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Covalent organic framework-functionalized
composites with high hydrophobicity
to acids and bases for chemical protection

Junmei Li,a Zhixuan Duan,a Yinan Fan,a Ruigan Zhang,a Demao Ban,a Zhaolin Liu*b

and Lifang Liu *a

Public safety has been a long-term research focus. Improving the comprehensive properties of matrix

materials is of great significance for chemical protection. However, a research gap exists in this field. In

this study, a covalent organic framework (COF) was constructed using Benzene-1,3,5-tricarbaldehyde

(TFB) and 2,30-dimethyl-[1,10-biphenyl] (BD(Me)2) as building units, and a TFB-BD(Me)2 COF was grown

on Nomex nonwovens (NW) using vapor phase-assisted conversion. Based on their chemical protection

mechanism, the prepared functional fabrics exhibited unique acid–base properties, high hydrophobicity,

and excellent chemical stability. In addition, these functional fabrics, with good thermal stability, flame

retardancy, and strength, enabled chemical protection in multiple scenarios. Overall, the simple and effi-

cient preparation method makes these functional fabrics competitive in the field of chemical protective

materials. At the same time, the use of COFs as a reinforcing material effectively broadens the application of

COFs in chemical protection and lays a foundation for its exploration in other fields.

1. Introduction

Improving the comprehensive performance of fiber raw materi-
als is a key issue in the development of new broad-spectrum
long-lasting chemical-protective fabrics. At present, key tech-
nologies, such as structural modification1 or functional
modification,2 are mostly used to improve the comprehensive
performance of the base fabric. Covalent organic frameworks
(COFs) are materials composed of periodic covalent bonds and
interlayer interactions.3 They are widely used in gas capture,4,5

catalysis,6,7 sensing,8,9 energy storage,10,11 drug delivery12,13 and
other fields. COFs possess the advantages of a large specific
surface area, low density, good hydrophobicity, and good
chemical stability and are expected to become improved mate-
rials that enhance the chemical protection performance of
matrix materials.14 However, as pure organic nanofillers, the
preparation of COFs is limited by harsh synthetic conditions
and powdered forms, which are difficult to generalize.15

At present, the commonly used methods for preparing contin-
uous COF base films include in situ growth,16 layer-by-layer
stacking,17 and interfacial polymerization (IP).18 For example,

Yu et al.19 prepared COF oligomers via homogeneous polymer-
ization, and the resulting nanofiltration membranes exhibited
organic solvent permeability, molecular selectivity and long-
term stability. Khan et al.20 prepared nanosheets through the
dispersion of COFs as reactive fillers to yield mixed matrix
membranes, which enhanced the rejection efficiency of salt
solutions. At the same time, three-dimensional (3D) covalent
organic framework (COF) crystals were introduced into differ-
ent types of polymers to stimulate the interaction between the
filler and the polymer, inducing the formation of COF-polymer
junctions to improve the strength, ductility and toughness
of the functional fabrics.21 The synthesized COF-based compo-
site membrane has strict requirements in terms of environ-
mental conditions, preparation time, and device requirements.
The emergence of vapor-assisted conversion (VAC) provides
a new strategy for the synthesis of COFs.22,23 The vapor-
assisted conversion method has the characteristics of easy
operation and wide adaptability of substrates and can be
applied to a variety of textile materials. By precisely adjusting
the proportion of precursors, the controllable growth of COFs
on the fiber surface was realized, which broke through the
limitations of the traditional preparation method with harsh
conditions and a single product form, and successfully
constructed a composite fabric with directional chemical
protection function. This method significantly improves the
protective properties of the fabrics while maintaining its origi-
nal properties.
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Nomex exhibits excellent high-temperature resistance, good
dimensional stability, excellent spinnability, and chemical stabi-
lity. It is widely used in aerospace,25 building and construction,26

air filtration,27 personal protection,24 and other fields. Most
research studies have focused on utilizing COF-based materials
to enhance the flame-retardant properties of Nomex. Shen et al.28

designed a COF that was obtained by an indirect correlation
between melamine and g-C3N4 as a flame-retardant coating.
Under combustion, the flame retardant changes from a carbon
layer to a thick honeycomb structure, preventing the dispersion of
oxygen and combustible gases. Zhou et al.29 used the unique
microporous structure of COF as a low dielectric factor, com-
bining it with a molecular design strategy to synthesize
phosphonitrile-based COF-N functional fabrics, which exhibit
excellent fire safety properties. However, Nomex itself does not
have the properties of resistance to strong acids, strong alkalis,
and some organic solvents, which limits its wide application in
chemical protection.

In this study, Benzene-1,3,5-tricarboxybenzene (TFB) and
4,40-diaminobiphenyl (BD(Me)2) were used as building blocks;
Nomex nonwovens (NW) were soaked in monomer solutions
sequentially, and COFs were grown in situ on the substrate
surface with the assistance of steam in a 1 : 1 ratio of trimethyl-
benzene and 1,4-dioxane, and finally, the NW-COF functional
fabrics were obtained. By altering the COFs loading and water
contact angle before and after, the chemical protection performance
of the functional fabrics was further tested. It is notable that the
optimized functional fabrics exhibit excellent performance, includ-
ing hydrophobicity to superhydrophobicity, as well as competitive
protection against various concentrations of salts, acids, and bases,
and organic solutions. At the same time, the cycling stability test of
the functional fabrics showed that NW had good compatibility with
COF particles. The innovative combination of COFs and NW
effectively compensates for the lack of chemical corrosion resistance
of Nomex. This study provides a new direction for the broad-
spectrum and long-term protection of chemical protective fabrics.

2. Experimental
2.1 Materials

All chemicals were commercial products and could be used
directly without further purification. 1,4-Dioxane, dichloro-
methane (DCM), methanol, acetone, tetrahydrofuran (THF),
and absolute ethanol were purchased from Sinopharm Group
Co. Ltd (Shanghai, China). 1,3,5-Tricarboxybenzene (TFB), sodium
hypochlorite (NaClO), and acetic acid (AcOH) were purchased
from Titan Scientific Co. Ltd (Shanghai, China). 4,40-Diamino-
biphenyl (BD(Me)2) was purchased from Rhawn Chemical
Reagents Co., Ltd (Shanghai, China). Mesitylene was purchased
from Aladdin Biochemical Technology Co., Ltd (Shanghai, China).
Toluene was purchased from Lingfeng Chemical Reagent Co., Ltd
(Shanghai, China). Methyl orange was purchased from Meiruier
Biochemical Technology Co., Ltd (Shanghai, China). NW was
made in the laboratory, with a thickness of 0.35 mm and mass
of 40 g m�2.

2.2 Preparation of TFB-BD(Me)2 COF

0.1011 mmol of TFB and 0.1517 mmol of BD(Me)2 were
dissolved in 5 mL of trimethylbenzene and sonicated for
5 min to dissolve and form a homogeneous solution. Subse-
quently, the mixed solution was further sonicated for 5 min to
ensure uniform dispersion of the monomers, and 6 M acetic
acid solution (0.5 mL) was slowly added under agitation con-
ditions. The reaction system was sealed, transferred to a 30 1C
oil bath and the reaction was allowed to stand for 3 days. After
the reaction was completed, the products were sequentially
washed with xylene, DMF, and absolute ethanol, then centri-
fuged to collect the solids, and dried at 60 1C in vacuum for 6 h
to finally obtain TFB-BD(Me)2 COF.

2.3 Preparation of NW-COF functional fabrics

The surface was cleaned by sonicating the NW in absolute
ethanol for 30 min, and then it was dried overnight in a 50 1C
oven to complete the pretreatment. TFB (0.14 mmol) and
BD(Me)2 (0.21 mmol) were dissolved in 4 mL of trimethylben-
zene and absolute ethanol, respectively, and sonicated with
maximum power for 10 minutes to ensure uniform dispersion
of the monomers. The 100 � 100 mm NW fabric was pre-wetted
with acetic acid solution, and then immersed in the above
monomer solution sequentially to evenly load the solution on
the NW surface. Subsequently, the monomer-loaded NW was
placed in a glass container containing 20 mL of a mixed solvent
(medium ethylene and 1,4-dioxane, 1 : 1 v/v) sealed, and reacted
in a 30 1C water bath for 24 h. After the reaction was complete,
the functional fabric was sonicated in absolute ethanol for 4
min to remove the unreacted polymer, and then placed in a
30 1C vacuum oven to dry for 6 h. The preparation process is
illustrated in Fig. 1. According to the different concentrations
of the TFB monomer (0.02, 0.06, 0.1, 0.14, and 0.16 mmol), the
resulting products were named VAC-0.02, VAC-0.06, VAC-0.1,
VAC-0.14, and VAC-0.16, respectively.

2.4 Characterization

The scanning electron microscope (SEM) images were acquired
by a FLEX 1000 SEM instrument (Hitachi USA). Fourier-
transform infrared (FTIR) spectra were obtained using Spectrum
Two (PerkinElmer, USA). X-ray photoelectron spectroscopy (XPS)
was conducted using Escalab 250Xi (ThermoFisher Scientific,
USA). X-ray diffraction (XRD) experiments were performed using
a D/max-2550 PC instrument (Rigaku, Japan). Thermogravimetric
analysis (TGA) was performed using TG209F1 (NETZSCH,
Germany). N2 was used as the test atmosphere. Brunner–
Emmett–Teller (BET) measurements were performed using Auto-
sorb iQ (Anton Paar American). The atomic force microscope
(AFM) was obtained from Bruker (USA).

2.5 Breaking strength

The breaking strength properties of functional fabrics were
tested on a YG026MB multi-functional electronic fabric strength
machine (Wenzhou, China). The samples were cut to 300 �
100 mm. The tensile speed was set to (300 � 10) mm min�1,
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and the gauge between the fixtures was set to (75 � 1) mm. The
breaking strength results were the average values calculated for
three samples.

2.6 Contact angle

The contact angle (CA) of the functional fabrics was measured
using the Dataphysics OCA15EC Contact Angle Tester (German).
A microsyringe was used to control the volume of the sessile
droplet to 5 mL. The CA of NW-COF functional fabrics at different
pH values (pH = 1, 3, 5, 7, 9, 11, 13) was measured. The changes in
CA were measured after soaking in toluene, tetrahydrofuran,
dichloromethane, methanol, acetone, acetic acid, and NaClO
for 72 h, followed by washing. The CA value is calculated as the
average of three droplets at different loci on the sample.

2.7 Multi-cycle stability

For the steps of the domestic washing and drying procedures
for textile testing, refer GB/T 8629-2017. The samples were
washed at 52 � 1 rpm at 25 � 2 1C for 35 min in a 1.1 g L�1

soap solution. Then, the samples were rinsed with tap water for
30 s, then placed in a 50 1C oven for 30 min. The tests were
repeated 10 times to get the average value.

2.8 Flame retardant performance

The flame-retardant properties of functional fabrics were eval-
uated using a 5330 Textile Vertical Combustion Tester (Suzhou,
China), in accordance with the standard GB/T 5455-2014. The
continuous ignition time, smoldering time, and damage length
of the sample were measured. The experimental results were
the average values calculated for the three samples.

2.9 Loading

A series of NW-COF functional fabrics were prepared by the
in situ growth of COF on NW, and the COF loading was
calculated as follows,30

oCOF ¼
mCOF

mCOF þmNW
� 100%

Herein, oCOF represents the COF loading in the functional
fabrics, mNW represents the initial weight of NW, and mCOF

represents the weight of the NW-COF functional fabrics.

3. Results and discussion
3.1 Characterization of COF

TFB-BD(Me)2 is a typical imino COF (Fig. 2(g)), which is
synthesized by the Schiff base reaction using TFB and
BD(Me)2 as building blocks. TFB-BD(Me)2 COF can crystallize
well at room temperature. SEM observations show a continuous
layered topography between the COFs (Fig. 2(a)), and FTIR
analysis confirms the tensile vibration of the CQN group at
1624 cm�1, indicating that the Schiff base reaction proceeds
smoothly (Fig. 2(b)). XRD results showed that TFB-BD(Me)2

COF exhibits a high-intensity (100) reflection peak at 3.711,
mainly due to AA accumulation (Fig. 2(c)). As per the
literature,31 the effective pore size is reduced owing to the
interlaminar shrinkage caused by the low-angle shift, as indi-
cated by the XRD results. To further characterize the morpho-
logical structure of COFs, AFM analysis revealed that the
diameter of the COF particles was approximately 125.3 nm
(Fig. 2(e)). Nitrogen adsorption measurements were used to

Fig. 1 Schematic of the preparation of NW-COF functional fabrics.
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determine the surface area and the specific surface area of the
COF was found to be 393.6 g m�2, while TFB-BD(Me)2 exhibited
a wider pore size distribution with a maximum at 1.3 nm
(Fig. 2(d)), which was close to the predicted value based on
the Eclipse AA stacking model32,33 (theoretical value was
1.8 nm). The TGA results showed that COF had a high carbon
residue rate (only 20% loss at 750 1C) and thermal stability
(450 1C) at high temperatures (Fig. 2(f)), suggesting its potential
flame retardant properties, however, further testing and verifi-
cation are needed.

3.2 Characterization of functional fabrics

The functional fabrics prepared using COF-functionalized
meta-aramid at room temperature were characterized using
SEM (Fig. 3(g)). The morphology of the original NW fibers is
shown in Fig. 3(a). It was found that by adjusting the content
ratio of the COF precursor concentration, COF formed a con-
tinuous and uniform sheet structure and wrapped around the
surface of the fiber (Fig. 3(e)). When the monomer concen-
tration is low (TFB o 0.14 mmol), a thin wrapping layer is
formed on the fiber surface. Due to the low content of COF on
the fiber surface, a large area of the fiber is exposed, resulting
in poor hydrophobic properties of the fiber (Fig. 3(b)–(d)).
However, when the monomer concentration is too high
(TFB = 0.16 mmol), the additional COF particles precipitate
and clog the pore size, which in turn reduces the hydrophobic
properties of the functional fabrics (Fig. 3(f)).

To further evaluate the completion of the reaction, the
surfaces of NW and NW-COF functional fabrics were analyzed
using FTIR. It was observed that the N–H bond (3302 cm�1)
vibration on NW and VAC-0.14 surfaces was weakened, and the
CQO peak (1646 cm�1) was strongly attenuated, which indi-
cated that TFB and BD(Me)2 were successfully condensed with
an imine bond (Fig. 4(a)).34 However, FTIR is unable to unam-
biguously assign bond formation because the respective bands
(imine: 1627 cm�1, benzimidazole: 1610–1625 cm�1) are in
close proximity to each other to confirm the completion of
the Schiff base reaction.35–37 Therefore, we further confirmed

the synthesis of NW-COF functional fabrics by XPS analysis.
Fig. 4(b) shows the superimposed XPS spectra of NW and VAC-
0.14. Fig. 4(c) shows that the C1s peak of the composite exhibits
a migration of CQO from 287.81 eV to 288.30 eV, and the
decrease in the corresponding peak content indicates the
depletion of aldehyde groups during the COF reaction. This
result is consistent with the literature reports.38 With the
completion of the surface Schiff base reaction, the peak content
of CQN (400.63 eV) and R-NH2 (398.63 eV) also increases
(Fig. 4(d)). At the same time, an additional strong peak at about
3.711 was found in the XRD pattern, indicating that TFB-
BD(Me)2 COFs were successfully grown onto the fabric (Fig. 4(e)).
TGA analysis shows that the COF layer on NW has a barrier effect,
giving the functional fabrics a high thermal decomposition tem-
perature (Fig. 4(f)). This is mainly because COFs exhibit better
thermal stability during thermal decomposition, which protects the
functional fabrics. The weight decay rate of VAC-0.14 is analyzed,
and it is found that the weight loss rate of the prepared functional
fabrics are less than 5% at 400 1C (Fig. 4(g)), which further proves
that the functional fabrics have good thermal stability.

3.3 Mechanical strength

Quantitative testing of the mechanical properties of functional
fabrics are shown in Fig. 5(a) and (b). The results show that the
tensile strength of NW is 0.7 MPa, and the tensile properties of
functional fabrics increase with the increase in COF precursor
concentration. The maximum tensile strength of VAC-0.16 is
1.3 MPa. The tensile strength of the functional fabric exceeded
that of the initial fabric, and its overall mechanical properties
increased by 72.9%. This is attributed to the in situ growth of
COF on the surface of the matrix, and the encapsulated state
makes the interface of the composite more homogeneous.39

More importantly, two-dimensional COF can effectively tem-
plate polymer molecular chains, induce the directional arrange-
ment of molecular chains under stress and strain-induced pore
deformation, and significantly improve the damage tolerance
of functional fabrics through the fiber interweaving networks.
This is manifested in the improvement of breaking strength

Fig. 2 (a) SEM image, (b) FTIR spectra, (c) X-ray diffraction spectra, (d) BET plot and pore size distribution plot, (e) AFM analysis, and (f) TGA of TFB-
BD(Me)2 COFs. (g) Schematic of TFB-BD(Me)2 COFs in powder form.
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and toughness. From the stress–strain curve, the growth of
excess COF in VAC-0.16 leads to the accumulation of energy
dissipation on the fiber surface, and the uneven interaction
between the matrix and the COF backbone leads to local cracks
during the stretching of the functional fabric, resulting in its

phased fracture40,41 (Fig. 5(c)). The functional fabrics prepared
by the vapor-assisted conversion strategy have excellent adapt-
ability to various textile substrates and can be widely used in
fibers and non-woven fabrics. In addition, the functional fabric
significantly improves the chemical protection performance

Fig. 4 (a) FTIR spectra of NW and VAC-0.14. (b) Superimposed XPS spectra of NW (blue) and VAC-0.14 (red). (c) and (d) XPS spectra, C 1s and N 1s of NW
and VAC-0.14. (e) Comparison of the XRD spectra of NW and VAC-0.14. (f) and (g) Comparison of the TGA curves of NW and functional fabrics.

Fig. 3 SEM images of NW-COF functional fabrics, (a) NW, (b) VAC-0.02, (c) VAC-0.06, (d) VAC-0.1, (e) VAC-0.14, and (f) VAC-0.16. (g) Images of
NW-COF functional fabrics before and after VAC treatment.
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while maintaining the original properties of the non-woven
(soft and cutable) (Fig. 5(d)). Fig. 5(e) summarizes the compar-
ison of the fracture strength in this study with those reported in
the literature,42–50 indicating that the functional fabrics have
specific advantages in terms of fracture strength.

3.4 Chemical barrier properties

The synergistic effect of an inert material and a chemically
stable COFs imparts good hydrophobic properties to the func-
tional fabrics. By measuring the change in water contact angle
of functional fabrics, it was found that with the increase in
precursor concentration, the hydrophobic contact ratio of
functional fabrics also increased. VAC-0.14 has a maximum
hydrophobic angle of 1531 (Fig. 6(a)). This is attributed to the
fact that the structure of the side-chain methyl and benzene
rings in the COF chain imparts good hydrophobicity and
chemical stability to COFs. Among them, too low monomer
concentrations lead to discontinuous COFs coverage and insuf-
ficient exposure of hydrophobic groups on the surface of the
functional fabrics, while too high monomer concentrations
lead to excessive accumulation of COF, resulting in unbalanced

roughness, defects and reduced hydrophobicity (Fig. 6(b)).
As shown in Fig. 6(c), a large amount of COFs can be synthe-
sized on the surface of the non-woven, with a loading rate of up
to 56% for VAC-0.14 using a gas-assisted strategy. Correspond-
ingly, the thickness of the functional fabric also gradually
increased from 0.45 mm to 0.66 mm. The primary reason is
that the porous, large-area non-woven fabric is used as a
matrix, which provides sufficient space for the in situ growth
of COFs. The stability of the hydrophobic properties was
further evaluated by measuring the dynamic stability of the
liquid on the surface of the composite fabric. The hydro-
phobic angle of VAC-0.14 was 1501 for up to 6 min, while
the hydrophobic stability of low/high concentration functional
fabrics was much lower than that of VAC-0.14 (Fig. 6(d)). Methyl
orange solution was sprayed on the surface of VAC-0.14, and it
was found that the methyl orange solution rolled off rapidly
while spraying the droplets, and the residence time on its
surface was short (Fig. 6(e)). This phenomenon indicates that
the adhesion between the droplets and the surface is very weak,
and it has the potential for self-cleaning. In chemical protection
scenarios, chemical protection fabrics can quickly repel toxic

Fig. 5 (a) Diagram of the simulated equipment of the electronic tensile tester. (b) Breaking strength and (c) stress–strain curves of NW-COF functional
fabrics with different concentrations. (d) Schematic of the different states of functional fabrics. (e) Comparison of the breaking strength of functional
fabrics reported herein and those in the literature.
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liquids (such as acids, alkalis, and organic solvents) and reduce
the risk of penetration.

3.5 Chemical barrier properties

In the field of chemical protection, functional textile materials
are prone to deterioration in material performance when
exposed to corrosive, toxic, and harmful chemicals, which
significantly affects their protective efficacy. To evaluate the
chemical barrier properties of the composite fabrics, NW and
VAC-0.14 were soaked in an acetic acid solution for 72 h, and
the results showed that the solution quickly penetrated the NW
sample and sank, whereas the VAC-0.14 sample remained
floating after soaking. At the same time, FTIR showed that
there was no change in the microstructure of the functional
fabric after acetic acid immersion (Fig. 7(a)), which prelimina-
rily confirmed the excellent acid corrosion resistance of the
functional fabric. To further quantify its chemical barriers, the
hydrophobic properties of VAC-0.14 in different chemical
media were systematically determined (Fig. 7(b) and (c)).
By measuring the CA of different concentrations of salt solu-
tions and acid–base solutions with pH = 1–14 on the surface of
VAC-0.14, it was found that the CA of VAC-0.14 reached a
minimum of 149.91 (10% salt concentration) with increasing
salt concentrations. When pH = 1, the CA of VAC-0.14 is 149.91.
With the increase in pH (acidic solution), the CA of VAC-0.14
gradually increased, and its value was 153.91 (pH = 7). As the pH
continues to increase (alkaline solution), the CA of VAC-0.14
gradually decreases to a value of 147.61 (pH = 13). To further

evaluate the stability and recycling performance of the
chemical barrier of functional fabrics, the changes in CA of
VAC-0.14 were measured after being immersed in various
organic and inorganic reagents for 72 h, and it was found that
the CA of functional fabrics was reduced to a minimum of 1491
in acetone solution. In addition, the CA of VAC-0.14 was
measured by multiple washes, and it was found that the CA
of VAC-0.14 was 143.81 after 8 washes. SEM revealed no change
in the fibers (Fig. 7(d) and (e)). In summary, these functional
fabrics exhibit excellent chemical barrier properties as well as
chemical stability. Comparison with literature39,51–57 shows
that functional fabrics have specific advantages in terms of
hydrophobicity (Fig. 7(f)). However, the unique hydrophobic
properties and stability of functional fabrics in multiple liquid
phases give them significant advantages in different chemical
environments.

3.6 Chemical protection mechanism

The chemical protection performance of functional fabrics is
mainly reflected in two aspects: chemical stability of the
material and its liquid phase barrier ability. Chemical stability
refers to a material’s ability to maintain long-term structural
integrity in a chemical environment.58 Chemical barrier perfor-
mance refers to a fabric’s ability to block, adsorb, or decompose
harmful chemicals.59 Studies have shown that COFs can
achieve self-repair and structural reorganization of molecular
backbones due to the characteristics of dynamic covalent bonds
between building units, which makes COFs exhibit excellent

Fig. 6 (a) Photograph of the change in the water contact angle. (b) Water contact angle values at different monomer concentrations. (c) Changes in
monomer loading and material thickness of different COF functional fabrics. (d) Dynamic stability map of VAC-0.14. (e) The methyl orange solution was
sprayed on the surface of VAC-0.14 at high speed.
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chemical stability under extreme acid–base environments and
other harsh chemical conditions.60,61 By encapsulating the COF
material in the NW substrate, it not only significantly improves
the overall chemical stability of the fabric but also enhances its
protective performance in various liquid phase environments. The
experimental results show that although NW itself is hydrophobic,
in a strong acidic or alkaline environment, the simple nonwoven
fabric will quickly be impregnated, resulting in a decrease in
protective performance. However, the COF-modified functional
fabric exhibits excellent liquid phase barrier properties owing to

the hydrophobic effect of the benzene ring in the backbone and
the synergistic effect of the side-chain methyl group. In addition,
the reversible nature of the dynamic covalent bonds in COF
ensures the structural stability and durability of the material
under long-term organic solvent immersion conditions (Fig. 8).

3.7 Flame-retardant properties

In general, the combustion process of a material is mainly
determined by three factors: heat, fuel, and oxygen.62 When
functional fabrics are exposed to a heat source, the combustible

Fig. 8 Diagram showing the chemical protection mechanism.

Fig. 7 (a) The FTIR and physical images of VAC-0.14 (left) and NW (right) soaked in 1 mol L�1 acetic acid solution for 72 h. (b) The effect of different salt
concentrations and acid-alkali solutions on the contact angle of VAC-0.14 water was tested. (c) The changes in the water contact angle and weight attenuation
rate of VAC-0.14 fabrics after 72 h in various organic and inorganic solutions. (d) The VAC-0.14 contact angle at different washing cycles. (e) Comparison of the
SEM of NW-COF functional fabrics after solution immersion and washing. (f) Comparison of the CA in this study with those reported in the literature.
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molecules in the air absorb the heat, inducing the breakage of
bonds/chains to produce volatile substances and gases. In the
absence of external interference, the material continues to burn
until it is extinguished.63 By testing the flame-retardant proper-
ties of the functional fabrics (Table 1), it is found that the
damage length of VAC-0.14 is significantly lower than that of
NW. This is because the flame retardancy of polymers is largely
dependent on the response of the gas/condensed phase.64 The
intrinsic flame-retardant properties of the matrix lay the foun-
dation for the good flame-retardant properties of functional
fabrics (the burn-up time and smoldering time remain
unchanged), and the COF tightly bound to the fiber surface
plays the role of a protective barrier. In the condensed phase of
the composite, the COF layer with a barrier effect retards the
heat and mass transfer between the flame and the matrix
material, hinders the dispersion of the functional fabrics from
polymer to polymer, slows down the decomposition rate of the
material, and ultimately reduces the combustion intensity.65,66

4. Conclusion

In conclusion, this study systematically demonstrates the vital
application prospects of covalent organic framework materials
(COFs) in the field of chemical protection composites. The
results show that COF materials can significantly improve the
protective performance of meta-aramid as a reinforcing phase
due to their unique chemical stability and hydrophobic proper-
ties. In this study, a functionalized composite fabric system
with a gradient COF concentration was successfully prepared
using the vapor-assisted conversion method. The experimental
results show that the functional fabrics prepared in the opti-
mized ratio show excellent broad-spectrum chemical protection
performance, as follows, it can tolerate strong acidic and alka-
line environments with pH 1–14. It has a significant barrier
effect on a variety of organic solvents. The mechanical proper-
ties of the material were 72.9% higher than that of the pure
meta-aramid matrix. Additionally, it achieves a high COF load-
ing rate of 56% and a superhydrophobic surface characteristic
of 1531. It is worth noting that after systematic durability
evaluation, including multiple wash cycles and long-term sta-
bility tests, the functional fabrics can still maintain stable
hydrophobic properties and protective performance, showing
excellent application potential.
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