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MOFs loaded zinc phosphate
composite for water-based acrylic coatings with
durable anticorrosion performance on mild steel†

Zesheng Chen,ab Kun-huan He,*b Runzhi Wei,a Yiju Lv,a Zheng Liu*a

and Guo-Cheng Han *c

A new metal–organic framework (MOF) compound [Mn2(2,20-bca)2(H2O)2]n (Mn-MOFs) was successfully

synthesized by solvothermal method, and Mn-MOFs@Zn material was prepared by loading zinc

phosphate onto Mn-MOFs by ball milling, then Mn-MOFs@Zn was added to the water-based acrylic

paint to prepare Mn-MOFs@Zn@acrylic coating. The AC impedance test results showed Mn-

MOFs@Zn@acrylic coating has higher corrosion inhibition performance and stability to mild steel when

compared with blank coating. The impedance modulus of the blank coating in the low frequency region

decreased by 90%, and the Rct showed a trend of first increasing and then decreasing over time, the

maximum Rct was only 303.8 U, which was only Mn-MOFs@Zn@acrylic coating one-seventh of the Rct

value. The artificial scratch experiment showed that the Mn-MOFs@Zn@acrylic coating only slightly

corrodes at the scratches, because Mn-MOFs@Zn material made the coating a self-repairing function

and improved the durable anticorrosion performance of the acrylic coating.
1 Introduction

Organic coatings have been widely used for corrosion protection
of metal substrates due to the barrier effect of organic coat-
ings.1–5 However, the deterioration of the coating during its use
leads to a decrease in its barrier properties. Adding various
types of llers and pigments to the coating is an important
method to extend its service life.6–9 Zinc phosphate is
a commonly used anti-corrosion pigment/ller used to improve
the protective performance of organic coatings. A. C. Bastos
added zinc phosphate as a pigment to the epoxy primer.
Experiments proved that epoxy coatings with zinc phosphate
added have better corrosion inhibition performance than pure
epoxy coatings.10 A. Sakhri introduced zinc phosphate as
a pigment into chlorinated rubber coatings. The experimental
results showed that the introduction of zinc phosphate pigment
signicantly improved the corrosion inhibition performance of
chlorinated rubber coatings on mild steel in salt solutions.11

However, the release of zinc ions and phosphate ions in the
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aqueous solution is insufficient due to the poor water solubility
of zinc phosphate, and the damaged part of the coating cannot
be effectively protected.12–15

Self-healing smart coatings are a newmethod to solve corrosion
problems, which can provide appropriate responses to mechanical
and chemical damage.16 The self-healing ability of polymer coatings
is a way to make them smart, which can provide effective corrosion
protection for metals without manual intervention. Changes in the
external micro-environment (such as pH, magnetic eld, electric
eld, temperature, etc.) or mechanical damage to the coating cause
the micro-containers or nano-containers that store the corrosion
inhibitor or self-healing agent to release the corrosion inhibitor or
self-healing agent.17,18 When cracks appear in the coating, the
corrosive medium spreads to the coating matrix along with the
cracks. At this time, the container responds to environmental stimuli
and releases corrosion inhibitors to repair the damaged area.19–22

Metal–organic framework materials (MOFs) are a class of
inorganic–organic hybrid crystalline materials constructed by
inorganic metal ions and organic ligands through coordination
bonds, intermolecular forces, or hydrogen bonds. They have
structural diversity, high porosity, high specic surface area,
etc., so MOFs can be used as load materials.23,24 K. Y. Cao
synthesized the ceriummetal–organic framework (Ce-MOF) and
used it as a nano container, added benzotriazole (BTA) with
anti-corrosion properties, and nally wrapped Ce-MOF with
tetraethyl orthosilicate (TEOS) to develop self-healing paint. Ce-
MOF@TEOS composites show excellent dispersibility in epoxy
coatings. More importantly, the resulting polymer coating
exhibits effective self-healing function.25 H.W. Tian synthesized
RSC Adv., 2021, 11, 3371–3379 | 3371

http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra09753e&domain=pdf&date_stamp=2021-01-15
http://orcid.org/0000-0002-5943-8547
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra09753e
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA011006


Scheme 1 Synthetic route of Mn-MOFs.

Fig. 1 Crystal structure of Mn-MOFs: (a) molecular structure ellipsoid; (b) coordination polyhedron (50% probability, the H atom in the figure has
been ignored).
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View Article Online
the corrosion inhibitor ATT, and combined the inhibitor with
MOFs material ZIF-8. The experimental results proved that
ATT@ZIF-8 showed better corrosion inhibition performance
than simply adding ATT inhibitors.26 It can be seen that the
MOFs material has good compatibility with the coating.
Therefore, the zinc phosphate is loaded into the MOFs material
and the composite material is used as the pigment of the
coating, on the one hand, the solubility of the zinc phosphate in
the coating can be improved, thereby improving the corrosion
inhibition performance of zinc phosphate, and on the other
hand, the zinc phosphate molecules are gradually released to
realize the self-repairing performance of the coating.
Scheme 2 Preparation route of Mn-MOFs@Zn@acrylic coating.

3372 | RSC Adv., 2021, 11, 3371–3379
In this paper, a quinoline dicarboxylic acid nano metal–
organic frameworks [Mn2(2,20-bca)2(H2O)2]n (Mn-MOFs) powder
materials were prepared by solvothermal method, and then Mn-
MOFs@Zn material was prepared by loading zinc phosphate
onto Mn-MOFs by ball milling; nally Mn-MOFs@Zn was added
to the water-based acrylic paint to prepare Mn-
MOFs@Zn@acrylic coating, scanning electron microscopy and
pH release test were used to study the morphology of Mn-
MOFs@Zn material and the release process of zinc phosphate
in Mn-MOFs@Zn material, and the corrosion resistance of Mn-
MOFs@Zn@acrylic coating to mild steel was studied by elec-
trochemical testing methods.
Fig. 2 The powder X-ray diffraction patterns of as-synthesized Mn-
MOFs (a) and simulated Mn-MOFs (b).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Scanning electron micrograph of materials: (a) Mn-MOFs; (b) Mn-MOFs@Zn.

Fig. 4 Scanning electron micrograph of coatings: (a) pure water-based acrylic coating; (b) Mn-MOFs@Zn@acrylic coating.
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2 Experimental section
2.1 Materials

The composition of the mild steel specimens (weight%) was C
0.160%, Mn 0.530%, Si 0.300%, S 0.045%, P 0.015% and Fe
98.950%. 2,20-Diquinoline-4,40-dicarboxylic acid was purchased
from Haohong Biomedical Technology Co., Ltd. (Shanghai,
China), zinc phosphate, manganese acetate tetrahydrate, triethyl-
amine, N,N-dimethyl formamide (DMF), sodium hydroxide,
sodium chloride, zinc reagent, hydrochloric acid, zinc standard
solution were purchased fromAladdin (China, Shanghai), absolute
ethanol, acetone were purchased from Xilong Chemical Co., Ltd.
(China, Guangdong), water-based acrylic was purchased from
Yoshida Chemical Co., Ltd. (China, Guangdong).
Fig. 5 State diagrams of suspensions of Mn-MOFs@Zn at different pH
values (from left to right pH ¼ 2, 5, 7, 9, 12).
2.2 Preparation of Mn-MOFs

Scheme 1 shows the synthetic route of Mn-MOFs material.
3 mmol (1.0350 g) 2,20-bisquinoline-4,40-dicarboxylic acid was
dissolved in 10 mL DMF solution, placed in a 50 mL beaker,
20 mL of distilled water containing 6 mmol (1.4761 g)
Mn(CH3COO)2$4H2O was added to the beaker, the solution was
magnetically stirred at room temperature for 10 min, adjusted
to pH ¼ 6 with triethylamine, and continued stirred for 30 min;
the mixed solution was transferred to a 50 mL reaction kettle
with a polytetrauoroethylene bottle, and heated to 120 �C in an
oven for 6 h. Aer 6 h, the oven was closed and slowly cooled to
room temperature, a large amount of yellow-brown powder was
© 2021 The Author(s). Published by the Royal Society of Chemistry
generated. The mixed solution was centrifuged, and then the
solids were washed alternately with absolute ethanol and
acetone, and dried in vacuum at 50 �C for 6 h to obtain 2.3761 g
of powdered Mn-MOFs. The yield was 80.49% (based on Mn).
The crystal structure of Mn-MOFs is shown in Fig. 1.
2.3 Preparation of Mn-MOFs@Zn

3.0 g of Mn-MOFs and 9.0 g of zinc phosphate were placed in
a 50 mL beaker, then 45 g of distilled water and 4.5 g of SN-5040
dispersant were added in sequence, and magnetically stirred at
RSC Adv., 2021, 11, 3371–3379 | 3373
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Fig. 6 Controlled release profiles of Mn-MOFs@Zn at different pH
values.
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View Article Online
room temperature for 1 h; the mixed solution was transferred to
a ball mill for 400 rpm grinding speed for 1 h. Aer grinding,
the mixed slurry was centrifuged, washed with absolute ethanol
three times, and dried in a vacuum drying oven at 50 �C for 6 h
to obtain Mn-MOFs@Zn.
2.4 Preparation of Mn-MOFs@Zn@acrylic coating

Scheme 2 shows the preparation route of Mn-
MOFs@Zn@acrylic coating. 0.1035 g (0.5 wt%) Mn-MOFs@Zn
Fig. 7 Nyquist plots of two coatings at different immersion times: (a) the
the Mn-MOFs@Zn@acrylic coating.

3374 | RSC Adv., 2021, 11, 3371–3379
were placed in 2 mL of distilled water, stirred and dispersed
with a glass rod for 5 min, and then added to 20 mL of E0512
water-based acrylic varnish, ultrasonically dispersed for 15 min;
the organic coating was applied to the pretreated mild steel
surface with a brush, and the coating was cured at room
temperature for 7 days, and manually scratched with a utility
knife. The thickness of the coating is 50 mm.
2.5 Characterization of materials

X'Pert3 Powder typemultifunctional X-ray diffractometer (Cu target,
l ¼ 1.54056 Å) was used to collect X-ray diffraction data of Mn-
MOFs; eld emission scanning electron microscope (Zeiss Sigma
300) was used to characterize the microstructure of Mn-MOFs and
Mn-MOFs@Zn; the eld emission scanning electron microscope
(SU 5000) was used to observe the surface morphology of the
coating and the dispersion of the Mn-MOFs@Zn in the coating.
2.6 pH-Responsiveness and its corrosion inhibitor release
tracking test

Appropriate amount ofMn-MOFs@Znwas dispersed in 4mL 3.5%
NaCl solution with pH ¼ 2, 5, 7, 9, 12, and sonicated for 2 min at
room temperature, and the state of the suspension aer sonication
was recorded by a digital camera. This data was used to explore the
pH responsiveness of Mn-MOFs@Zn. The content of zinc ions in
the solution was tested by the method specied in the Chinese
national standard GB/T 10656-2008. The specic content of the
pure water-based acrylic coating; (b) the Mn-MOFs@acrylic coating; (c)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Bode plots of two coatings at different immersion times: (a) the pure water-based acrylic coating; (b) the Mn-MOFs@acrylic coating; (c)
the Mn-MOFs@Zn@acrylic coating.
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method was to use zinc reagent spectrophotometry under the
conditions of pH 8.0 and 9.5(by measuring the absorbance A value
corresponding to different zinc contentm to establish a calibration
curve, the linear equation is A ¼ 7.6114m + 0.2338, R ¼ 0.987) to
determine the content of zinc ions in the solution at different
times; draw a pH-responsive controllable release curve to track the
release of zinc phosphate. The following formula was used to
calculate the release rate (Q) of zinc phosphate:

Q% ¼ (m2/m1) � 100% (1)

where, m1 and m2 are the total zinc phosphate loading in Mn-
MOFs@Zn (mg) and the release amount of zinc phosphate in
Mn-MOFs@Zn (mg), respectively.
2.7 Electrochemical testing of coatings

CHI760-E electrochemical workstation was used for electro-
chemical measurement. In this paper, a time gradient experi-
ment was carried out. Since the polarization test would destroy
the sample, it was not appropriate to conduct the polarization
test. Instead, the AC impedance method was used to conduct
the electrochemical test. A three-electrode system is adopted, in
which the low carbon steel plate coated with Mn-
MOFs@Zn@acrylic coating (with articial scratches) is the
working electrode (WE), the platinum wire electrode (with an area
of 1 cm2) is the auxiliary electrode (CE), and the saturated calomel
© 2021 The Author(s). Published by the Royal Society of Chemistry
electrode (SCE) is the reference electrode (RE). WE was immersed
in 3.5% NaCl corrosion solution for 2400 s until the system
reached a steady state and the open circuit potential (EOCP) value
was measured. Aer the equilibrium state EOCP is established,
electrochemical impedance spectroscopy (EIS) measurements are
performed. For electrochemical impedance spectroscopy (EIS) test,
the initial potential is set to open circuit potential, the high
frequency of the AC impedance spectroscopy test is set to
100 000Hz, the low frequency is set to 0.01Hz, the amplitude is set
to 0.005 V, and the sensitivity is set to automatically adjust the
sensitivity. The electrochemical parameters of AC impedance
spectroscopy are tted by ZView impedance tting soware.
3 Results and discussion
3.1 XRD analysis of Mn-MOFs

Fig. 2 is the PXRD pattern of Mn-MOFs. As shown in Fig. 2, line a is
the diffraction peak tested in the experiment, and line b is the
diffraction peak simulated by the mercury soware. By comparing
the experimentally tested diffraction peaks of polycrystalline powder
samples with the simulated diffraction peaks of a single crystal, it can
be seen that the positions of the peaks are basically the same, indi-
cating that the powdered Mn-MOFs had been successfully synthe-
sized. At the same time, the average grain size of the sample was
calculated 48.8 nm by Jade 5.6 soware, indicated that the sol-
vothermalmethod canpreparenanomaterialswith uniformparticles.
RSC Adv., 2021, 11, 3371–3379 | 3375
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Fig. 9 Phase angle diagram of two coatings under different soaking times: (a) the pure water-based acrylic coating; (b) the Mn-MOFs@acrylic
coating; (c) the Mn-MOFs@Zn@acrylic coating.
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3.2 Analysis of surface topography

Fig. 3 is the micro-topography of the material. As shown in
Fig. 3(a), Mn-MOFs have a tubular structure, the nozzles are
neat and not rough, and the lengths are different. The average
diameter and length of Mn-MOFs calculated by ImageJ soware
are 98 nm and 113 nm, respectively; it can be seen from Fig. 3(b)
that the Mn-MOFs@Zn have a needle-like structure, and the
image shows that the needle-like particles of Mn-MOF loaded
with zinc phosphate are stacked together to form a block
structure. For materials with needle-like structures, it can be
better cross-stacked to form a denser structure, which can better
play the function of llers and effectively ll the gaps formed by
the acrylic coating during the curing process.

Fig. 4 is a scanning electron micrograph of the coating. From
Fig. 4(a), it can be seen that the surface of the pure water-based
acrylic coating without any llers is at and uniform; the
surface of the Mn-MOFs@Zn@acrylic coating in Fig. 4(b) is at,
and Mn-MOFs@Zn is evenly distributed on the coating. In the
layer, no agglomeration and micro-defects were observed,
which indicates that Mn-MOFs@Zn has good compatibility
with water-based acrylic resin at 0.5 (wt%) addition.
Fig. 10 Equivalent circuit diagram for two coatings under different
soaking times.
3.3 Analysis of pH-responsiveness and its corrosion
inhibitor release tracking

Fig. 5 and 6 are the suspension state diagram of Mn-MOFs@Zn at
different pH and the controlled release curve diagram of zinc
3376 | RSC Adv., 2021, 11, 3371–3379
phosphate, respectively. It can be seen from Fig. 5 that at pH 2 and 12,
the suspension solution is relatively clear, indicating that the Mn-
MOFs@Zn disintegrates rapidly under strong acid or alkali condi-
tions; the suspension is relatively turbid at pH 5 and 9, which indicates
thatMn-MOFs@Zn is relatively stable underweak acid andweak alkali
conditions, and the disintegration rate is relatively slow. It can be seen
from Fig. 6 that under the conditions of pH ¼ 8.5 and 9, the release
rate of Mn-MOFs@Zn to zinc phosphate has basically the same trend
as a whole. Aer 570min, 38.6% of zinc phosphate was released from
Mn-MOFs@Znat pH¼ 8.5, and 42.1%of zinc phosphatewas released
from Mn-MOFs@Zn at pH ¼ 9. All in all, Mn-MOFs@Zn can slowly
release zinc phosphate in a weakly alkaline environment. Since the pH
of actual seawater is weakly alkaline, this indicates thatMn-MOFs@Zn
has great potential in inhibiting seawater corrosion.
3.4 Analysis of anti-corrosion performance of Mn-
MOFs@Zn@acrylic coating

Fig. 7–9 are the Nyquist diagram, Bode diagram and phase
angle diagram of the pure water-based acrylic coating and the
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 EIS parameters for two coatings under different soaking times

Time (h) Rc (U cm2)

Ccoat

Rct (U cm2)

Cdl

Y1 (�10�6 Sn U�1 cm�2) n1 Y2 (�10�6 Sn U�1 cm�2) n2

Pure water-based acrylic coating 0 715.8 0.13 0.99 149.2 255.15 0.78
24 153.9 33.70 0.69 303.8 76.89 0.70
48 10.68 51.53 0.73 185.8 145.19 0.77
96 33.34 72.12 0.73 153.8 155.54 0.74

120 20.72 3.90 0.99 91.69 340.95 0.74
240 6.24 10.81 0.98 55.51 467.50 0.74

Mn-MOFs@acrylic coating 0 1475 0.02 0.91 106.1 11.98 0.99
24 102.9 20.08 0.72 1254 21.19 0.70
48 18.52 0.028 0.99 1035 287.91 0.72
96 709.6 346.72 0.78 355.4 2421.40 0.64

120 35.1 0.88 0.99 293.9 95.29 0.71
240 31.83 1.48 0.97 152.9 348.19 0.69

Mn-MOFs@Zn@acrylic coating 0 48.87 0.57 0.67 1061 207.69 0.80
24 40.35 21.16 0.79 1477 84.75 0.80
48 69.11 32.46 0.72 1741 94.53 0.77
96 48.8 9.18 0.62 1836 172.94 0.71

120 26.45 0.12 0.97 2181 338.15 0.72
240 75.88 33.98 0.70 2330 101.49 0.76
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Mn-MOFs@Zn@acrylic coating in 3.5% NaCl under different
immersion times. In the AC impedance spectroscopy test, it is
generally believed that the larger the radius of the capacitive
reactance arc, the larger the impedance value of the sample,
which can prevent charge transfer more effectively, and the
corrosion resistance is stronger;27 the impedance mode at low
frequency (0.01 Hz) can be used to explain the ability of the
coating to inhibit the ow of the circuit between the anode and
the cathode. The larger the impedance modulus is, the better
the anti-corrosion performance of the coating will be.28 It can be
seen from Fig. 7 that the capacitive arc radius of the pure water-
based acrylic coating decreased sharply aer being immersed
for 24 h, and the capacitive arc radius of the Mn-MOFs@acrylic
coating decreased slowly aer being immersed for 48 h. The
capacitive arc radius of the Mn-MOFs@Zn@acrylic coating
increased with the increase of the immersion time, indicating
that the zinc phosphate was successfully released and a new
protective lm had been formed on the scratches, which delays
the further corrosion of mild steel.

As shown in Fig. 8, aer 240 h of immersion, the impedance
modulus value of the pure water-based acrylic coating and Mn-
MOFs@acrylic coating in the low frequency region decreased
from 103 U cm2 to 102 U cm2, while the impedance modulus
value of the Mn-MOFs@Zn@acrylic coating in the low
frequency region still remained above 103U cm2, indicating that
the presence of zinc phosphate improves the corrosion resis-
tance of the coating. It can be seen from Fig. 8 that in all
immersion times, the curve has two time constants. The low-
frequency time constant should be attributed to the corrosion
process at the metal/coating interface, while the high-frequency
time constant is attributed to the coating.29 Fig. 9(a) and (b)
shows that as the immersion time increases, the time constant
shis to low frequency, which indicates that the protective
performance of the coating on the low carbon steel is gradually
© 2021 The Author(s). Published by the Royal Society of Chemistry
lost, and the coating and the metal interface gradually occur
corrosion. Fig. 9(c) shows that the time constant is concentrated
in the mid-frequency region, indicating that the Mn-
MOFs@Zn@acrylic coating has better corrosion protection
performance than pure water-based acrylic coating. This is
because the micro-domain pH change caused by corrosion
triggers the release of zinc phosphate from the Mn-MOFs@Zn
material, and the released zinc phosphate can be adsorbed on
the corroded area and form a protective lm to prevent
corrosion.

The equivalent circuit diagram (Fig. 10) was used to t the ac
impedance spectrum test data to obtain electrochemical
parameters, including coating resistance (Rc), charge transfer
resistance (Rct), double layer capacitance response parameter
Ccoat (Y1, n1) on electrolyte/mild steel substrate interface, and
charge transfer capacitance response parameter Cdl (Y2, n2), the
tting data are listed in Table 1. In the equivalent circuit
diagram, Rs is the solution resistance, Rc is the coating resis-
tance, and Rct is the charge transfer resistance. Since the
interface between the metal and the solution is not an ideal
capacitor, constant phase components Ccoat and Cdl are
introduced.

It can be seen from Table 1 that as the immersion time
increases, the total polarization resistance Rt (Rt ¼ Rc + Rct) of
the pure water-based acrylic coating and the Mn-MOFs@acrylic
coating decreases, while the Rt value of the Mn-
MOFs@Zn@acrylic coating increases with it increases with
the increase of time, which indicates that Mn-MOFs@Zn have
fast pH-response characteristics and can repair the damaged
parts of the metal in time to extend the protective effect of the
coating on the mild steel.

Fig. 11 shows the surface morphology of the two coatings
aer being immersed in 3.5% NaCl for 240 h in the articial
scratch experiment. It can be seen from the gure that the
RSC Adv., 2021, 11, 3371–3379 | 3377
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Fig. 11 Corrosion comparison chart of two coatings after being soaked in 3.5% NaCl for 240 h: (a) pure water-based acrylic coating; (b) Mn-
MOFs@Zn@acrylic coating.
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scratched area of the pure water-based acrylic coating has
obvious corrosion, and a large amount of reddish brown rust
accumulates in the scratched area. The Mn-MOFs@Zn@acrylic
coating has also been corroded to a certain extent aer long-
term immersion, but compared to the pure water-based
acrylic coating, the Mn-MOFs@Zn@acrylic coating has a lower
degree of corrosion, indicating that the Mn-MOFs@Zn@acrylic
coating has good self-repairing performance. It can effectively
protect mild steel and extend its service life.

4 Conclusions

The Mn-MOFs was successfully prepared and zinc phosphate
was loaded into the material which had excellent pH response
performance. When the pH of the system changes, the Mn-
MOFs@Zn can quickly collapse and release zinc phosphate.
The acrylic coating with self-healing function was successfully
prepared by adding Mn-MOFs@Zn. The experimental results
prove that the corrosion inhibition performance of the Mn-
MOFs@Zn@acrylic coating was signicantly improved
compared with the pure water-based acrylic coating. When the
Mn-MOFs@Zn@acrylic coating was damaged, it can quickly
release zinc phosphate, and can repair the damaged parts of the
metal in time to extend the protective effect of the coating on
the mild steel. Therefore, Mn-MOFs@Zn@acrylic coating may
be a potential candidate material for carbon steel protection.
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