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A B S T R A C T

Developing a fast, sensitive and convenient method for the detection of hydroxyl radicals (
�
[30_TD$DIFF]OH) in the

atmosphere could help us know the precursor levels of atmospheric species and control air pollution. In
this work, the carbon fiber paper (CFP) functionalizing with a kind of covalent organic frameworks
(COFs), formed from 1,3,5-triformylphloroglucinol (Tp) and benzidine (BD) (COF(TpBD)), was firstly used
a new platform for

�
[26_TD$DIFF]OH trapping and detection. The COF(TpBD) modified CFP was acted as a filter to

impregnate salicylic acid (SA) and a detector to detect 2,5-dihydroxybenzoic acid (2,5-DHBA) which was
produced from the reaction between the impregnated SA and

�
[27_TD$DIFF]OH in the atmosphere. This method

provided a linearity for 2,5-DHBA from 5.0�10�14 mol/L 1.0�10�9 mol/L with a detection limit of
6.9�10�15 mol/L, which is corresponding to the amount of

�
[26_TD$DIFF]OH from 3.0�107 to 6.0�1011

molecules/cm3 with the detection limit of 4.1�106 molecules/cm3. This COF(TpBD)-CFP platform has
been successfully applied for the detection of

�
[27_TD$DIFF]OH concentration under different conditions of Yangzhou

when the sampling timewas shortened to 30min. This work has provided a newmethod for atmospheric
�
[27_TD$DIFF]OH detection with excellent sensitivity, simplicity, and high speed.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Hydroxyl radical (
�
[26_TD$DIFF]OH) in the atmosphere initiated the

oxidation of a number of species and governed the lifetime of
almost all organic compounds [1,2]. The concentration of

�
[26_TD$DIFF]OH in

the atmosphere reflected source differences from solar intensity
and precursor levels [3]. The detection of hydroxyl radicals (

�
[26_TD$DIFF]OH)

could tell us the precursor levels of atmospheric species, and thus
help us control air pollution. However, the extremely low
concentration of

�
[26_TD$DIFF]OH in the atmosphere made its detection very

difficult and time-consuming. Some expensive and sophisticated
equipment [4–6] are need. These instruments are not suited for
routine field employment. Developing fast and convenient
methods for atmospheric

�
[26_TD$DIFF]OH detection is still a challenge. Our

previous work [7] provided a simple protocol for the detection of
�
[26_TD$DIFF]OH in atmosphere. This work used salicylic acid (SA) impregnated
carbon fiber paper (CFP) as the

�
[27_TD$DIFF]OH trapping and detectionmaterial

simultaneously. However, the sampling time in the reported work
is long because of the limited sensitivity of the proposed sensor. For
in-situ analysis, it is better to improve the sensitivity of the sensor
and shorten the sampling time.
and Chemical Engineering,

yzu.edu.cn (X. Hu).
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Surface modifications have been proved to be effective for
improving the sensitivity of electrochemical sensors [8]. If suitable
materials were modified on CFP, the adsorption amount of SA, the
trapping efficiency of

�
[26_TD$DIFF]OH and the reaction time between

�
[27_TD$DIFF]OH and

the probe SA could be improved, thus the sensitivity of sensors
would be improved. Covalent organic frameworks (COFs) which
were firstly introduced by Yaghi [9] possessed relatively excellent
thermal and chemical stability, low-density framework, perma-
nent porosity and high specific surface area [10–13]. These
appealing properties of COFs made them as good materials for
gas adsorption and storage [14,15] industrially relevant com-
pounds isolation [16,17], organic dyes adsorption [18], and drug
delivery, etc. [19]. Recently, a kind of COF prepared by mechano-
chemical process was used as a luminescent probe for the
determination of

�
[26_TD$DIFF]OH in living systems [20]. Herein, we reported

for the first time that COFs obtained from 1,3,5-triformylphlor-
oglucinol (Tp) and benzidine (BD) by a simple solvothermal
process could be employed as the modification layer on CFP to
impregnate SA for capturing

�
[26_TD$DIFF]OH efficiently. The Tp-series of COFs

features high water stability, a prerequisite for environmental
applications [21,22], and has an enhanced adsorption affinity to
trapping SA by [31_TD$DIFF]O–H� � �OC andN–H� � �OC hydrogen bonds. Scheme 1
illustrated that SA impregnated on COF(TpBD)-CFP-NH2 would
react with

�
[27_TD$DIFF]OH in the air to produce the electroactive product, 2,5-
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Scheme 1. Schematic illustration of the structure of COF(TpBD) and its application
for SA impregnation and

�
[27_TD$DIFF]OH detection.
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dihydroxybenzoic acid (2,5-DHBA). By checking the electrochemi-
cal signal of 2,5-DHBA,

�
[26_TD$DIFF]OH in the atmosphere can be determined

[23]. This method has been applied for the detection of
�
[27_TD$DIFF]OH under

different weather conditions, providing important application
value for the routine air monitoring.

COFs were modified on a CFP via a simple solvothermalmethod
[24,25]. Before modification, CFP was treated by a solution (H2O2:
NH3�H2O:H2O = 1:1:5) at 90 �C for 2 h, and then dipped in 20mL of
acetone which contained 14mL of (3-aminopropyl)-triethoxysi-
lane (APTES) for 3 h to obtain the amino functionalized CFP (NH2-
CFP).

For COF functionalization, the NH2-CFP was solvothermally
treated in a solution containing 10.5mg of Tp and 13.6mg of BD
with 1,4-dioxane and mesitylene as the solvent at 120 �C for 24 h,
and then washed with 1,4-dioxane and acetone before character-
izations or use. For SA impregnation, 5.0mL of SA solution
(0.01mol/L in ethanol) was sprayed evenly onto the surface of
the COF(TpBD)-CFP-NH2 and then was left to dry. The experiment
details were provided in the Supporting information.

Themicrostructures of CFP-NH2 ( [32_TD$DIFF]Figs.1a and b) and COF(TpBD)-
CFP-NH2 ([33_TD$DIFF]Figs. 1c and d) were shown in Fig. 1 with different
magnifications. Fig. 1a showed that the diameter of CFP was about
8mm. After the modification by COF, the morphology of CFP
changed a little but became rougher. Moreover, small sphereswere
observed on the top of CFP-NH2 (Fig. 1c). Compared with the
[(Fig._1)TD$FIG]

Fig.1. 2 2 at (a,
fi fication.
SEM images of (a, b) CFP-NH and (c, d) COF(TpBD)-CFP-NH c) low

magni cation and (b, d) high magni
magnification image of CFP-NH2 in Fig. 1b, Fig. 1d confirmed the
formation of COF(TpBD) film on the CFP with the thickness about
50 nm. The attachments of the spheres to the film could be
observed clearly. The slightly excess amount of Tp and BD in the
reaction system during COF(TpBD) preparation process would
produce small amount of COF oligomers with less monomers.
These oligomers preferred the vertical but not the lateral growth
which would produce some spheres [26]. To shed light on the
growth process of COF(TpBD) on CFP, we examined the effect of the
precursor concentration on the COF film morphology. Fig. S1
(Supporting information) showed the SEM image of the COF
(TpBD)-CFP-NH2 prepared by changing the concentrations of Tp
and BD but keeping their molar ratio constant (Table S1 in
Supporting information). When the concentrations of Tp and BD
were less than 30X, films were formed on the surface of CFP-NH2.
When the concentrations of Tp and BDwere up to 40X and 50X, the
aggregation of COF(TpBD) would be observed, resulting their
uneven distribution on CFP-NH2.

Fig. 2 showed the X-ray diffraction (XRD) patterns of COF(TpBD)
powder, CFP-NH2, COF(TpBD)-CFP-NH2 and SA-COF(TpBD)-CFP-
NH2, respectively. The strong peak at 26.4� was only observed
when CFP was present, so it was assigned to CFP. The peak at 3.3�

(2u) was observed on COF(TpBD) powder, COF(TpBD)-CFP-NH2 and
SA-COF(TpBD)-CFP-NH2 samples. It was attributed to the (100)
plane diffractions of COF(TpBD) [27,28], indicating the formation of
COF(TpBD) on CFP and its good crystallinity. No distinct differences
between COF(TpBD)-CFP-NH2 and SA-COF(TpBD)-CFP-NH2 were
observed, indicated that the impregnation of SA had no effect on
the structure of COF(TpBD).

The formation of COFs on CFP was verified with FT-IR
spectroscopy. Fig. 3a showed the FT-IR spectra of CFP-NH2, COF
(TpBD)-CFP-NH2 and SA-COF(TpBD)-CFP-NH2. Compared the
differences between the FT-IR spectra of CFP-NH2 and COF
(TpBD)-CFP-NH2, it can be observed that COF(TpBD)-CFP-NH2

showed the strong absorption peaks at 1584 cm�1 and 1253 cm�1. [34_TD$DIFF]
The two peaks were contributed to the C¼C stretching and the [35_TD$DIFF]C–N
stretching modes, respectively [24]. The disappearances of the
absorption peak corresponding to the C¼O stretching (1900�1639
cm�1) of Tp suggested the fully condensation of the product [24]. A
characteristic peak at the range of 3650�3200 cm-1 was observed
on SA-COF(TpBD)-CFP-NH2 which corresponded to the [36_TD$DIFF]O–H
stretching vibration [29], indicating that SA was successfully
impregnated on COF(TpBD)-CFP-NH2. The C¼O stretching of SA at
the range of 1900�1639 cm-1 and the [37_TD$DIFF]CC stretching of COF(TpBD)
were close to each other, so they merged into the characteristic
peak located at 1660 cm�1.

Cyclic voltammetry (CV) measurements were performed to
check the electroactive surface areas of NH2-CFP and COF(TpBD)-
CFP-NH2 [30]. Fig. 3b showed the CV curves of NH2-CFP and COF
(TpBD)-CFP-NH2. A pair of distinct oxidation and reduction peaks
were observed for both NH2-CFP and COF(TpBD)-CFP-NH2 in the
[(Fig._2)TD$FIG]

Fig. 2. XRD patterns of COF(TpBD), CFP-NH2, COF(TpBD)-CFP-NH2 and SA-COF
(TpBD)-CFP-NH2.



[(Fig._3)TD$FIG]

Fig. 3. (a) The FR-IR spectrum of CFP-NH2, COF(TpBD)-CFP-NH2 and SA-COF(TpBD)-
CFP-NH2; (b) CV of NH2-CFP and COF(TpBD)-CFP-NH2 in a solution containing
1mmol/L K3[Fe(CN)6] and K4[Fe(CN)6] and 0.1mol/L KCl. Scan rate: 100mV/s;
Photographs of water droplet shape on (c) CFP-NH2 and (d) COF(TpBD)-CFP-NH2.

[(Fig._5)TD$FIG]

Fig. 5. (a) The change profiles of
�
[26_TD$DIFF]OH concentration in sunny day and cloudy day; (b)

The change profiles of
�
[27_TD$DIFF]OH concentration in clean weather and pollution weather

(average concentration, n = 5).
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equation [31], the surface area COF(TpBD)-CFP-NH2 was
1.761 cm2, but that of NH2-CFP was 1.178 cm2. This meant that
COF(TpBD)-CFP-NH2 provided more electroactive surface area for
impregnating SA.

The water contact angle (CA) measurements were used to
character the effect of COF(TpBD) on the wetting properties of
CFPs. When a water was dropped on the surface of NH2-CFP, the
contact anglewas 78.1� �1.0� (Fig. 3c). It dropped to 43.8� � 1.0� for
COF(TpBD)-CFP-NH2 (Fig. 3d). This means that COF(TpBD) has
distinct effect on the wetting properties of CFP. SA has a
hydrophobic benzene ring as well as a hydrophilic hydroxyl and
carboxyl group [32]. It is hydrophobic portion would be stuck in a
hole of COF(TpBD) while the hydrophilic portion of SA is more
inclined to form hydrogen bondwith O¼C and [38_TD$DIFF]–NH2 of COF(TpBD),
and hence a much more enhanced adsorption of SA would be
achieved on COF(TpBD)-CFP-NH2. The improved hydrophility of
CFP improved the adsorption affinity to the trapping agent SAwith
hydrophilic portions [33] and improved the ability to detect
atmospheric

�
[26_TD$DIFF]OH.

The feasibility of COF(TpBD)-CFP-NH2 for the detection of
�
[27_TD$DIFF]OH in

air was evaluated. Fig. 4a showed the differential pulse voltam-
metry (DPV) responses of SA-COF(TpBD)-CFP-NH2 (curve i), SA-
CFP-NH2 (curve ii) and COF(TpBD)-CFP-NH2 (curve iii) after being
purged by the outdoor air for 30min. Furthermore, we also
checked the DPV response of SA-COF(TpBD)-CFP-NH2 after being

[Fe
studied potential range. The peak were attributed to the

redox reaction. According to the Randles-Sevcik
[(Fig._4)TD$FIG]

Fig. 4. (a) DPV curves of SA-COF(TpBD)-CFP-NH2 (curve i), SA-CFP-NH2 (curve ii) and COF
curve of SA-COF(TpBD)-CFP-NH2 after being purged by N2 for 30min (curve iv). (b) DPV r
viii: 5.0�10�14, 3.0�10-13,[25_TD$DIFF] 1.0�10-12, 3.0�10-12, 3.0�10-11,1.0�10-10, 6.0�10-10 and 1
(mol/L) of 2,5-DHBA (average peak currents, n = 5).
purged by N2 for 30min (curve iv). Distinct peaks with potential of
0.38 eV were only observed on SA-COF(TpBD)-CFP-NH2 and SA-
CFP-NH2 after purging the outdoor air. This peak was due to the
reduction of 2,5-DHBA, which was formed from the reaction
between

�
[26_TD$DIFF]OH and SA [34]. This indicated the importance of SA

impregnation for the determination of
�
[26_TD$DIFF]OH in the atmosphere.

�
[27_TD$DIFF]OH

presented in the air would reactwith SA on COF(TpBD)-CFP-NH2 to
produce the electroactive 2,5-DHBA which could be used for the
indirect determination of

�
[27_TD$DIFF]OH. The peak current on SA-COF(TpBD)-

CFP-NH2 (curve i) was 2.4 times as much as that on SA-CFP-NH2

(curve ii), indicating the high sensitivity of COF(TpBD)-CFP-NH2 for
�
[26_TD$DIFF]OH detection.

The previous work has indicated that the reaction between SA
with

�
[27_TD$DIFF]OH could produce the electroactive 2,5-DHBAwhich could be

used to probe the concentration of
�
[27_TD$DIFF]OH. So, the analytical

performance of the COF(TpBD)-CFP-NH2 to 2,5-DHBA was studied
firstly. Fig. 4b showed that DPV peak currents increased with
increasing 2,5-DHBA concentration. A linearity between the
reduction peak currents and the concentration of 2,5-DHBA in
the range of 5.0�10�14 mol/L to 1.0�10-9 mol/L was obtained, as
was shown in Fig. 4 [39_TD$DIFF]c. The detection limit of COF(TpBD)-CFP-NH2

for 2,5-DHBA was down to 6.9�10-15 mol/L (S/N = 3). It was
corresponded to the concentration range for

�
[26_TD$DIFF]OH was from

3.0�107 to 6.0�1011 molecules/cm3 and the detection limit
was down to 4.1�106 molecules/cm3. Table S2 (Supporting
information) compared the linear range and the detection limit
of 2,5-DHBA of this method to the other reported works. It
indicates that the COF(TpBD)-CFP-NH2 has lower detection limit
thanmost of the previous reports, which means the determination
of

�
[26_TD$DIFF]OH in the atmosphere can be measured quickly and effectively

in a shorter time.
This procedure was applied to measure atmospheric

�
[26_TD$DIFF]OH under

different weather conditions in Yangzhou by five repeated
experiments. The concentration of

�
[26_TD$DIFF]OH in the atmosphere [

�
[40_TD$DIFF]OH]

(molecules/cm3) can be estimated from the concentration of 2,5-
DHBA by using an equation (Eq. S1 [41_TD$DIFF]in Supporting information)
provided in the supporting information. In this work, the sampling
(TpBD)-CFP-NH2 (curve iii) in phosphate buffer saline after purging outdoor air; DPV
esponses of different concentrations of 2,5-DHBA on COF(TpBD)-CFP-NH2. From i to
.0�10-9mol/L. (c) The calibrationplot of the DPV peak currents vs. the concentration
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time was set to 30min. Fig. 5a showed that the concentration of
�
[26_TD$DIFF]OH in sunny daywas slightly higher than that in cloudy day, which
proved the effect of light intensity on the concentration of

�
[26_TD$DIFF]OH. The

maximum amount of
�
[27_TD$DIFF]OH concentrations appeared from 12:00 to

13:00 because O3 photolysis and HNO2 photolysis were the main
�
[26_TD$DIFF]OH generation processes. The generation rates of

�
[27_TD$DIFF]OH by the two

processes were related to light intensity. Fig. 5b showed the
concentration of

�
[27_TD$DIFF]OH in haze weather was higher than sunny

weather, especially in the morning and evening when pollution
was relatively serious. After the hazed dissipates at noon, the
concentration of

�
[27_TD$DIFF]OH returned to the normal level, which indicated

that the presence of a large number of volatile organic compounds
(VOCs) in haze weather had a certain impact on the concentration
of

�
[26_TD$DIFF]OH due to air pollution [35,36].
This work provided a sensitive method for the detection of

�
[27_TD$DIFF]

OH in the atmosphere. COF(TpBD) with hydrophilic nature was
firstly introduce into the modification of electrode, which
enhanced the specific surface area of CFP, and improved the
sensitivity of the sensor. This method has been successfully
applied for the detection of

�
[26_TD$DIFF]OH under different conditions of

Yangzhou, which proved the relationship between the con-
centration of

�
[27_TD$DIFF]OH and weather, and also proved that light

intensity was one of the most important factors which
influencing the concentration of

�
[26_TD$DIFF]OH. The method of using

COF(TpBD)-CFP-NH2 to detect
�
[27_TD$DIFF]OH concentration has the

advantages of high sensitivity, simple operation, and strong
stability, which provides an important application value for
routine air monitoring.
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