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Noble metal nanoparticles supported by covalent organic frameworks (COFs) exhibited excellent catalytic per
formances towards organic pollutants, while their applications are limited by the recovery and reuse from the
mixture due to their small size. Here, we solved this issue by supporting covalent organic framework-silver
nanoparticles on sand and used as a catalyst for reduction of organic pollutants. Both static and flow-through
experiments were carried out and good catalytic performances were exhibited. High flux (2000 L m− 2h− 1)/
reduction efficiency (more than 99%) towards 4-nitrophenol, Congo red, and methylene blue, were obtained
under the flow-through process. Furthermore, after testing 24 h, the reduction efficiency was unaltered and only
0.34 wt% Ag ions were released from the catalyst. Besides the excellent cocatalyst of COF and the stable structure
of our prepared catalyst, these good catalytic performances can be also attribute to the properties of sand which
has a large size to prevent the leaching out of catalysts and a good hydrophilicity for fast passing through of
wastewater. Therefore, our prepared catalyst may shed light on the application of such kinds of heterogeneous
catalysts for the fast and continuous treatment of toxic and carcinogenic organic pollutants.

1. Introduction
Heterogeneous catalysts based on covalent organic frameworks
supporting noble metal nanoparticles have gained great interest recently
due to their fascinated properties for catalytic reduction of organic
pollutants [1–6]. The strong anchoring ability between noble metal
nanoparticles and functional groups on the skeleton of covalent organic
frameworks (COFs) could enhance the stability of COFs-noble metal
nanoparticles, thus improving the stability and sustainable ability of
these kinds of catalysts [7]. Nevertheless, the application of these COFsnoble metal nanoparticles catalysts was limited by the continuous flow
catalytic process. On the one hand, the continuous compression of feed
solution towards the stacked COFs forms a dense structure under the
flow-through process, leading to the heavily decreasing of flux [8]. On
the other hand, the small-sized catalysts would leach out during the flow
process, increasing the cost and difficulty of separation [6]. Considered

the characteristics of the flow-through catalytic process, it is necessary
to select a suitable substrate to load COFs-noble metal nanoparticles for
continuous catalytic application.
Sand, a natural extreme low-cost material, has the advantages of
loosely stacked pore structures and good hydrophilicity, facilitating the
fast passing through the feed solution and continuous catalytic reduction
of organic pollutants. Besides, the large-sized sand is stable and difficult
to leach out during the continuous-flow process. However, the usage of
sand as a substrate to support catalysts for organic pollutants removal
draws less attention.
Covalent organic frameworks-silver nanocomposites supported by
sand (COFs-Ag NPs@Sand) were fabricated here. COF with a large
surface area was synthesized under high temperature for abundant
supporting noble metal nanoparticles. Ag NPs were selected because of
their high cost-effectiveness for organic pollutants removal [9–11]. 4nitrophenol, Congo red, and methylene blue were chosen as model
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Scheme 1. (a) Synthetic scheme of COF through the condensation reaction at high temperature, (b) the fabrication of COF-Ag NPs nanocomposites, (c) construction
of COF-Ag NPs@Sand catalyst, including the first adhesion of sand and COF through PDA chemistry and then in situ reduction of silver ions and supporting of Ag NPs.

organic pollutants because their high toxic and classic catalytic treat
ment process [12–14]. For example, through the hydrogenation reaction
under the noble metal catalyst, the carcinogenic 4-nitrophenol (4-NP)
can be converted to 4-aminophenol (4-AP), which can be efficiently
collected by cationic resin and reuse as an industrial intermediate
[15–19]. The catalytic performances towards three model organic pol
lutants in the presence of NaBH4 were systematically evaluated under
the static and continuous flow-through catalytic process. As far as we
know, this is a rare study to explore the fast-continuous flow-through
catalytic process using a natural material supporting COF-Ag NPs cata
lytic system. Such a strategy provides a guideline for designing the

fabrication of high-efficiency catalysts for sustainable organic pollutants
treatment.
2. Experimental section
2.1. Materials and methods
The reagents including 1, 3, 5 - Tris (4-aminophenyl) benzene
(≥98.0%), 2, 5-divinylterephthalaldehyde (≥97.0%), and dopamine
hydrochloride (≥98.0%) were obtained from Acros. The reagents
including 4-nitrophenol (4-NP, ≥ 98.0%), methylene blue (MB, ≥
2
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Fig. 1. Structural study of samples through (a) solid-state NMR, (b) BET measurement, (c) XRD, and (d) XPS with inset of N1s of COF-Ag NPs@Sand catalyst.

98.0%), and Cong red (CR, ≥ 98.0%) were purchased from Tianjin
Guangfu Reagent Co., China. Other reagents including sodium borohy
dride (NaBH4, ≥ 99.0%), 1, 2-dichlorobenzene (≥97.0%), and n-butanol
were supplied by Sinopharm Chemical Reagent Co. Ltd., China. Sea sand
was picked up from the Yantai coast, China, and used after washing with
DI water and filtering through the 50-mesh size. The morphologies of the
samples were observed by scanning electron microscopy (SEM, Jeol
S4800) and transmission electron microscopy (TEM, JEM 2200). The
composition was performed with TEM coupled with an energydispersive detector and X-ray photoelectron spectroscopy (XPS,
Thermo EscaLab 250Xi). The catalytic performances were systematically
evaluated by a UV–visible (UV–vis) spectrometer (PERSEE UT 1810).

of synthesized COF was added in 200 mL DI water and suffered ultra
sonic treatment for 3 h via a cell disruptor to get the dispersed yellow
suspension. Then 0.34 g of AgNO3 was added and further reacted for 3 h.
After that, 2 mg of dopamine hydrochloride was added into the mixture
and reacted for 3 h. Then the products (COF-Ag NPs) were washed with
DI water for 3 times and then dried under a vacuum oven at 70 ◦ C for 24
h. For supporting Ag NPs with different contents on the sand, 0.17 g and
0.68 g of AgNO3 was added to the COF system and reacted for 3 h,
respectively. 5.0 g of dried PDA@Sand was added in 300 mL DI water
containing 200 mg of COF-Ag NPs nanocomposites and mixed 6 h under
a shaker. Then the prepared COF-Ag NPs@Sand catalyst was washed
with DI water 3 times and then dried under a vacuum oven at 70 ◦ C for
24 h. Besides, Sand@Ag NPs catalyst was fabricated through PDA
chemistry for control. Typically, 0.34 g of AgNO3 and 5.0 g of dried
PDA@Sand were mixed with 200 mL and further reacted 1 h to obtain
the product Sand-Ag NPs.

2.2. Synthesis of COF
2, 5-divinylterephthalaldehyde (0.48 mmol) and 1, 3, 5 - Tris (4aminophenyl) benzene (0.32 mmol) were weighed into a Schlenk tube
and dissolved in 4.0 mL mixed solution containing 2.0 mL n-butanol, 0.4
mL 6 M acetic acid, and 2.0 mL 1, 2-dichlorobenzene. Three successive
freeze–pumpthaw cycles were carried out and then the reaction was
maintained at 100 ◦ C for 72 h. The obtained yellow–brown precipitate
was first collected through filtration, followed by washing with tetra
hydrofuran by Soxhlet extraction for 48 h. Finally, the product was dried
under vacuum at 70 ◦ C for 24 h to obtain COF.

2.4. Catalytic experiments
The catalytic performances were evaluated by static and flowthrough experiments. Three organic pollutants were chosen including
4-NP, CR, and MB.
For static experiments, 100 mL of aqueous solution containing 0.5 g/
L catalyst, 12 mg/L 4-NP (25 mg/L for CR and MB), and 0.05 M NaBH4
was monitored by the UV–vis absorption spectra and the timedependent concentration of the mixture was recorded. The apparent
reduction rate constant Kapp was expressed as follows:
( )
Ct
ln
= -Kapp t
(1)
C0

2.3. Synthesis of COF-Ag NPs@Sand
10 mM Tris-HCl buffer was added into a beaker containing 5.0 g of
sand and 0.5 g of dopamine hydrochloride and reacted 6 h under stir
ring. Then the black product (polydopamine modified sand, PDA@Sand)
was fully washed with 25% isopropyl alcohol aqueous solution and
dried under a vacuum oven at 70 ◦ C for 24 h. On the other hand, 200 mg

Where Ct is the dyes concentration at the time t and Co are the initial
concentration. The value can be obtained from calibration curves
3
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Fig. 2. TEM images of (a) COF, (b) COF-Ag NPs, and (c) COF-Ag NPs@Sand catalyst through high solution TEM.

(Fig. S1).
The recyclability experiments were carried out through pouring
away the reaction solution and rejoined the fresh solution containing
organic pollutants and NaBH4. No devices were involved due to the good
sedimentary properties of sand. The reduction efficiency (E) was
calculated according to the following equation:
E=

C0 − Ct
× 100%
C0

Typically, 400 mg of COF-Ag NPs@Sand catalyst was first loaded
into a PVC tube with a diameter of 6 mm and an effective length of 10
mm and sealed with cotton. The solution containing 0.05 M NaBH4 and
12 mg/L, 40 mg/L, and 25 mg/L for 4-NP, CR, and MB, respectively, was
continuous catalytic reduction by the COF-Ag NPs@Sand catalyst.
3. Results and discussion

(2)

3.1. Synthesis and characterization of COF-Ag NPs@Sand catalyst

For flow-through experiments, the flux was defined as follows (3).
H=

V
S×t

A COF was constructed using 1, 3, 5 - Tris (4-aminophenyl) benzene
as the knot and 2, 5-divinylterephthalaldehyde as the organic linker
through the condensation reaction at high temperature [20]. Then Ag
NPs were in situ growth on the surface of the prepared COF through
dopamine chemistry, followed by depositing on the surface of

(3)

Where H is the flux, V is the cumulative permeability volume and S is
the cross-section of pipeline.
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polydopamine modified sand to form COF-Ag NPs@Sand catalyst
(Scheme 1).

0.11 wt% on the prepared COF-Ag NPs@Sand catalyst, the well
dispersed Ag NPs could supply largely active sites for organic pollutants
removal.

3.2. Structural study
3.4. Catalytic properties of COF-Ag NPs@Sand

Solid-state 13C cross-polarization magic angle spinning (CP-MAS)
NMR spectroscopy was applied to characterize the formation of C = N
bonding in the synthesized COF. As shown in Fig. 1a, the strong peak at
the chemical shift of 140.2 ppm can be assigned to the linkages of C = N
[21]. The BET surface areas of the COF and the COF-Ag NPs were
characterized by the N2 sorption measurement at 77 K. The value of the
COF was calculated to be 1106 m2/g, providing a large surface area for
supporting Ag NPs (Fig. 1b). The loading of Ag NPs decreased the value
to 316 m2/g due to the changing of the surface property [22]. Never
theless, the high BET value of COF-Ag NPs still indicated a pore structure
after loading of Ag NPs. XRD was conducted to analyze the crystallinity.
The characteristics peak of Ag NPs and COF could be observed from the
sample of COF-Ag NPs@Sand, suggesting the successful supporting of
COF and Ag NPs on the surface of the catalyst (Fig. 1c). Three peaks at 2θ
of 5.4◦ , 7.4◦ , and 22.5◦ can be observed from the COF, assigning to
(1 1 0), (2 0 0), and (0 0 1) diffractions (Fig. S2) [23]. For COF-Ag NPs,
typically Ag (0) peaks can be observed [24]. However, the peak of COF
cannot be observed probably due to the strong crystalline peak of Ag NPs
[6].The XPS spectrum of COF-Ag NPs@Sand revealed the signals of
silicon (Si 2 s, 152 eV, and Si 2p, 101 eV), N (N 1 s, 400 eV), and Ag (Ag
3d, 368 eV), demonstrating the fabrication of COF-Ag NPs@Sand cata
lyst (Fig. 1d). Furthermore, the contents of Ag NPs on the surface of
COF-Ag NPs and COF-Ag NPs@Sand catalyst were calculated as 3.09 wt
% and 0.11 wt%, respectively, by ICP/MS. Therefore, the weight percent
of COF-Ag NPs on the prepared COF-Ag NPs@Sand catalyst was quan
tified to be 3.55 wt%.

COFs supported ultrafine noble metal nanoparticles have exhibited
excellent catalytic performances towards organic pollutants. Hence, the
catalytic activity of COF-Ag NPs supported by sand is expected. Firstly,
organic pollutant 4-NP was selected as the model due to its high toxicity
and stability [26,27]. The transform of 4-NP to less toxic 4-aminophenol
(4-AP) through the noble metal catalyst in the presence of NaBH4 is an
effective approach to reduce the environmental risk and realize the r
euse of hazardous waste [28]. The catalytic process was monitored by
UV–vis spectroscopy. As shown in Fig. 3a, the characteristic absorbance
at 400 nm vanished within 7 min, accordingly, the absorbance at 300
nm occurred, assigning to the peak of 4-AP. The samples of PDA coated
sand and Sand@COF catalyst were used as controls. As shown in Fig. S4,
the characteristic absorbance slightly decreased with the prolonging of
the reaction time due to the adsorption ability of PDA. A similar curve
was exhibited when the Sand@COF was applied as the catalyst (Fig. S5).
These results suggested the effective catalytic ability of Ag NPs.
Furthermore, Ag NPs supported by polydopamine modified sand were
used as controls. As shown in Fig. S6, although the characteristic
absorbance vanished within 10 min, the content of Ag NPs was 0.30 wt
%, which was much higher than that of our prepared COF-Ag NPs@Sand
catalyst (0.11 wt%). Furthermore, the turnover frequency (TOF) was
applied to exhibit the true catalytic activity of samples, by which the
value of COF-Ag NPs@Sand catalyst was calculated as 13.5 h− 1, which
was much higher than that of Sand-Ag NPs catalyst (5.1 h− 1), reflecting
the important role of COF as a substrate for catalytic reduction of 4-NP.
Besides, the catalytic performances of COF-Ag NPs@Sand catalyst to
wards other hazardous organic pollutants such as-MB and CR were
measured to demonstrate the university of our prepared catalyst. Fig. 3b
illustrated that the characteristic absorbance of CR at 510 nm decreased
within 12 min, indicating the rapid reaction of CR upon the COF-Ag
NPs@Sand catalyst and NaBH4. Similarly, the color of MB faded
within 9 min after reducing by COF-Ag NPs@Sand catalyst (Fig. 3c). In
our experiments, the reduction reagent NaBH4 was excessive, thus the
kinetic equation (1) can be used to evaluate the catalytic activity of the
prepared COF-Ag NPs@Sand catalyst. As shown in Fig. 3d, for three
organic pollutants, pseudo-first-order reaction kinetics with a linear
relationship between ln (Ct/C0) and t could be observed. The slope
values of Kapp could be calculated to be 0.41 min− 1, 0.15 min− 1, and
0.44 min− 1 for 4-NP, CR, and MB, respectively. Moreover, COF-Ag
NPs@Sand catalyst loading different Ag NPs was compared. As shown
in Fig. S7 and table S1, the catalyst containing 0.09 wt%, 0.11 wt%, and
0.15 wt% Ag NPs exhibited a similar TOF and the value of Kapp increased
with Ag NPs content. All these results revealed that the prepared COF-Ag

3.3. Morphological study
After supporting with COF and Ag NPs, the surface morphology of
sand was almost unchanged, exhibiting a smooth surface, as shown in
Fig. S3a. From the enlarging image of Fig. S3a, the same particles could
be observed after functionalizing with polydopamine. Furthermore, an
obvious rough surface could be seen from the enlarging image of
Fig. S3b, reflecting the supporting of COF-Ag NPs by sand. To further
observe the particle size and distribution of the Ag NPs on the surface of
COF-Ag NPs@Sand catalyst, TEM coupled with elemental mapping
images was applied. COF with good crystallinity was observed in Fig. 2a.
Ag NPs were stably dispersed on the COF-Ag NPs@Sand catalyst
(Fig. 2b). Ultrafine Ag NPs with a diameter of approximately 5 nm and
an inter-planar spacing of 0.118 nm could be seen from the high solution
TEM image (Fig. 2e), which can be assigned to the (2 2 2) plane of Ag
crystal [25]. Furthermore, the loading of Ag NPs had not altered the
crystallinity morphology of COF. Although the content of Ag is only
5
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Fig. 5. UV–vis spectra and reduction efficiency of the (a) 4-NP, (b) CR, and (c) MB under flow-through catalytic process at pH = 7.

NPs@Sand catalyst exhibited a highly effective and universal catalytic
activity.

process [29]. Furthermore, COF-Ag NPs without sand was used as a
catalyst for control. Although the COF-Ag NPs exhibited a similar TOF of
13.3 h− 1 and the value of Kapp of 0.38 min− 1 compared with COF-Ag
NPs@Sand catalyst for one cycle (Fig. S8), the value of Kapp decreased
by more than 20% after 5 cycles even under high-speed centrifuge due to
the lower density of COF. These results well demonstrated the important
role of sand as the substrate for the recyclability of the catalyst.
Nevertheless, the recyclability process is inefficient. The pouring out and
adding the mixture process spent many times, decreasing the treat
ment efficiency towards organic pollutants. Hence, a continuous cata
lytic process is expected.

3.5. Recyclability examination
The recyclability of the prepared COF-Ag NPs@Sand catalyst was
examined by the five successive cycles experiment. For one cycle, the
mixture was poured out and the fresh mixture containing organic pol
lutants and NaBH4 was added. As shown in Fig. 4a, the value of Kapp was
almost unaltered and only decreased by less than 5%. This result is
mainly due to the stability of the prepared COF-Ag NPs@Sand catalyst
and the fast-self-sedimentary property of sand-based catalyst in the
mixture, avoiding the weight loss of the catalyst during the recyclability
6
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3.6. Flow-through catalytic process of COF-Ag NPs@Sand

COF-Ag NPs@Sand catalyst presented better results than these reported.
For example, in our previous work, SCOF@Ag NPs with Ag NPs size of
ac. 20 nm and loading of 0.95 wt% were synthesized. More than 4 times
Ag contents were needed to obtain a similar catalytic performance [6].
The good performance of our prepared catalyst can be attributed to the
large specific surface areas for supporting abundant small sized Ag NPs
and loosely stacked pore structures for the fast passing through the feed
solution and continuous catalytic reduction of organic pollutants.

Considering the advantage of our fabricated COF-Ag NPs@Sand
catalyst, a continuous flow-through catalytic setup was designed and
applied for the fast-catalytic reduction of organic pollutants (Fig. S9).
Typically, 400 mg COF-Ag NPs@Sand catalyst was added in a PVC tube.
A feed solution containing organic pollutants was pumped through with
the changing fluxes. As shown in Fig. 5a, the absorbance value of 4-NP
decreased to near zero as the feed solution passed through the tube
containing the COF-Ag NPs@Sand catalyst under the flux of 2000 L
m− 2h− 1 (LMH). The reduction efficiency of the catalyst towards 4-NP
was maintained at more than 99% under the flux of 2000 LMH and
decreased to 90 ± 3% as the flux up to 3000 LMH. The reduction effi
ciency was further decreased to 88 ± 3% when the flux was increased to
4000 LMH. The increased flux would decrease the residence and reac
tion time for the 4-NP and catalyst, thus decreasing the reduction effi
ciency [30]. That is, the catalytic performance can be further optimized
through tailoring the concentration of the COF-Ag NPs@Sand catalyst.
Furthermore, the influence of pH on the catalytic performance was
investigated. As shown in Fig. S10, the catalytic performance was un
altered under different pH values, reflecting the good stability of our
prepared catalyst. Besides, the flow-through catalytic performance of
the prepared COF-Ag NPs@Sand catalyst was evaluated by other pol
lutants such as CR and MB. Fig. 5b and 5c presented that the charac
teristic absorbance of CR at 510 nm and MB at 665 nm rapidly
disappeared under the flux of 2000 LMH. Table S2 listed the recently
reported catalysts for the reduction of 4-NP, CR, and MB. Our prepared

3.7. The stability of COF-Ag NPs@Sand catalyst
The stability of the prepared COF-Ag NPs@Sand catalyst was
examined. ICP-MS was applied to measure the release of Ag ions. The
reduction efficiency was almost unaltered and maintained at more than
99% after testing for continuous 24 h (Fig. 6a). A linear relationship
between the release of Ag ions in the filtrate and the permeate volume
could be observed from the Fig. 6b. Only 1.5 ppb Ag ions was detected
after testing for 24 h, which was far below the limit in drinking water
(100 ppb) [6]. The cumulative Ag ions after testing for 24 h in the filtrate
was only 1.6 μg, accounting for 0.34 wt% of the whole content of Ag NPs
on the fabricated catalyst. That is, 99.66 wt% Ag ions were stably
immobilized on the surface of the catalyst. From the image of COF-Ag
NPs@Sand catalyst after catalysis for 24 h, the morphology was still
kept unchanging (Fig. S11). The XRD curve for COF-Ag NPs@Sand
under flow-through experiments after 24 h further reflected the stability
of our prepared catalyst (Fig. S12). The good stability of the catalyst
could be contributed to the strong adhesion of polydopamine [31].

Scheme 2. Catalytic mechanism proposed for explaining the good catalytic performance of our prepared COF-Ag NPs@Sand catalyst.
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Besides, the large-sized sand can effectively prevent the release of cat
alysts on the filtrate.
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3.8. The catalytic reduction mechanism
A mechanism was proposed for explaining the good catalytic per
formance of our prepared COF-Ag NPs@Sand catalyst (Scheme 2). The
unique design of the catalyst plays a critical role. First, COF with a good
electron transfer ability plays as a cocatalyst and provides more activity
sites for catalysis [6]. Second, the substrate sand with good hydrophi
licity and loosely stacked pore structure is in favor of fast passing
through the aqueous solution [29]. Third, COF-Ag NPs can be immo
bilized on the sand through polydopamine chemistry [24,32]. Besides,
the large size of substrates sand can effectively avoid the leaching out of
catalyst during the flow-through catalytic process.
4. Conclusions
In conclusion, covalent organic framework/silver nanoparticles
(COF-Ag NPs) were designed to immobilize on the polydopamine
modified sand to fabricate a COF-Ag NPs@sand heterostructure. A
continuous flow-through process towards three model organic pollut
ants, 4-nitrophenol, Congo red, and methylene blue were carried out
and good catalytic performances with the flux of 2000 L m− 2h− 1 and
more than 99% reduction efficiency were obtained. Furthermore, good
stability and sustainable catalytic ability were exhibited. The good cat
alytic performance of our prepared catalyst can be attributed to the
advantages of sand to immobilize supporting COF-Ag NPs catalysts. Our
strategy for the design of a COF-Ag NPs based catalyst using natural
material as the substrate can extend to other functional catalysts for
organic pollutants treatment.
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