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Abstract

An electrochemical sensor constructed by intercalated composites was developed for determination of heavy metal ions. The
intercalated composites were composed of hydrosulphonyl functional covalent organic frameworks (COF-SH) and graphene (G).
The presence of numerous adsorption sites, such as 18 sulfur atoms and 30 nitrogen atoms per big circle of COFs on COF-SH,
was beneficial for the accumulation of heavy metals, while the graphene enhanced the electrical conductivity. The obtained
sensor under the optimal conditions successfully detected the presence of heavy metal ions in coastal water samples at concen-
trations ranging from 1 to 1000 pug L™'. The detection limits of Cd (II), Pb (IT), Cu (II), and Hg (II) were 0.3, 0.2, 0.2, and
1.1 ug L ™!, respectively. Furthermore, the sensor still exhibited good stability after multiple uses less than 5%. When it is used in
the analysis of actual samples, the recovery of standard addition is higher than 95%. In sum, the combination of hydrosulphonyl
functional COF's with graphene looks very promising for the assembly of sensors with high sensitivity toward the determination
of heavy metal ions for coastal environmental monitoring.

Keywords Nanocomposite - Covalent organic frameworks - Graphene - Heavy metal - Sea water analysis - Electrochemical

Sensors

Introduction

Nowadays, heavy metal ion (HMI) pollution has gradually
become a serious environmental problem due to its greater
potential harm. In particular, heavy metal pollution of coastal
waters has attracted increasing concerns due to the unregulat-
ed discharge of industrial polluted waters containing excess
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amounts of heavy metal ions [1], which have serious impacts
on quality of coastal waters and related biosystems [2]. Hence,
the development of sensitive and selective methods for the
detection of trace HMIs is of great importance for environ-
mental remediation and public health.

Common methods used for the determination of heavy
metal ions include inductively coupled plasma atomic
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emission spectroscopy (ICP-AES) [3], inductively coupled
plasma mass spectrometry (ICP-MS) [4], and atomic absorp-
tion spectroscopy (AAS) [5]. However, these methods still
suffer from possible contamination of samples during trans-
portation, complicated pre-treatment processes, and high de-
tection cost. Alternatively, the electrochemical detection ap-
proach based on square wave anodic stripping voltammetry
(SWASV) is attractive because of its simplicity, high sensitiv-
ity, good rapidity, and possible implementation for online
monitoring, thereby worth developing for HMIs determina-
tion [6]. Although SWASYV has these advantages, the usual
problems are poor stability and limited detection elements
when detecting heavy metals at lower concentrations.
Therefore, in order to improve the stability of the electrode,
this article introduces the number of active sites to greatly
increase the content of adsorbed heavy metal elements to im-
prove the stability; it increases the number of detected ele-
ments by increasing the types of active sites. So, improving
electrode surface performance is essential. Such features
would include the existence of more adsorption sites and large
specific surface area, more conducive to the enrichment and
loading of heavy metals.

So far, various materials with high specific surface area and
specific electrical conductivity have been designed and syn-
thesized for the detection of heavy metal ions. These include
carbon nanotubes [7], graphite [8], graphene [9], and quantum
dots [10]. Such materials are characterized by good
conducting properties and high surface-to-volume ratio, use-
ful for improving the analytical performance of sensors.
However, such materials are still limited in terms of pore size
and low efficiency as post modification can hardly expose
more active sites for efficient sensing. Currently, porous ma-
terials have been used for the preparation of electrode mate-
rials due to their regular pore size, larger specific surface area,
and the presence of more active sites [11]. Covalent organic
frameworks (COFs) are porous materials that attracted in-
creasing attention because of their regular pore structure, high
surface area, and tunable chemistry [12]. For instance, COF
materials have been explored in various fields, such as energy
storage [13], optoelectronics [14], catalysis [15], sensors [16],
and many other domains [17]. However, the fewer active sites
of COFs induced by their rich pore structures have limited
their applications in sensors. This can be solved by post-
synthetic modification to provide more active sites [18]. To
increase the number of active sites, thiol and amino groups can
be employed as functional groups. The resulting modified
materials on the sensor surface can capture more heavy metal
ions due to the increased number of active sites. Therefore, the
high concentration of heavy metal ions on the sensor surface
can be stripped into electrochemical signals for quantitative
analysis.

Currently, numerous materials containing thiol and amino
groups are being used as modification candidates. These

@ Springer

include succinic anhydride [19], 1, 2-ethanedithiol [20],
ethanethiol [21], and trithiocyanuric acid [22]. Among these,
trithiocyanuric acid (1, 3, 5-triazinan-2, 4, 6-trithiol, or TTC)
is a highly effective metal scavenger for many electron donor
atoms, such as sulfur and nitrogen. Compared with other
heavy metal scavengers, on the one hand, TTC has a weak
odor and low toxicity [23], which is more environmentally
friendly. On the other hand, the reagent contains a large num-
ber of sulthydryl and amino functional groups, so it has the
potential to increase the number of active sites. In sum, the
combination of the large specific surface area of COF mate-
rials with the high active site of trithiocyanuric acid may im-
prove the capture ability of heavy metal ions on the electrode
surface. Meanwhile, COF-based materials have been utilized
as electrode modification material to improve the sensitivity
and detection limit. On the other hand, though this solves
issues related to the number of active sites, most COFs still
suffer from poor conductivity during the electrochemical sens-
ing. The coupling of COFs with conducting materials, such as
graphene, multi-walled carbon nanotubes, and iodine, may
solve this limitation. Among these, graphene is a good elec-
trode material widely used for the preparation of sensors.

In this work, a new type of electrochemical sensors based
on intercalated COF-SH/graphene structure nanocomposite
was developed for the high sensitivity and selectivity determi-
nation of trace Cd (II), Pb (II), Cu (II), and Hg (II). The com-
bination of COF-SH and graphene provided large specific
surface areas, abundant active sites of COF-SH, and excellent
conductivity due to the presence of graphene. As a result, the
constructed sensor showed excellent anti-interference ability,
good stability, and low detection limit toward the sensing of
heavy metal ions. The applications of the modified electrode
for actual sample detection were also studied.

Experimental
Materials and reagents

1, 3, 5-Tris (4-aminophenyl) benzene (Tab) and 2, 5-
divinylterephthalaldehyde (Dva) were obtained from Jilin
Science Research Technology Co., Ltd. (Jilin, China). 1, 2-
Dichlorobenzene, n-butanol, glacial acetic acid, 1, 4-dioxane,
trithiocyanuric acid, tetrahydrofuran 2, 2'-azobis (2-
methylpropionitrile), and other chemicals were all purchased
from Aladdin Reagent Co., Ltd. (Shanghai, China). Graphene
was provided by Xianfeng Co., Ltd. The stock standard solu-
tion of heavy metals was purchased from the National
Research Center for Certified Reference Materials (Beijing,
China), and working standards were prepared after stepwise
dilutions. All chemicals were of analytical grade and used as
received. Deionized water (18.25 M)-cm) was utilized
throughout the experiments.
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Instruments

The electrochemical experiments were carried out on a CHI660E
electrochemical station (CHI instruments, Shanghai, China).
Silver/silver chloride (Ag/AgCl, Chenhua Instruments,
Shanghai, China) was used as a reference, platinum disk
(10 mm x 15 mm % 0.2 mm, Chenhua Instruments, Shanghai,
China) as auxiliary, and glassy carbon electrode (GCE, 3 mm
in diameter, Chenhua Instruments, Shanghai, China) as working
electrode.

Fourier transform infrared spectrometry (FT-IR) measure-
ments were recorded on a Nicolet iS50 (USA) using the KBr
pellet technique. The morphology and element composition of
the nanocomposites were examined by scanning electron mi-
croscopy (SEM, Hitachi S-4800, Japan). The crystallinity was
analyzed using X-ray diffraction (XRD, Brucker DS Advance,
Germany) with Cu Ka radiation source operating at 40 kV
voltage and 40 mA current in the 26 range of 2-40°. The
Brunauer-Emmett-Teller (BET) surface areas of the samples
were measured by recording the N, adsorption-desorption
spectra (ASAP2460, USA).

Preparation of COF-SH

First, prepare and synthesize COF-V. This material has been
reported in the previous literature [24] (The specific synthesis

20(degree)

method can be seen in the Supporting Information). COF-V
(100 mg) was sonicated in a 50-mL round bottom flask con-
taining 5 mL 1, 4-dioxane under N, atmosphere. Afterward,
AIBN (10 mg) and trithiocyanuric acid (100 mg) were added
to the mixture under stirring in N, atmosphere, followed by
stirring at 80 °C for 48 h. The resulting product was isolated
and washed several times with methanol and acetone to yield a
yellow powder after drying under vacuum at 70 °C for 24 h.

Preparation of modified electrodes

The GCE was first polished to a mirror-like surface using 0.3 um
and 0.05 pwm y-alumina shurries, and then washed with water and
ethanol for 1 min in an ultrasonic bath before drying in air. High
levels of graphene led to fewer adsorption sites and elevated
contents of COF material induced lower conductivities. Under
the optimized conditions, 2 mg COF-SH and 2 mg graphene
were placed in a sample tube followed by the addition of 1 mL
water and 0.05 mL Nafion to yield a uniform solution after
sonication. An aliquot of G/COF-SH (10 uL) solution was then
dripped onto the clean GCE surface to form G/COF-SH/GCE.
For comparison, the COF-SH/GCE was also prepared in the
same procedure without graphene; the G GCE was also prepared
in the same procedure without COF-SH; and G/COF-V was also
prepared in the same procedure with COF-V instead of COF-SH.

Fig.2 (a)CVand (b)EISofthe @ 200 pupe— b 400 Bare
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Fig. 3 SEM images of COF-V (a), COF-SH (b), and G/COF-SH (c), respectively

Determination of HMIs

The detection experiments were performed on a CHI660E
electrochemical workstation with the Square Wave
Voltammetry (SWV) technique. To this end, the working
electrode modified with the synthesized materials was first
immersed in acetate buffer (0.1 M) containing different con-
centrations of Cd (II), Pb (II), Cu (IT), and Hg (IT) ions. The pH
of the acetate buffer solution was fixed to 5.0. Four heavy
metal ions were subject to deposition at—1.2 V for 400 s under
constant stirring. After deposition, the stirring process was
stopped and the electrode was left to stand for 10 s. Next,
the response curves were recorded from —1.0 to 0.4 V.
Before the next measurement, the modified electrode was
cleaned by applying a potential of 0.4 V for 60 s. The sensi-
tivity of the detection was estimated by analyzing the relation-
ship between the current and concentration.

Results and discussion
Materials characterization

Here, hydrosulphonyl functional COF (COF-SH) materials
were synthesized by a two-step route. First, normal COFs
(COF-V) were synthesized by the solvothermal method and
then followed by modification with trithiocyanuric acid to
form COF-SH. The structures of COF-V and COF-SH prod-
ucts were characterized by various techniques, such as FT-IR,
XRD, TGA, and EDS. Compared to monomers (DVA and
TAB), the FT-IR spectra of COF-V showed a new character-
istic peak at 1610 cm ™' (C=N). However, the peaks of N-H
(3436 cm ! and 3352 cm ) associated with the stretching
vibrations of Tab, as well as the C=0 (1683 cmﬁl) stretching
vibration peak of Dva all vanished. Hence, the amino group
and aldehyde group reacted during the synthesis process.
Compared to COF-V, the C-S weak characteristic band was
visible in the FT-IR spectrum of COF-SH at 670 c¢m ',
confirming the modification of trithiocyanuric acid on COF-
V surface (Fig. 1(a)).

To further characterize the crystallinity of the as-obtained
materials, XRD was used and the results are gathered in Fig.
1(b). The XRD patterns of COF-V and COF-SH illustrated a
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strong peak at 2.77°. Relatively weak peaks at 4.71°, 5.49°,
7.3°, 9.5°, and 25.35° were also observed and attributed to
(100), (110), (200), (210), (220), and (001) crystal planes,
respectively. The Pawley refinements of COF-V were carried
out for full profile fitting against the proposed model of AA
packing, and the data showed good agreement factors (Ryp =

8.01% and R, =4.9%). After modification, the special struc-
ture of the newly produced material may impact the structure
of COF-V, leading to slight distortion in crystallinity that may
be due to the influence of flexible chain with internal pores of
COF-V (Fig. S1).

The elements of COF-SH are analyzed. The EDS elemental
maps show that the modified COF-SH mainly contains C, O,
N, and S (Fig. S2, Supporting Information). In the EDS spec-
trum of COF-SH and COF-V (Fig. S2, Supporting
Information), COF-SH obviously increases the S element. In
addition, we also performed TGA and BET analyses on the
materials (Fig. S3 and Fig. S4, Supporting Information). The
results show that the BET of the modified COF material is
reduced, which is consistent with the XRD test results, but the
thermal stability of the material remains unchanged at about
200 °C.

Electrochemical behaviors of COF-SH-based
electrodes

Based on the heavy metal adsorption properties of COF-SH,
COF-based electrodes were constructed and tested toward the
detection of heavy metals by CV and EIS techniques. As
shown in Fig. 2a, the CV plot of the control electrode (bare
GCE) showed a pair of redox peaks with intensities of 98.69
and —108.17 pA. By comparison, COF-SH-modified elec-
trode displayed declined oxidation and reduction current in-
tensities of 5.47 and — 6.05 pA, respectively. Thus, despite the
many active functional groups of COF-SH, its electrochemical
response was still weak. By contrast, the addition of graphene

Fig.4 SWYV responses of the G/COF-SH electrode to Cd (II), Pb (II), Cu | 2
(II), and Hg (II). (a, b, c, and d). The calibration plots of the peak current
to corresponding concentrations (1(5), 10, 30, 50, 100, 200, 400, 600,
800, 1000 pg L") of Cu (I, Pb (II), Cd (II), and Hg (ID) (e, f, g, and h)
respectively
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enhanced the oxidation peaks (black line, G/COF-V, and red
line, G/COF-SH) in Fig. 2a, with intensities reaching 128 and
—123 pA for G/COF-V, and 145.33 and —151.10 pA for
G/COF-SH, respectively.

The electron transfer rates of these electrodes were ex-
plored by EIS using [Fe (CN)6]° /*" as an electrochemical
probe. Compared to bare GCE (Fig. 2b), G/COF-V and G/
COF-SH electrodes exhibited inconspicuous electron transfer
resistances with smaller radii, while COF-SH electrode illus-
trated a conspicuous electron transfer resistance with a bigger
radius. Besides, G/COF-SH revealed a lower capacitance than
G/COF-V, resulting in a faster electron transfer.

The morphologies of these electrodes were further viewed
by SEM. As shown in Fig. 3, COF-V (Fig. 3a) displayed a
fiber-like structure with an average diameter of about 100 nm.
By comparison, COF-SH (Fig. 3b) retained its fiber-like struc-
ture but showed a bigger particle diameter. The mixing of
COF-SH with graphene under ultrasonic treatment
fragmented COF-SH into pieces, leading to their intercalation
with graphene (Fig. 3c). This process improved the electro-
chemical responses.

Moreover, G/COF-SH provided greater electrical activity
areas and more active sites, thereby promoting better electron
transfer between the electrode substrate and deposited
materials.

Electrochemical sensing of heavy metal ions

The electrochemical performances of G, COF-V, G/COF-V,
and G/COF-SH clectrodes toward the determination of Cd
(D), Pb (II), Cu (II), and Hg (II) metal ions were evaluated in
acetic acid/sodium acetate buffer solution (0.1 M, pH =5.0) at
certain concentrations of the metal ions. After deposition time
0f400 s at potential of —1.2 V, G/COF-SH electrode showed a
higher current and well-defined peak than other electrodes
(Fig. S5). The current peaks of Cu, Pb, Cd, and Hg detected

by G/COF-SH electrode were 1.2-, 6.0-, 1.3-, and 1.1-fold
larger than those of G/COF-V electrode. The presence of
graphene functioned as an excellent electron transporter, sub-
stantially improving the response signals. After modification
with thiol-materials, the increase in active sites of COF-SH
adsorbed more heavy metal elements. As a result, G/COF-SH
electrode shows more obvious advantages on detection of
heavy metal ions.

Optimized detection conditions

The electrochemical redox behavior of HMIs by G/COF-SH
electrodes was investigated in acetate buffer at pH values
varying from 3.5 to 7.0. To this end, SWV was employed
and the changing trend is shown in Fig. S6(a). Obviously,
G/COF-SH electrodes were affected by pH, and SWV current
increased with pH value from 3.5 to 5.0 but decreased at
pH 7.0. As shown in Fig. S6(a), better detection of heavy
metal ions was achieved in a slightly acidic environment.
Therefore, pH 5.0 was selected as the optimal value for sub-
sequent experiments.

Since the accumulation potential significantly affected the
stripping voltammetric response of HMIs, it was evaluated on
the peak current signal response of 1 mg L' Cd (1), Pb (1),
Cu (II), and Hg (II) by G/COF-SH electrodes at potentials
from —0.9 to —1.3 V. At optimized accumulation potential of
— 1.2 V (Fig. S6(b)), the peak currents of Cd (II), Pb (II), Cu
(ID), and Hg (IT) reached extreme values.

Since the deposition time should also affect the peak cur-
rent of HMIs detection, it was optimized as well. As shown in
Fig. S6(c), the peak currents of Cd (II), Pb (II), Cu (II), and Hg
(II) reached higher values at 400 s.

In real sample analysis processes, four heavy metals may
exist simultaneously, thereby would be important to detect all
of them. The SWV responses of four heavy metal ions were
studied at increasing concentrations under the optimal

Table 1 Analytical results of
various electrochemical sensors

Electrode material Detection Liner range (1g LY LOD (ug LY Ref.
N, S-rich COFgrr.rz1 Hg (1) 108-1.0x10"3 36.1 [25]
NH,-MIL-53(Al)/PPy Pb (1) 1-400 0.3 [26]
Cu (I) 1-400 0.2
COFgrpp.1/3D-KSC electrode Cd (In 4.2-2.0x10"3 14 [27]
Pb (I 7.5-3.7x10"3 2.4
Cu (I 3.6-1.2x10"3 1.2
Hg (I 13-3.6x10"3 43
TAPB-DMTP-COF Pb (1) 1-414 0.4 [28]
G/COF-SH/GCE Cd (In 1-1.0x10"3 0.3 This work
Pb (I 1-800 0.2
Cu (I 1-800 0.2
Hg (1) 5-1.0x10"3 1.1
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Table 2 Analytical results for the

detection of G/COF-SH in coastal Analytes Spiked (ug L) Found (ug L™, n=3) Recovery (%) ICP-Ms (ug L™
water
Cd 0 ND ND
10 10.1+0.6 100.6
20 20.5+1.4 102.7
Pb 0 10.2+0.6 9.8+0.1
10 21.7+£3.3 1153
20 30.5+1.7 102.9
Cu 0 39.2+0.3 40.7+0.3
10 49.6+0.4 101.0
20 63.3+3.3 110.5
Hg 0 ND ND
10 10.4+0.1 103.5
20 20.6+0.6 103.1

conditions. As shown in Fig. S6(d), the G/COF-SH sensor
simultaneously detected the four heavy metal ions. The oxi-
dation potentials of Cd (II), Pb (II), Cu (II), and Hg (II) were
approximately located at —0.9 V, —0.65V,—0.1 V,and 0.2 V,
respectively. The currents of Cd (II) and Pb (II) looked higher
due to the enhanced sensitivity of G/COF-SH-modified GCE
to Cd (II) and Pb (II).

Individual detection of Cd (ll), Pb (llI), Cu (ll), and Hg
()

Further experiments were performed under the optimal condi-
tions for single ion determination. As displayed in Fig. 4, the
SWV responses of four heavy metal ions linearly increased
with concentration. The stripping peaks at —0.8, —0.55, 0.00,
and 0.25 V were attributed to the existence of Cd (II), Pb (1),
Cu (I), and Hg (1), respectively. The corresponding correla-
tion coefficients of G/COF-SH toward the detection of these
metal ions were recorded as 0.997, 0.992, 0.994, and 0.993,
respectively. The detection limits of Cd (II), Pb (IT), Cu (II),
and Hg (II) were estimated to be 0.3,0.2, 0.2, and 1.1 pg L,
respectively. The corresponding linear ranges were 1—
1000 pg L', 1-800 pg L', 1-800 pug L', and 5—
1000 pg L', respectively. The linear regression equations
of Cd (), Pb (I), Cu (II), and Hg (IT) were recorded as Y=
0.052X-0.64 (R*=0.997), Y=0.086X-1.01 (R*=0.992), Y=
0.068X-0.95 (R>=0.994), and Y=0.019X-1.079 (R> =0.993),
respectively. Here, X is the concentration of heavy metal ions,
and Y is the corresponding peak current. LOD is based on the
30/S criterion (where o is the standard deviation and S is the
slope of the calibration plot).

To further confirm the advantages of G/COF-SH electrodes
for HMI determination, the proposed sensor was compared to
reported sensing devices. As depicted in Table 1, compared
with the newly reported sensor related to COFs, G/COF-SH/
GCE has a better detection limit, can be used for the

determination of a variety of heavy metal elements, and has
a better linear range. The superiority of G/COF-SH/GCE is
mainly manifested in two ways: (1) The COFs material has a
larger specific surface area, and provides more active sites to
chelate metal cations after being modified by sulfhydryl
groups, which improves the electrochemical response. (2)
Graphene enhances the conductivity of the overall material
and further improves the electrochemical signal. Therefore,
post-modified COFs combined with nanomaterials with
strong conductivity are ideal materials for the development
of electrochemical sensors in the future.

Repeatability of G/COF-SH sensor

The stability of G/COF-SH electrodes was studied by detect-
ing Cd (II), Pb (1), Cu (1), and Hg (IT) for six times. As shown
in Fig. S7, the current values remained almost the same with
relative deviations of peak current within 5%.

The anti-interference ability of the obtained sensor was also
explored in the presence of potentially interfering species,
such as K (I), Na (I), Ca (1), Mg (1), Fe (IlI), Zn (II), Ni
(II), Mn (1), Cr (II), Ag (I), Co (II), Bi (Il), and Se (IV) at
concentrations five-fold higher than those of Cd (II), Pb (II),
Cu (1), and Hg (IT). The addition of five-fold interferences to a
mixed solution containing the four heavy metals illustrated no
effect on the current response. Hence, the obtained sensor was
highly selective toward the detection of Cd (II), Pb (II), Cu
(II), and Hg (IT) metal ions.

Analysis of real samples

To verify the practicality of the proposed electrochemical sen-
sors, G/COF-SH electrodes were tested in coastal water (The
sample pretrement method is in the Supporting Information).
The SWV results revealed the presence of some HMIs, indi-
cating samples containing only some analytes with other
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target analytes at very low concentrations. To ensure accura-
cy, the electrochemical determination results were compared
to those obtained by ICP-MS. As shown in Table 2, the pro-
posed electrochemical method could simultaneously detect
HMISs in real samples with high accuracy and feasibility.

Conclusions

Hydrosulphonyl functional COF (COF-SH) materials were
successfully synthesized. The morphological and structural
characterizations of the synthesized hydrosulphonyl functional
COFs were carried out by SEM, EDS, XRD, TGA, and FT-IR
techniques. The abundance of active sites of SH on COF-SH
enhanced the adsorption ability of heavy metals. After combi-
nation with graphene, the nanocomposite was used as an elec-
trode material for the determination of heavy metals. Due to the
synergism between graphene and trithiocyanuric acid,
trithiocyanuric acid exhibits both the large HMI adsorption ca-
pacity of COF-SH and good conductivity of the graphene,
which significantly increases the electrochemical response of
G/COF-SH electrode toward heavy metal ions. The detection
limits were lower than the guideline values provided by WHO.
The G/COF-SH-modified electrode also performed well in
terms of stability and anti-interference ability, as well as the
determination of metal ions in real coastal water samples.
However, when encountering samples with a relatively com-
plex matrix with low heavy metal content, the stability of the
electrode needs to be further improved. In sum, the assembled
sensor looks potential for the detection of HMIs in real samples.
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