
was shown in the Figure S6. So, this problem was solved by
extraction of HCHO from real samples. It should be mentioned that
enhancing effect of trace concentrations of HCHO (6.1 pg L") on the

This journal is © The Royal Society of Chemistry 20xx
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KMnO,-CdS QDs CL system (relative CL intensity~30000) is
considerable in comparison with increase in CL emission in the
presence of the noted phenolic compounds (5.0 mg L) (Figure S6).
Therefore, developed CL approach can be considered a selective
method for determination of HCHO in environmental water and
wastewater samples.

3.9. Analytical application study

In order to verify the practical application of the proposed CL
method, the mentioned approach was exploited for determination of
HCHO in tap water, underground water and wastewater samples.
The real samples were provided for analysis as hinted approach in
the Section 2.5. The achieved consequence eventuating from the
evaluation of HCHO contents in the spiked environmental water and
wastewater samples by a standard addition method are portrayed in
Tables 2 and Tables 3, respectively. The percentage recovery tests
were accomplished to investigate the veracity and efficiency of the
induced CL system. Moreover, for validation of the proposed CL
method a fluorimetric method®” as an official method was applied for
determination of HCHO. The obtained results were summarized in
Table 4 prove the good agreement of results acquired by proposed
CL method with those obtained by fluorimetric method. The data
was evaluated by Student t-test (p=0.05), which shows that results
are not significantly different. The received outcomes reveal that
mentioned CL approach supply good precision for the potential
application of this method for the determination of HCHO in real
samples.

Table 2. Obtained results for the determination of HCHO in spiked water

samples.
Added Found *
Sample = z Recovery (%
P ) (gL yoo
T 0 Not detected -
ap water
0.3 0.31+£0.03 103.89
2.0 2.1240.3 105.83
Under ground 0 Not detected -
water 0.5 0.52+0.03 104.0
4.0 4.15+0.2 103.75

a Mean of six determinations + standard deviation.

Table 3. Obtained results for the determination of HCHO in spiked
wastewater samples.

Sample (ﬁg‘ii?) f:g“;i) Recovery (%)
Wastewater ° 0 7.62 N
0.4 8.05+0.05 100.37
1.0 8.71+0.08 101.04

aMean of siX determinations + standard deviation.

b Wastewater of paint factory

Table 4. Validation results for the determination of HCHO in spiked water
sample.

Added Official method Proposed CL method

Samol : e . t-statistic
ample T *(ug L) “(ugLY statistic
Underground 9.0 9.25+0.53 9.86+1.26 291
water
Drinking 10.0 10.48+1.67 9.52+1.96 2.15

water

a Mean of three determinations + standard deviation.

b t-critical=4.30 for n=2and P=0.05.

4. Conclusions

In the present paper, CdS QDs enhanced the CL intensity of
KMnO,-HCHO reaction regarding to its catalytic function and
participation in CRET. Based on the enhancing effect of HCHO on
emitted CL intensity, a simple flow—injection CL method was

This journal is © The Royal Society of Chemistry 20xx

developed for determination of HCHO. Furthermore, it supplies
sufficient sensitivity without using an expensive CL reagent.
Eventually, the method has been successfully applied to the analysis
of HCHO in environmental water and wastewater samples.
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The addition of CdS QDs into KMnO4,—HCHO system can induce a great increase in CL
signals. Furthermore, CL intensity of the KMnOs,~HCHO-CdS QDs system enhances by
increase in HCHO concentration. The increase in the CL intensity of the KMnO,~HCHO-

CdS QDs system is linearly proportional to the concentration of HCHO.



