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A B S T R A C T

An imine-linked two-dimensional covalent organic framework, via the condensation of 1, 3, 5-triformylbenzene
and p-phenylenediamine (COF-LZU1) is used as both adsorbent and matrix of SALDI-TOF MS for the rapid
analysis of fluorochemicals. COF-LZU1 can efficiently assist the laser desorption/ionization of fluorochemicals
and function well in negative ion modes without background interference. COF-LZU1 with large surface area,
high porosity and suitable hydrophobicity, also can enrich trace amounts of fluorochemicals from solution ef-
fectively and quickly through hydrophobic interaction. Therefore, COF-LZU1-solid-phase extraction (SPE) en-
richment is combined with SALDI-TOF MS measurement to provide the rapid and high sensitive analysis of
fluorochemicals in water samples. The LODs of fluorochemicals can reach ppt or subppt levels. Besides, this
method shows robust anti-interference ability. With the assistance of COF-LZU1, trace levels of fluorochemicals
could be quantitatively and sensitively analyzed from environmental water samples in a rapid, sensitive and
convenient way.

1. Introduction

Surface-assisted laser desorption/ionization time-of-flight mass
spectrometry (SALDI-TOF MS) with nanoparticles as matrixes, in-
cluding carbon based materials, silicon nanoparticles, metal and metal
oxides, has been an available technique for the fast and high throughout
analysis of various kinds of organic contaminants [1,2]. Some nano-
particles not only serve as matrix for assisting the laser desorption/
ionization-assisting (LDI) of organic contaminants, but also can be
employed as effective adsorbents for the enrichment of organic targets.
Therefore, solid-phase extraction (SPE) enrichment combined with
SALDI-TOF MS detection has been developed in recent years to provide
the high sensitive analysis of trace amount of small molecules con-
taminants in water samples [3–7]. Accordingly, it puts forward higher
requirements to the structure and property of nanomaterials, and it is a
great challenge to explore nanomaterials with both great capability for
enrichment and high LDI efficiency and balance these two functions.

Porous materials, including zeolites, metal-organic frameworks
(MOFs), and porous polymers, have been playing an important role in
adsorption, catalysis, separation, purification, and energy storage
[8–12]. In our previous work, metal-organic frameworks (MOFs) have
been demonstrated as a valid adsorbent and matrix for the enrichment

and SALDI detection of small molecule pollutants [13]. Similar with the
structure and properties of MOFs, covalent organic frameworks are a
class of novel crystalline porous polymers constructed via robust
covalent bonds between light elements such as C, O, N, B and Si. Since
first discovered by Yaghi and co-workers in 2005 [14], COFs materials
have showed high potentials in a variety of applications for gas storage,
separation, catalysis, sensing and photoconductive devices, due to the
advantages of periodic and porous structures, low density, large surface
area, high thermal stabilities and facilely-tailored functionality [15,16].
These excellent properties also make COFs a brilliant adsorbent mate-
rial to enrich or remove contaminants such as perfluoroalkyl acids,
surfactant, dyes, bisphenol A and Hg2+ from aqueous solution effi-
ciently and quickly through coordination, electrostatic interaction,
hydrophobic interactions, π–π stacking and hydrogen bonding inter-
action [17–21]. As COFs are composed of pure organic building blocks
without metal elements, it will not introduce new pollution to waters,
thus COFs are beneficial for the solution of water environment pro-
blems. Compared with MOFs, COFs have more abundant π-π con-
jugated structures and functional groups (hydroxyl, amino groups and
oxygenated groups), which helps to enhance their enrichment ability to
organic contaminants and facilitate the desorption/ionization of ana-
lytes. Besides, COFs have a higher water and moisture stability than
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MOFs. Thus, COFs are expected to be employed as both efficient SPE
adsorbent and alternative matrix for the quick and sensitive detection
of organic contaminants with SALDI-TOF MS measurement.

In the present study, we have prepared a type of imine-linked
covalent organic frameworks COF-LZU1 and used it as adsorbent and
SALDI matrix for the analysis of fluorochemicals. The desorption/io-
nization efficiency of COF-LZU1 toward fluorochemicals in negative
reflection mode was evaluated firstly. Then COF-LZU1 was further
applied as SPE adsorbent for the enrichment of fluorochemicals from
aqueous solution, followed by the direct SALDI-TOF MS measurement.
Therefore, a simple method, COF-LZU1-solid-phase extraction enrich-
ment combined with SALDI-TOF MS, was developed for the rapid and
high sensitive analysis of fluorochemicals in water samples.

2. Experimental section

2.1. Chemicals and materials

1, 3, 5-Triformylbenzene (TFB), p-phenylenediamine, 1, 4-dioxane
were purchased from J&K Chemicals Ltd. (Beijing, China). N, N-di-
methylformamide (DMF), tetrahydrofuran (THF) and acetic acid were
offered by Sinopharm Chemistry Reagent Co., Ltd. (Beijing, China).
Humic acid (HA), perfluorobutyric sulfonate (PFBS), perfluorohexane
sulfonate (PFHxS), perfluorooctanic sulfonate (PFOS) were supplied by
Sigma-Aldrich (Steinheim, Germany). Chlorinated polyfluoroether sul-
fonic acids (Cl-PFESA: C8 Cl-PFESA, C10 Cl-PFESA, and C12 Cl-PFESA;
the figure represented the number of carbon atoms of the alkyl chain),
under the trade name F-53B, were purified from a technical F-53B
product purchased from Shanghai Synica Co., Ltd. (Shanghai, China).
Ultrapure water was prepared in the lab by using a Milli-Q SP reagent
water system (Millipore, Bedford, MA, USA).

2.2. Instrument

The morphology of the synthesized COF-LZU1 was surveyed by a
Hitachi S-5500 field-emission scanning electron microscope (FE-SEM,
Tokyo, Japan). FTIR spectrum was recorded using KBr pressed pellets
on a NEXUS 670 Infrared Fourier Transform spectrometer (Nicolet
Thermo, USA). X-Ray diffraction study (XRD, PANalytical X′Pert dif-
fractometer, Almelo, Netherlands) was performed using a mono-
chromatized X-ray beam with nickel-filtered Cu Kα radiation and
0.4° min-1 scan rate. The specific surface area and the pore size of the as-
prepared COF-LZU1 were calculated according to the Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) methods.

2.3. Preparation of COF-LZU1

COF-LZU1 was prepared according to the previous literature with a
slight modification [22]. 1, 3, 5-Triformylbenzene (48mg) and p-phe-
nylenediamine (48mg) were dissolved in a mixture of 1, 4-dioxane
(3mL) and 3M acetic acid (0.6mL). The reaction mixture was soni-
cated for 15min, and then transferred into a Teflon-lined autoclave and
heated at 120 °C for 3 days. After the mixture cooled down to room
temperature, the precipitate was isolated by centrifugation and washed
with DMF (3× 10mL) and THF (3×10mL). The obtained yellow
powder was further repeatedly washed with ethanol for 2 days while
heated at 60 °C. Finally the COF-LZU1 was dried under vacuum at
120 °C for 12 h.

2.4. Solid-phase extraction and SALDI-TOF MS analysis by COF-LZU1

SALDI-TOF MS analysis with COF-LZU1 as matrix: The matrix dis-
persion and analyte solution were mixed by vortex at a ratio of 1:1 (v/
v), followed by directly doting 1 μL of the matrix-analyte mixture onto
the 384-well MALDI target plate, and air-dried for further SALDI-TOF
MS analysis.

Solid-phase extraction and SALDI-TOF MS analysis by COF-LZU1:
0.06mg COF-LZU1 was added into 2mL of water solution spiked with
stock solution of fluorochemicals, the mixture was vibrated for 90min
at room temperature to enrich target analytes. The COF-LZU1 with the
sorbed analytes were isolated by centrifugation and the precipitate was
redispersed in 30 μL of methanol/acetonitrile (v/v, 1:1) solution, and
1 μL of the COF-LZU1-target conjugate was deposited on the MALDI
target for SALDI analysis.

Tap water, influent water, effluent water and metal plating waste-
water samples were filtered through 0.45 µm nylon filter. The following
SPE and SALDI-TOF MS procedure were the same to the standard so-
lution.

The LDI-TOF MS was performed on an Autoflex III MALDI-TOF-MS
(Bruker Daltonics, Germany) equipped with a pulsed nitrogen laser
(wavelength 337 nm) for irradiation of analytes and an accelerating
voltage from -20–20 kV. Mass spectra in negative reflection mode were
acquired with 200 laser shots with a LeCroy 9314 digital oscilloscope.
All mass spectra were analyzed by Flex Analysis software provided by
Bruker Daltonics Corp.

3. Results and discussion

3.1. Characterization of COF-LZU1

COF-LZU1 were successfully synthesized by the reaction of 1, 3, 5-
triformylbenzene and p-phenylenediamine under solvothermal

Fig. 1. SEM images and FTIR spectrum of COF-LZU1.
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conditions. As observed by scanning electron microscopy (SEM,
Fig. 1A), the structure of COF-LZU1 showed layered-sheet morphology.
The average surface area and pore size of the COF-LZU1 was 231m2 g-1

(RSD=7.6%) and 7.3 Å (RSD=8.4%), respectively, indicating that
COF-LZU1 possess high surface area and micropore structure [22].

Fig. 1B showed the Fourier transform infrared (FTIR) spectrum of
COF-LZU1. The peaks at 3420 cm-1 and 1697 cm-1 were attributed to
the N‒H and HC˭O groups, indicating the residual amines and alde-
hydes at the edges of COF-LZU1 material, respectively. The strong peak
at 1620 cm-1 was ascribed to imine bonds (‒C˭N‒), suggesting the
successful formation of COF-LZU1 via the condensation of 1, 3, 5-tri-
formylbenzene and p-phenylenediamine.

The XRD pattern of COF-LZU1 (Fig. S1) exhibited an intense peak at
2θ =4.6o and three minor peaks at 2θ = 8.2°, 9.6° and 21.2°, corre-
sponding to the reflection from the (100), (110), (200) and (001)
planes, respectively. The XRD pattern indicated that COF-LZU1 is a
microcrystalline material with highly ordered structure.

All the results confirmed that the prepared COF-LZU1 have abun-
dant functional groups and microporous structure, which is beneficial
to the enrichment ability and matrix effect of COF-LZU1 for the rapid
determination of fluorochemicals.

3.2. COF-LZU1 used as SALDI matrix for the detection of fluorochemicals

Per- and polyfluoroalkyl substances (PFASs) are a group of synthetic
chemicals that are widely used in industrial processes and consumer
products, and are highly persistent in the environment with bioaccu-
mulation properties and toxic effects on humans and organisms [23]. In
this work, we chose six fluorochemicals as model analytes to investigate
the potential matrix assistant function of COF-LZU1 with LDI mea-
surement in negative reflection mode, including perfluorooctane sul-
fonates (PFOS), perfluorobutyric sulfonate (PFBS), perfluorohexane
sulfonate (PFHxS), and three chlorinated polyfluoroether sulfonic acids
(C8 Cl-PFESA, C10 Cl-PFESA, and C12 Cl-PFESA). With the assistance of
COF-LZU1, six obvious feature peaks of [M-H]-1 for fluorochemicals
could be discerned by SALDI-TOF MS in negative ion mode without
background signal interference (Fig. 2). The characteristic peaks at m/
z=298.7, 398.9, 499.0, 531.0, 631.2 and 731.3 were assigned to PFBS,
PFHxS, PFOS, C8 Cl-PFESA, C10 Cl-PFESA, and C12 Cl-PFESA, re-
spectively. As mass concentration of analyte is same, the molar con-
centrations and number of molecules of the compounds decrease with
increasing the acyl chain length. Therefore, the signal intensity of
fluochemical with long acyl chain and higher molecule weight is low. In
addition, perfluoroalkyl sulfonic acid substances (PFSAs) with small
molecule weight are more easily to ionize and desorb from the matrix.
With more molecules ionized in the LDI process, the signal intensity of

compound with shorter acyl chain and lower molecular weight is
stronger. The synthesized COF-LZU1 was insoluble in water or common
organic solvents (such as methanol, acetonitrile, acetone, etc.). The
concentration of COF-LZU1 in suspension was associated with the
homogeneous co-crystallization of matrix with analytes and the amount
of analytes in each COF-LZU1 particle, which significantly affected the
subsequent MS detection. Hence, we studied the effect of COF-LZU1
amount on the SALDI-TOF MS analysis of fluorochemicals. The peak
intensities of fluorochemicals increased firstly and then decreased
dramatically with the increasing amount of COF-LZU1 from 0.1 to
0.5 μg μL−1. When the amount of COF-LZU1 was 0.2 μg μL-1, the ana-
lytes obtained the highest LDI efficiency due to the excellent co-crys-
tallinity and high amount of adsorbed analytes per COFs. As the amount
of COF-LZU1 increased from 0.2 to 0.5 μg μL-1, excessive COF-LZU1
would lead to obvious agglomeration, which would decrease energy
transfer efficiency in the LDI process. Besides, the amount of adsorbed
analytes per COFs decreased with the increasing amount of COF-LZU1.
Therefore, the desirable concentration of COF-LZU1 for the direct
SALDI analysis was 0.2 μg μL-1 (Fig. S2). The uniform layer structure of
COF-LZU1 not only increased the surface area for the laser energy ab-
sorption and transfer, but also effectively improved the reproducibility
of SALDI analysis. The spot-to-spot (n=15) and sample-to-sample
(n= 15) relative standard deviations (RSDs) obtained by the COF-LZU1
matrix were in the ranges of 2.87–13.0% and 4.26–12.8%, respectively
(Table 1). This reproducibility was satisfactory for the demand of
SALDI-TOF MS analysis. The detection limit (S/N=3) of fluor-
ochemicals by direct SALDI-TOF MS measurement with COF-LZU1 as
matrix ranged in 0.016–0.67 ngmL-1. These results clearly demon-
strated that COF-LZU1 could be an excellent matrix for SALDI-TOF MS
measurement in negative ion mode.

3.3. COF-LZU1 as SPE adsorbent and SALDI matrix for the detection of
fluorochemicals

After demonstration of the capability of COF-LZU1 as SALDI matrix,
we studied the enrichment ability of COF-LZU1 as SPE adsorbent and as
well as SALDI matrix function for the detection of fluorochemicals. We
firstly evaluated the effect of SPE factors including amount of ad-
sorbent, type and volumes of redisperse solvent and adsorption time on
the enrichment efficiency and SALDI response of fluorochemicals. As
shown in Fig. 3, a dosage of 0.03mgmL-1 of COF-LZU1 was the most
beneficial to the enrichment and detection of fluorochemicals. After
enrichment by COF-LZU1, the COF-LZU1 with the sorbed fluor-
ochemicals was redispersed in organic solvent and directly analyzed
using SALDI-TOF MS. The redisperse solvent could affect the co-crys-
tallization of matrix with the analytes and LDI efficiency for analytes.
Methanol and ethanol contributed to the desorption and ionization of
low molecule weight compounds, but was difficult to elute compounds

Fig. 2. SALDI-TOF mass spectrum of fluorochemicals (100 ngmL−1) with the
matrix of COF-LZU1.

Table 1
LODs (S/N=3) of fluorochemicals and the reproducibility of the analysis with
COF-LZU1 as marix for directly SALDI-TOF MS analysis.

Compounds m/z LODa

(ng mL-1)
Shot-to-shot RSD
(n = 15)b

Sample-to-sample
RSD (n = 15)c

PFBS 298.7 0.016 5.37 8.02
PFHxS 398.9 0.022 2.87 5.73
PFOS 499.0 0.024 4.76 4.26
C8 Cl-PFESA 531.0 0.18 13.0 12.8
C10 Cl-PFESA 631.2 0.25 5.31 11.4
C12 Cl-PFESA 731.3 0.67 6.02 9.05

a The LODs were obtained based on the highest features of the analytes.
b The shot-to-shot RSDs were measured based on 15 shots at different loca-

tions on the matrix.
c The sample-to-sample RSDs were measured based on 15 samples in dif-

ferent batches.
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with relatively large molecule weight. Good LDI efficiencies of all the
six analytes were obtained with the aid of acetonitrile, but the MS
signal intensities of PFBS and PFHxS were lower than those obtained by
methanol. Methanol/acetonitrile (v/v, 1:1) solution was found to be a
better redisperse solvent than pure methanol and acetonitrile solvent
since all the six analytes had the strongest LDI efficiency and signal
response. When the volume of methanol/acetonitrile was 30 μL, the co-
crystallization of COF-LZU1 most conduced to the MS response and
reproducibility of analytes. In addition, we investigated the effect of
extraction time on the MS response. The result showed that the ad-
sorption equilibrium of fluorochemicals on COF-LZU1 could be reached
within 90min.

The influences of pH and ionic strength on the MS response of
analytes were examined. The signal intensities of target analytes
markedly decreased with the increase of solution pH value from 3 to 11
(Fig. S3). This result may be attributed to the fact that hydrophobic
interaction of COF-LZU1 toward the target analytes was the main im-
petus in terms of the enrichment, which is easily affected by the solu-
tion pH. Under strong acidic condition, fluorochemicals existed as un-
dissociated molecules, which favored the hydrophobic interaction and/
or π-π stacking interaction between the COF-LZU1 and the analytes,
then improved the enrichment ability of COF-LZU1 for analytes, and
enhanced the MS signal response of analytes finally. As a result, the
solution pH value was adjusted to 3 to get the best sensitivity of de-
tection. In addition, the MS responses of analytes had no obvious dif-
ference in the presence of up to 100mM NaCl, indicating that the
technique of SPE combined with SALDI-TOF MS detection based on

COF-LZU1 for fluorochemicals measurement had good salt tolerance.
We then investigated the feasibility of COF-LZU1 as a SPE adsorbent

as well as a matrix for the quantitative analysis of fluorochemicals.
After SPE of fluorochemicals using COF-LZU1 from 2mL of water
samples, the COF-LZU1 with adsorbed fluorochemicals were collected
and redispersed in methanol/acetonitrile solution and directly analyzed
by SALDI-TOF MS. There were obvious ion signals of analytes without
background noise in the MS spectrum even as the spiked concentration
of fluorochemicals was low (Fig. 4). The signal intensities of the feature
peaks of fluorochemicals increased linearly with their spiked con-
centrations (10–2000 pgmL-1), with R2 values> 0.977, and the LODs
(S/N=3) were calculated to be 0.04–17.39 pgmL-1 (Table 2). These
LODs were lower or comparable to those obtained from previously re-
ported methods [24–26], which can meet the needs of routine detection
of fluorochemicals. Compared with the LODs of these analytes without
enrichment, the LODs were remarkably lowered by 13–600 folds by the
enrichment of COF-LZU1. It is worth noting that the LOD of PFOS was
low to subppt level (0.04 pgmL-1), which was remarkably lower than
those obtained by using MOFs, Fe3O4 @PDA NPs and ordered meso-
porous carbon CMK-8 as both adsorbents and matrix [13,27,28]. The
outstanding detection sensitivity of the COF-LZU1 SPE combined
SALDI-TOF MS detection should be caused by the suitable hydro-
phobicity of COF-LZU1 that could trap analytes efficiently from water.
On the other hand, their abundant π-conjugated networks and periodic
and porous structures make COF-LZU1 good proton and electron donors
or acceptors, which is beneficial for adsorption of laser energy and
transferring energy to analytes to assist the efficient desorption/

Fig. 3. The influences of amount of COF-LZU1 (A), disperse solvent (B) and volume (C), adsorption time (D) on the enrichment and MS responses of fluorochemicals
(10 ngmL−1). Experimental conditions： amount of COF-LZU1: 0.03mgmL−1 (b-d); disperse solvent: methanol/acetonitrile (v/v, 1:1) solution (a, c, d), volume of
disperse solvent: 30 μL (a, b, d); adsorption time: 90min (a–c). The error bars of each data point were from different laser shots in the same experiment sample
(n=10).
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ionization of fluorochemicals. Overall, we have developed a simple
method in which COF-LZU1-SPE enrichment is combined with SALDI-
TOF MS measurement and realized the high sensitive and quantitative
analysis of fluorochemicals in water samples.

3.4. Analysis of fluorochemicals in real samples

In order to evaluate the anti-interference ability of the proposed
method, we selected humic acid (HA) as mimic of natural organic
matter (NOM) to investigate the interference of large molecules toward
the analysis of fluorochemicals with this method. We found that the MS
signals of analytes remained constant with the increase of humic acid
concentration from 0 to 20mg L-1 (Fig. S4), indicating that COF-LZU1
could overcome the interferences from matrices and be applied in
complex environmental samples.

To study the potential of the method for the analysis of fluor-
ochemicals in real water samples, this method was applied to determine
the presence of analytes in tap water, influent water, effluent water and
metal plating wastewater samples. MS signals of the analytes were only
detected in the MS spectra of metal plating wastewater sample with few
interferences caused by the sample matrix (Fig. S5). The concentration
was determined by the calibration equations, and high concentration of
PFHxS (0.08 pgmL-1) and PFOS (0.70 pgmL-1) was found in the was-
tewater samples. We also measured the concentration of analytes in this
sample by high-performance liquid chromatography-electrospray ioni-
zation-tandem MS (HPLC-ESI-MS/MS), PFHxS and PFOS was detected
with the concentrations of 0.091 pgmL-1 and 0.715 pgmL-1, respec-
tively. The good consistency between these two techniques demon-
strated that the proposed strategy of COF-LZU1-SPE coupled with
SALDI-TOF MS measurement is reliable for the analysis of fluor-
ochemicals in real water samples. Then we spiked 0.5 ngmL-1 of ana-
lytes into the tap water, influent water and effluent water, un-
ambiguous [M-H]- ions of these analytes were obtained with the
assistance of COF-LZU1 in the spiked samples, and the signal intensities

matched to those obtained in deionized water solution (Table S1). Ac-
cording to the established calibration equations, the recoveries of
fluorochemicals were in the range 77.1–123%. These results suggested
the good tolerance of COF-LZU1 to the interference of samples matrix,
and displayed good practicality and precision of this method in the
rapid and sensitive analysis of multiple types of organic compounds in
real water samples.

4. Conclusions

In summary, we have synthesized COF-LZU1 and used it as effective
adsorbent and matrix of SALDI-TOF MS for the simultaneous mea-
surement of fluorochemicals. The obtained COF-LZU1 exhibit high
desorption/ionization efficiency, clear matrix background and superior
signal reproducibility for the analysis of fluorochemicals in negative ion
mode. Moreover, COF-LZU1 reveal excellent performance in enrich-
ment of trace amount of analytes from aqueous solution due to the
strong hydrophobic interactions. The LODs of fluorochemicals can
reach ppt or subppt levels. This method also shows good tolerance for
interferences from highly complex environmental samples. According
to the calibration curves established by the SPE method coupled with
the direct SALDI-TOF MS detection, trace levels of fluorochemicals
could be quantitatively and sensitively analyzed from environmental
water samples with high recoveries. Therefore, high sensitive detection
of trace amount of fluorochemicals in water samples could be carried
out with the aid of COF-LZU1 in a rapid, sensitive and convenient way.
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