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In order to obtain high derivatization efficiency, the overuse of derivative agent 2,4-dinitrophenylhydrazine
(2,4-DNPH) is necessary for carbonyl detection. But, the 2,4-DNPH residue will cause background
interferences and limit the pre-concentration factor of the target analytes. In order to overcome the
bottleneck problems, the magnetic molecularly imprinted polymer based solid-phase extraction (MMIPs-
SPE) method was developed with 2,4-dinitroaniline (2,4-DNAN) as the dummy template. The
characteristics and selectivity of the MMIPs were investigated. Under the optimized conditions, the
enrichment of carbonyls-DNPH derivatives with simultaneous removal of the surplus 2,4-DNPH was
achieved. By coupling with capillary electrophoresis (CE), a satisfactory analytical performance was
obtained with the detection limit ranging from 1.2 to 8.7 ug L™ for 8 carbonyls. The MMIPs-SPE-CE
method was applied successfully for the carbonyl assessment in stream water, tap water and bottled
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1. Introduction

With the development of industry, the deterioration of water
quality is becoming more and more serious. Among the
contaminants, the carbonyl pollutants in water bodies have
aroused wide attention. The carbonyls may result from indus-
trial discharging, atmospheric dry/wet deposition, ozonation/
chlorination disinfection, or the release of polyacetal plastic
fittings and paint coating.' Various efforts have been carried
out for the determination of the aldehydes and ketones in
aqueous samples. The more frequently used detection methods
include spectrophotometry,* gas chromatography-mass spec-
trometry (GC-MS)>® and high-performance liquid chromatog-
raphy (HPLC).”* Owing to the high sensitivity and easy
operation, HPLC is more preferable in the standard methods,
such as EPA method 8315A."

Because carbonyls have high activity and polarity and lack
fluorophore and chromophore, a derivatization process must be
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applied before the chromatographic detection. Usually the
overdose 2,4-DNPH is applied to ensure the thorough derivati-
zation of carbonyls into hydrazones before HPLC detection.™
The following formula shows the chemical reaction between
2,4-DNPH and carbonyl (eqn (1)).
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Considering the low levels of carbonyls, the sample enrich-
ment step is required after the derivatization. Multiple extrac-
tion methods, such as solid-phase extraction (SPE),"*'* solid-
phase microextraction (SPME),*>'® u-SPE,"”* liquid-liquid
extraction (LLE),* liquid-phase microextraction (LPME)** and
thin-film microextraction,” have been developed to extract
these hydrazones from water bodies. The common organic
extractants used in LLE include ethyl acetate, cyclohexane, butyl
acetate, dichloromethane, petroleum ether and room temper-
ature ionic liquids, etc. The materials that are often used in SPE
include C18, polydimethylsiloxane (PDMS) and resin, etc.
Although the mentioned extraction methods have played posi-
tive roles in sample enrichment, the “bottleneck” problem is
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that they lack selectivity. Not only the carbonyls-DNPH deriva-
tives but those unreacted 2,4-DNPH can be extracted together
into the final extract solution. The excessive 2,4-DNPH residuals
in the extract will result in huge chromatographic peak and
extra spectra interference, causing a negative effect on the
identification of the trace carbonyls-DNPH. In addition, the
existence of too much surplus 2,4-DNPH may limit the enrich-
ment factor for the target aldehydes and ketones, because
a large volume of solvent is needed to dissolve all the
compounds in the extract. Otherwise, the high levels of 2,4-
DNPH residuals will precipitate and consequently cause the co-
precipitation of carbonyls-DNPH. Therefore, removing the
surplus 2,4-DNPH from the carbonyls-DNPH solution is crucial
to improve the detection accuracy and sensitivity.

In order to reduce the background interferences caused by
the surplus 2,4-DNPH, it is necessary to develop the special
extraction materials with molecular recognition properties.
Molecularly imprinted polymers (MIPs) with tailor-made
binding sites are able to recognize the target molecules in
terms of the unique molecular size, chemical functionalities,
and stereostructure. The combination of MIPs and magnetic
nano-particles gives birth to magnetic MIPs (MMIPs), which
have significant advantages in real sample preparation. In
addition to the recognition specificity, the feasibility of recov-
ering MMIPs by means of an external magnetic field makes
MMIPs the optimal adsorbent for dispersive solid-phase
extraction (DSPE). Since they can eliminate the need for
a centrifugation step, shorten the separation time, and reduce
the loss of analytes during the separation, the MMIPs-SPE
methods have attracted extensive attention in various
fields.**** However, the leakage of template molecules
remained a problem. Generally, about 5% of the template
molecules cannot be removed from the synthetic MIP matrix by
elution.”® These template molecules will leak out gradually into
sample solution in the subsequent application process, and
affect the analytical accuracy. To avoid this problem, the
dummy template technology has been proposed. That is, the

Polymerization

View Article Online

Paper

structural analogue of the target molecule is used as the
imprinting template to prepare the molecular recognition
binding sites. Owing to the structure similarity between the
target molecule and the dummy imprinting template, the target
molecules can be bound specifically by the resulted MMIPs. And
at the same time, the interferences caused by the template
leakage can be avoided by this way. In this paper, 2,4-dini-
troaniline (2,4-DNAN), a structural analogue of 2,4-DNPH, was
exploited as the substitute template to fabricate MMIPs.

Since acetone-DNPH and acrolein-DNPH are difficult to be
separated from each other by HPLC. Thus, in this work the
micellar electrokinetic chromatography (MEKC) was utilized to
improve the separation resolution. MEKC is a modified capil-
lary electrophoretic (CE) method with pseudo-stationary phase.
Through distribution of analytes between micelles and the free
solution, MEKC can exhibit the strong separation ability to
either the charged or neutral molecules.”” Besides the
improvement of the separation resolution, CE methods are
preferable to HPLC in terms of low organic solvent consump-
tion, small injection volume and high cost effectiveness, so they
are suitable for the in-field monitoring.*®* They have displayed
the priority on the metabolite identification,* chiral separa-
tion,* enantiomeric resolution,®* metal ion speciation,*
microbiological diagnostics®”** and so on in various fields, such
as drug analysis, life science, environmental monitor and food
control. We have ever developed a MMIPs based SPE-CE method
for the continuous monitoring of pollutants on ambient PM 2.5,
making use of the specific extraction capacity of MMIPs for the
template molecules. The concentrations and gas-to-particle
ratios of carbonyls in normal days or haze days were
determined.*

In the present work, the MMIPs were applied in a different
and more convenient way (Fig. S11) compared to the previous
work. Here, the ability of MMIPs to selectively release the non
template molecules was utilized. Firstly, the carbonyls in water
sample were derivatized by using 2,4-DNPH. Then, both the
surplus 2,4-DNPH and carbonyls-DNPH derivatives were
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Scheme 1 Schematic for the present work.
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extracted onto the MMIPs from water body. After that,
carbonyls-DNPH derivatives were washed out for further
enrichment and CE analysis, while leaving 2,4-DNPH retained
by the MMIPs owing to the imprinting effect. The target
carbonyls in the present research include eight kinds of low
molecular-weight carbonyls. They are formaldehyde, acetalde-
hyde, acetone, acrolein, propionaldehyde, tri-
chloroacetaldehyde, butyraldehyde, and benzaldehyde. The
MMIPs-SPE-CE method was applied for the enrichment and
analysis of trace carbonyls in the stream water, tap water and
bottled drinking water samples. In addition, the migration of
carbonyls in bottled drinking water was investigated under the
UV irradiation and heating. The analytical performance of the
method was presented and discussed in detail. The schematic
of the method is shown in Scheme 1.

2. Experimental

2.1 Chemicals and reagents

Ferric chloride hexahydrate (FeCl;-6H,0), ferrous chloride tet-
rahydrate (FeCl,-4H,0) sodium hydroxide (NaOH), azobisiso-
butyronitrile (AIBN) and methacrylic acid (MAA) were obtained
from Tianjin Damao Chemical Reagent Co., Ltd. (China).
Sodium tetraborate decahydrate (Borax) and 2,4-DNPH were
obtained from BDH Chemicals Co., Ltd (England). Sodium
dodecyl sulfate (SDS) and 2,4-dinitroaniline (2,4-DNAN) were
obtained from Aldrich Chemical Co., Ltd. (USA). HPLC-grade
acetonitrile (ACN) was obtained from Shanghai ANPEL Scien-
tific Instrument Co., Ltd. (China). Ethylene glycol dimethacry-
late (EDMA) was obtained from Tokyo Chemical Industry Co.,
Ltd. (Japan). Acetic acid, polyethylene glycol (PEG), ethanol,
acetonitrile, methanol, citric acid, phosphoric acid, trisodium
citrate dihydrate, toluene and sodium chloride were obtained
from Tianjin Zhiyuan Chemical Reagent Co., Ltd. (China). All
chemical reagents were of AR grade and were used without
further purification.

2.2 Apparatus

The field emission scanning electron microscope (JSM-7001F,
JEOL, Japan) was used for the scanning electron microscopy
(SEM) analysis. The CE experiments were carried out on the
TriSep-3000 system (Unimicro Technologies, Pleasanton, CA,
USA) equipped with a UV/Vis detector and a fused silica capil-
lary (80 cm x 50 pm i.d., 51 cm to detector). A syringe pump
(Legato 210, KD scientific, USA) was used for the capillary
pretreatment. HPLC analysis was performed by Agilent 1200
(Agilent, USA).

2.3 Optimization of the adsorption experiments

With 2,4-DNAN as the template, MAA as functional monomer,
EDMA or DVB as the cross-linker, the MMIPs were prepared
with Fe;O, as the magnetic core. The detailed procedure for
preparation of MMIPs is described in the ESIT (Synthesis of
MMIPs). The standard solution of 2,4-DNPH and 8 carbonyls-
DNPH, including formaldehyde-DNPH, acetaldehyde-DNPH,
acetone-DNPH,  acrolein-DNPH,  propionaldehyde-DNPH,
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trichloroacetaldehyde-DNPH, butyraldehyde-DNPH, and
benzaldehyde-DNPH were prepared with each concentration at
5 mg L~ ". Then, some amount of MMIPs were incubated in
100 mL of the above standard solution respectively. After
shaking for some time, the microspheres were removed by the
external magnet. And the supernatant was measured with an
UV-Vis spectrometer at 360 nm.

2.4 The derivatization procedures

To derivatize the carbonyls into hydrazones, 2.5 mL citric acid/
sodium citrate buffer solution (1 M, pH = 3) and 1 mL HCI-
DNPH solution (500 mg L") were added into 50 mL water
sample. After being mixed completely, the mixture was heated
with water bath at 40 °C and stirred for 1 h. When cooling to
room temperature, the solution was filtered through a 0.45 um
membrane filter.

2.5 MMIPs-SPE procedures

Ten mg MMIPs were added into 50 mL of the derived water
sample. After shaking in the water sample for 10 minutes, the
MMIPs were collected by the external magnet and dispersed in
10 mL toluene. Then, after shaking in toluene for 10 min, the
MMIPs and toluene were collected separately by using the
external magnet. The MMIPs were rinsed with 5 mL toluene.
The above toluene extracts were combined and dried with
a rotary evaporator. The products were then dissolved with 50
uL acetonitrile and mixed with 20 mM borate by 1 : 1 (v/v) prior
to CE separation with conditions listed in the ESIf (MEKC
separation).

2.6 Regeneration of MMIPs

The collected MMIPs were eluted with methanol/acetic acid
solution (8/2, v/v) repeatedly to remove the 2,4-DNPH until no
2,4-DNPH can be detected in the extract at 360 nm with UV
spectrometer. After being washed with deionized water and
ethanol in sequence, the polymers were dried at 60 °C and
stored for the future use.

2.7 LLE procedures

Fifty mL of the derived water sample and 5 mL saturated NaCl
solution were mixed in the separating funnel, and then extrac-
ted 3 times with dichloromethane. During each extraction
process, 10 mL dichloromethane was used. The resulted
extracts were combined and evaporated to dryness with a rotary
evaporator, and then dissolved with 200 pL acetonitrile before

CE separation.

2.8 Real sample analysis

Dongjiang River provides the drinking water for more than 40
million residents in Hong Kong, Guangzhou, Heyuan, Huizhou
and Dongguan. To explore the water safety, the content of
carbonyls at the source of Dongjiang River, the tap water in
a Dongjiang village, the tap water of Guangzhou University, and
the commercially bottled water of a certain brand were
analyzed. In order to investigate the migration of carbonyls
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from the PET bottle materials, the bottled water samples were
exposed to the UV irradiation at 60 °C for 1 hour, 12 hours and
24 hours, respectively. And then the water samples were derived
and analyzed with the developed MMIPs-SPE-CE method.

3. Results and discussion
3.1 Preparation and characterization of MMIPs

As mentioned in the introduction, overuse of the derivative
agent 2,4-DNPH will cause background interferences and limit
the pre-concentration factor of the target analytes. In order to
overcome the bottleneck problems, the MMIPs-SPE-CE method
was developed in the present work. In consideration of the
possible side reaction between 2,4-DNPH and the intermediates
during polymerization, and in order to avoid the problems
caused by the template leaking in the subsequent application,
2,4-DNAN, the structure analogue of 2,4-DNPH, was used as the
dummy imprinting template in the work. By this way, the
spectra interference can also be avoided, since there is a big
difference between the maximum absorption wavelength of 2,4-
DNAN (338 nm) and carbonyls-DNPH derivatives (360 nm).

In order to remove the surplus 2,4-DNPH efficiently and at
the same time improve the recovery of the target analytes, the
synthesis and extraction conditions have been optimized. For
the preparation of MIPs, EDMA and DVB are often used as the
cross-linkers. It is known that EDMA is hydrophilic and
possesses the flexible configuration, while DVB is hydrophobic
and has the more rigid structure in comparison with EDMA. To
investigate whether the hydrophilic/hydrophobic properties of
MMIPs can affect the molecular recognition and extraction
efficiency, the MMIPs-DVB and MMIPs-EDMA have been
synthesized with DVB and EDMA as the cross-linker respec-
tively. Both kinds of the prepared MMIPs have good magnetic
properties. They can be isolated from the solution quickly under
the external magnetic field.

The TEM and SEM experiments were used to study the
structure of MMIPs (Fig. S21). The particle size of Fe;0, is about
15 nm, and the iron core is surrounded by MIP shell with
thickness of lower than 10 nm for both kinds of MMIPs. The
MMIPs agglomerate to some extent. The average diameter of
MMIPs-EDMA and MMIPs-DVB are about 1.65 um and 40 nm
respectively. For MMIPs-EDMA, both the magnetic core and the
polymer shell are hydrophilic, so the MMIPs-EDMA particles
tend to agglomerate together to form larger clusters. As to
MMIPs-DVB, the magnetic core is hydrophilic, but the polymer
shell is hydrophobic and more rigid than that of MMIPs-EDMA,
so they are not easy to agglomerate together. Consequently, the
diameter of MMIPs-DVB is much smaller than MMIPs-EDMA.

When the two kinds of MMIPs (10 mg each) were dispersed
respectively into 100 mL 2,4-DNPH aqueous solution (5 mg L"),
the adsorption equilibrium of MMIPs-EDMA was achieved
within 10 minutes; while it took about 50 min to reach the
adsorption equilibrium for MMIPs-DVB (Fig. 1). Since MMIPs-
EDMA can be dispersed evenly in the water body, it can reach
the adsorption equilibrium more rapidly than the hydrophobic
MMIPs-DVB particles. Although the maximum adsorption effi-
ciency of MMIPs-DVB is a little higher than MMIPs-EDMA, the

32844 | RSC Adv, 2021, 11, 32841-3285]
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Fig.1 Adsorption kinetics of different adsorbent to 2,4-DNPH in water
(sample volume: 50 mL; adsorbent: 10 mg; 2,4-DNPH: 5 mg LY.

MMIPs-EDMA are selected in the present work to shorten the
time of sample pretreatment.

The magnetic non-imprinted polymers (MNIPs) were also
prepared with procedures same as MMIPs-EDMA and MMIPs-
DVB respectively, except that the template molecules were not
included in the polymers. From Fig. 1, it can be seen that the
adsorption efficiency of the MNIPs is much lower than the
corresponding MMIPs due to the absence of the molecular
imprinting sites. It can also be found that there is a significantly
higher non-specific interaction for MNIPs when using DVB as
a cross-linker than using EDMA. Since DVB molecule contains
benzene ring, it has stronger hydrophobicity than EDMA.
Moreover, the particle size of the polymers using DVB as cross-
linker is smaller than those using EDMA. The larger specific
surface area and stronger hydrophobicity of MNIPs-DVB will
lead to an increase in the absorption of the hydrophobic
compounds, thus exhibiting the higher non-specific interaction
than MNIPs-EDMA.

The loading capacity of MMIPs-EDMA was estimated by the
scatchard analysis (Fig. S21). According to the Scatchard equa-
tion: Q/[Cc] = (Qmax — Q)/Kp, where C. is the equilibrium
concentration, Q the amount of 2,4-DNPH bound to the MMIPs
at equilibrium, Qu.x the apparent maximum adsorption
capacity, and Kp, the equilibrium dissociation constant, Quax
and Kp can be determined from the intercept and slope,
respectively, when Q/[C.] is plotted versus Q. Results indicates
that there are two different types of binding sites. Their
maximum absorptive capacity are 104.6 mg g ' and 1.277 mg
g, respectively. These recognition sites contribute for the high
rebinding affinity towards 2,4-DNPH.

3.2 Optimization of the extraction conditions

During the study, it is found that the MMIPs cannot discrimi-
nate 2,4-DNPH from the carbonyls-DNPH in the aqueous
medium. In water, both 2,4-DNPH and carbonyls-DNPH can be
adsorbed by MMIPs. The adsorption equilibrium can be ach-
ieved within 10 min with extraction efficiency above 90% for all
the compounds. Results indicate that the molecular recognition

© 2021 The Author(s). Published by the Royal Society of Chemistry
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properties of MMIPs have been inhibited by water. It is known
that the recognition of MMIPs is commonly determined by the
synergistic effect of electrostatic interaction and hydrogen bond
between the target molecules and the functional groups of the
MMIPs. The selectivity of MMIPs generally appears in the non-
polar or low polar environment. Polar solvents (such as water)
will weaken the hydrogen bond, thus leading to poor recogni-
tion properties. However, the nondiscrimination of MMIPs
against carbonyls-DNPH in water is advantageous for the
extraction and enrichment of the carbonyl derivatives from
water samples. Basing on the principle of similar dissolve
mutually, the organic carbonyls-DNPH can be adsorbed
together with 2,4-DNPH on the MMIPs matrix from the water
matrix.
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Fig. 2 Electropherogram of standard mixture before (a) and after (b)
MMIPs treatment. Note: the standard mixture contains 2,4-DNPH
(5 mg L™) and eight carbonyls-DNPH (1 mg L™ each). Peaks: (0)
DNPH, (1) formaldehyde, (2) acetaldehyde, (3) acetone, (4) acrolein, (5)
propionaldehyde, (6) trichloroacetaldehyde, (7) butyraldehyde, (8)
benzaldehyde. CE conditions: capillary 80 cm x 50 um i.d., effective
length 51 cm; separation voltage 24 kV; temperature: 20 °C, detection
wavelength 360 nm, injection voltage 5 kV, injection time 3 s, buffer
solution: 20 mM boric acid —50 mM sodium dodecyl sulfate (con-
taining 15% methanol, pH 8.9).
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In order to further isolate the surplus 2,4-DNPH from
carbonyls-DNPH and realize the purification of carbonyls-
DNPH, the next step is to find a proper organic solvent to
wash the MMIPs. With this solvent these carbonyls-DNPH
derivatives are expected to be washed out from the MMIPs,
while the 2,4-DNPH be trapped in the MMIPs matrix owing to
the imprinting effect. We have investigated the effect of the
polarity of the washing solvent on the selectivity of the MMIPs.
Results show that MMIPs have poor selectivity in the strong
polar solvents, such as acetonitrile and methanol. The
carbonyls-DNPH and 2,4-DNPH can be eluted together from
MMIPs by these solvents. According to the principle of molec-
ular recognition, the specific retention ability of MMIPs is
resulted from not only the shape and size complementarity but
also the hydrogen binding interaction between the analyte and
binding sites in the polymers. Thus, the molecular recognition
ability of MMIPs is stronger in aprotic or low polar organic
solvents than in polar solvent. In polar solvent the molecular
interaction between 2,4-DNPH and MMIPs is weakened, thus
2,4-DNPH can be eluted from MMIPs together with carbonyls-
DNPH. In the present work, toluene was found to be the
optimal washing solvent. In toluene, the MMIPs can discrimi-
nate 2,4-DNPH from carbonyls-DNPH. Therefore, in the subse-
quent experiment the toluene was employed to wash the MMIPs
to collect the purified carbonyls-DNPH derivatives for MEKC
analysis.

Under the optimized conditions, the standard solution
containing 2,4-DNPH (5 mg L™ ') and eight carbonyls-DNPH
(1 mg L™ each) were treated by the MMIPs-SPE method, then
analyzed by MEKC. By comparing the electropherogram before
and after the treatment (Fig. 2), it can be seen that the 2,4-DNPH
peak is clearly eliminated, but the carbonyls-DNPH peaks do
not change significantly after the MMIPs-SPE treatment. The
results are attributed to the specific selectivity of MMIPs. By
washing MMIPs with toluene, all the carbonyls-DNPH can
migrate from MMIPs into toluene, but 2,4-DNPH is still held by

100%
2 80% —
= —+— Formaldehyde-DNPH ~ ~ 3
?: 60% | —*— Acetaldehyde-DNPH
c; —4— Acetone-DNPH
S 40% | —v— Acrolein-DNPH
2 | -+ Propionaldehyde-DNPH
=2 205 Chloral-DNPH
! Butyraldehyde-DNPH
— o Benzaldehyde-DNPH
0% 1 L 1 L 1 L 1 1
0 40 80 120 160 200
MMIPs (mg)

Fig. 3 Effect of MMIPs-EDMA amount on the recovery rate of the
carbonyls-DNPH derivatives.

RSC Adv, 2021, 11, 32841-32851 | 32845


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra05084b

Open Access Article. Published on 06 October 2021. Downloaded on 1/21/2026 6:01:28 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

the imprinting binding sites on MMIPs. Results prove that the
MMIPs-SPE method can be used to isolate 2,4-DNPH from
carbonyls-DNPH solution successfully.

In order to further optimize the experimental conditions, the
effect of MMIPs dose for the adsorption was studied (Fig. 3). The
recovery rate for aldehydes-DNPH and ketones-DNPH showed
the similar trend. When 20 mg MMIPs were used for the
adsorption in 100 mL standard solution (5 mg L"), and then
washed with 10 mL toluene, the maximum recovery rate was
achieved for the target analytes. However, the further increase
of the amount of MMIPs will lead to the decrease of the recovery
rate, because some carbonyls-DNPH cannot be eluted suffi-
ciently from the fluffy MMIPs by using 10 mL toluene. Thus, in
the practical batch experiments, 20 mg MMIPs were used for
every 100 mL water for the adsorption.

3.3 Analytical performance

A series of standard solutions were analyzed with the MMIPs-
SPE-CE method. The linear regression equations, correlation
coefficients and detection limit of the method for the eight
target compounds were calculated (Table 1). In the linear range,
the correlation coefficients are between 0.9992-0.9999 for
different compounds. Based on 3 times of signal-to-noise ratio,
the limit of detection (LOD) for formaldehyde, acetaldehyde,
acetone, acrolein, propionaldehyde, trichloroacetaldehyde,
butyraldehyde, and benzaldehyde are ranging from 1.2 to 8.7 ug
L.

Considering the significance of water safety, the World
Health Organization (WHO) has recommended that the toler-
able concentration of formaldehyde in drinking water should be
2.6 mg L', but does not state the allowable concentrations of
acetaldehyde and acetone.*® According to the quality standards
for drinking water and surface water (GB 5749-2006, GB 3838-
2002), the permitted concentration of formaldehyde and acet-
aldehyde is 0.9 mg L™' and 0.05 mg L' respectively. The
European Union (EU) has stipulated the specific migration
restrictions for formaldehyde, acetaldehyde and acetone
(expressed in mg substance per kg food). It is less than 15 mg
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Fig.4 The electropherogram of real stream water sample treated with
(a) LLE and (b) MMIPs. Peaks: (0) DNPH, (1) formaldehyde, (2) acetal-
dehyde, (3) acetone, (8) benzaldehyde.

Table 1 Analytical features of the MMIPs-CE method for the determination of carbonyl compounds

Linear range

Detection limit

Recovery*

Analyte (mg L™ (ngL™h Repeatability” (n = 3) Intermediary’ (n = 3) RSD? (1 = 6)
1 Formaldehyde-DNPH 0.010-0.14 1.4 87.8% 92.6% 4.9%
2 Acetaldehyde-DNPH 0.010-0.16 1.2 96.2% 97.6% 3.3%
3 Acetone-DNPH 0.010-0.16 1.5 98.0% 98.8% 3.8%
4 Acrolein-DNPH 0.010-0.16 2.5 120.7% 118.5% 4.3%
5 Propionaldehyde-DNPH 0.010-0.14 1.5 93.5% 89.9% 4.7%
6 Trichloroacetaldehyde-DNPH 0.020-0.14 8.7 99.3% 96.9% 3.8%
7 Butyraldehyde-DNPH 0.020-0.16 1.6 104.0% 97.0% 4.8%
8 Benzaldehyde-DNPH 0.010-0.16 1.9 86.9% 89.5% 4.8%

“ Recoveries were evaluated by adding to drinking water samples the standard solutions of the target carbonyls-DNPH for reaching the
concentration of 0.020 mg L~ respectively. ® Repeatability: samples were prepared and analyzed by analyst no. 1 in triplicate. ¢ Intermediary
precision: samples were prepared and analyzed by analyst no. 2 in triplicate on the following day. ¢ The relative standard deviation (RSD) is

based on the 6 results from the two analysts.
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kg~ ! for formaldehyde, 6 mg kg™* for acetaldehyde and 2 mg
kg™" for acetone.”” Thus, the present method is sensitive
enough to be applied to analyze the trace levels of carbonyls in
surface water and drinking water samples.

In order to investigate the determination accuracy, the
recoveries were evaluated by adding to drinking water samples
the standard solutions of the target carbonyls-DNPH for
reaching the concentration of 0.020 mg L' respectively. The
recovery was calculated according to eqn (2).

measured value of spiked sample — measured value of unspiked sample

View Article Online
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MMIPs-SPE method is more favorable to the purification and
enrichment of hydrazones from real samples. In addition, the
MMIPs can be reused repeatedly after the regeneration with
a mixture of acetic acid/methanol (2/8, v/v). After at least 6 cycles
of regeneration, the MMIPs still exhibit the excellent analytical
performance.

3.4 Real sample analysis

The established MMIPs-CE method was used to detect the
carbonyls in various water samples with results shown in Fig. 5.

Recovery = (

The recovery experiments were firstly performed by analyst
no. 1 in triplicate, and the results was used to estimate the
repeatability. Intermediary precision was performed in the
same way as the repeatability but with different technician on
the following day. Results (Table 1) show that good recoveries
have been obtained in the two systems. They are between 87.8-
120.7% and 89.9-118.5% respectively for the target analytes.
The relative standard deviation (RSD) based on the results from
the two analysts was lower than 5% (n = 6).

LLE is the traditional method to enrich hydrazones from
water. The common extractants include dichloromethane,
cyclohexane, petroleum ether and ethyl acetate.”® Dichloro-
methane has been used as the extractant in the USEPA Method
8315A (1996).** In order to compare with the extraction effect of
MMIPs, a control test has been performed by using dichloro-
methane as the extractant according to the Experimental
section to analyze the real stream water samples. Results (Fig. 4)
show that there is a big difference between the electrophero-
gram obtained by the two extraction methods. For the LLE
treatment (Fig. 4a), there exist a huge peak of 2,4-DNPH and
some tiny peaks of carbonyls-DNPH. It can be seen that the big
broad peak of 2,4-DNPH in the electropherogram can interfere
with the separation system. And the peaks of carbonyls-DNPH
are so small that it is difficult for identification. The reason is
that this LLE method has no selectivity, and the unreacted 2,4-
DNPH can be extracted together with carbonyls-DNPH into the
organic phase. Because of the existence of large amount of 2,4-
DNPH, the volume of the solvent must be large enough to avoid
the precipitation of the compounds. Thus, the trace carbonyls
are difficult to be analyzed in this case.

However, the background interference caused by the exces-
sive 2,4-DNPH can be eliminated when the MMIPs-SPE method
is used. In this case, the surplus 2,4-DNPH was removed by the
MMIPs, thus the extract can be concentrated by reducing the
solvent volume. As shown in Fig. 4b, the huge peak of 2,4-DNPH
is disappeared in the electropherogram after MMIPs treatment,
and the peaks of formaldehyde, acetaldehyde, acetone and
benzaldehyde are high enough for quantization. Thus, in
comparison with the non-selective traditional LLE method, the

© 2021 The Author(s). Published by the Royal Society of Chemistry

added value

) x 100% )

Among the eight target analytes, acrolein, propionaldehyde,
trichloroacetaldehyde, and butyraldehyde were not detected in
any water samples. Formaldehyde, acetaldehyde and acetone
were found in all the samples, and benzaldehyde was found
only in the stream water.

In the city tap water samples, a little amount of formalde-
hyde, acetaldehyde and acetone are found. In city, the disin-
fection of tap water mainly includes chlorination disinfection,
chlorine dioxide disinfection, ultraviolet disinfection and ozone
disinfection. These carbonyls may come from the release of
polyacetal plastic fittings, or result from the degradation of
some organic matters during the disinfection process.*** But
the contents of the three carbonyls meet the demand of WHO
2011 for drinking water, EU 2011 for food, and the requirement
for surface water quality (GB5749-2006, GB 3838-2002).>%%”

In consideration of the health problems, increasing atten-
tion has been paid to the quality of bottled drinking water.
Some diseases, including cancer and central nervous system
damage were found to be related with the chemical nature of
the bottled drinking water. In the present work, the bottled
water sample of a brand was determined. Results show that the
concentration of formaldehyde, acetaldehyde and acetone is
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Fig. 5 The distribution of carbonyl compounds in aqueous samples.
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0.036, 0.065 and 0.0016 mg L™ respectively. The concentration
of formaldehyde and acetaldehyde in the bottled water is higher
than the tap water, but still lower than the permitted migration
limit of carbonyls from polyethylene terephthalate (PET) mate-
rials according to the commission regulation of EU 2011.%
Among the three carbonyls, the content of acetaldehyde is the
highest. It exceeds the taste threshold of acetaldehyde, that is
considered to be 20-40 pg L~ '.%

The bottled water is indicated to have been produced by
distillation at 105 °C. The carbonyl compounds might originate
from the manufacture process, or from the thermo-oxidative
and thermo-mechanical degradation of the PET bottle during
storage.”** And the polypropylene caps could account for the
trace amount of acetone in the bottled water.>**

To simulate the effect of sunlight on the content of carbonyls
in bottled water, the bottled water was exposed to the UV irra-
diation at 60 °C for 1 hour, 12 hours and 24 hours, respectively.
And then the water samples were analyzed with the MMIPs-CE
method. Results (Fig. 6) show that the continuous heating and
exposure to UV light can cause the obvious increase of all the
carbonyls, especially the formaldehyde and acetaldehyde.

The treatment exerted the biggest effect on the increase of
the formaldehyde concentration in this study, but the concen-
tration of formaldehyde ranged within the permitted level for
drinking water during the testing period.*® On the other hand,
according to the quality standards for drinking water and
surface water (GB 5749-2006, GB 3838-2002), it is noteworthy
that the concentration of acetaldehyde has exceeded the
allowed limit (0.05 mg L") by 87.6% when the exposure time is
more than 12 h. Continually to increase the exposure time to
24 h, the concentration of acetaldehyde (0.13 mg L™') has
exceeded the allowable limit by 168%. The taste of the bottled
water is a significant factor to estimate the quality of water. If
the bottled distilled water tastes sweet, you should stop
drinking it. This sweet taste is possibly caused by the excessive
acetaldehyde.* Results indicate that the PET bottled drinking
water should be stored away from the heat sources and the
direct exposure to sunlight to prevent the production of the
harmful organic substances.
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Fig. 6 Effects of UV irradiation on carbonyls concentration in bottled
water.
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Besides the city tap water and bottled drinking water, the
stream water and village tap water of Dongjiang village were
also determined (Fig. 5). The content of formaldehyde, aldehyde
and acetone in the collected stream water is about twice that of
the village tap water. Furthermore, some benzaldehyde was
found in the stream water. The higher concentration of
carbonyls in the stream water may result from the wet deposi-
tion of airborne carbonyls and the degradation of humus and
plants. In addition, benzaldehyde is rich in the stalk bark,
leaves or seeds of some plants in the form of glycosides,* which
has possibly led to the appearance of benzaldehyde in stream
water.

The village tap water comes from the pool on the mountain.
After some simple purification, such as sedimentation and
filtration, it is piped to the villagers' houses. The carbonyls
content in the tested village tap water is higher than Guangzhou
city tap water. Although the carbonyl content of the village tap
water meets the requirements as drinking water, further water-
treatment such as sterilization before drinking is suggested to
guarantee the water safety.

3.5 Method comparison

As shown in Table S1,7 various of methods have been developed
to determine carbonyls in water samples. Spectrophotometry is
mainly used for the determination of single aldehyde or the
total aldehyde, and its sensitivity is poor.***” In the standard
EPA method 8315a," the C18 SPE or LLE is coupled with HPLC.
It can simultaneously determine a variety of aldehydes and
ketones, but the sensitivity is lower than the MMIPs-SPE-MEKC
method. With the integration of the advanced extraction and
enrichment patterns, more sensitive methods, such as head
space solid-phase microextraction and gas chromatography-
mass spectrometry (HS-SPME-GC-MS),*® uSPE-HPLC"™ and
polymer monolith microextraction-HPLC (PMME-HPLC),* have
been developed for carbonyl analysis in aqueous samples.
Although the sensitivity of the MMIPs-SPE-MEKC method is
inferior to these extremely sensitive methods, this method has
the advantages of simple pretreatment, high cost-effectiveness
and suitable for field analysis. More importantly, it resolved
the problems of the co-existence of 2,4-DNPH and carbonyls-
DNPH together in the extract owing to the specially designed
molecular recognition effect. The enrichment of carbonyls-
DNPH with simultaneous removal of 2,4-DNPH can be ach-
ieved by this way. In addition, the method is not limited by the
volume of water sample. The MMIPs can be dispersed and
collected easily in any water samples. Thus, it is not only
applicable for the treatment of the large amount of surface
water samples, but also the rare biological samples, such as
saliva, blood and other body fluid, for the in-field monitoring.

4. Conclusions

In this work, the efficient MMIPs-SPE-CE method have been
developed for the analysis of trace carbonyls in real environ-
mental water samples. Owing to the specially designed molec-
ular recognition effect, it resolved the problems of the co-

© 2021 The Author(s). Published by the Royal Society of Chemistry
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existence of 2,4-DNPH and carbonyls-DNPH together in the
extract. With this method, the long-standing bottleneck prob-
lems caused by the overuse of the derivative agent 2,4-DNPH
can be eliminated successfully, which is conductive to the
sample enrichment and the improvement of the detection
sensitivity. Satisfying analytical performance has been achieved
with detection limits ranging from 1.2 to 8.7 pg L' for the 8
testing carbonyls. In the real sample analysis, good recovery,
repeatability and intermediary precision has been achieved.
The relative standard deviations were less than 5%. This
method can be applied successfully in the investigation of the
migration of carbonyls in bottled drinking water under UV
irradiation and heating. After further optimization, this rapid
and efficiency MMIPs-SPE-MEKC method can be extended to
the analysis of other complex samples. Furthermore, this
method also has potential on the analysis of other trace analytes
by carefully design the imprinting molecules and operation
system.
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