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a b s t r a c t

Surface deposition based on metal-phenolic networks (MPNs) has received increasing interest in recent

years. The catechol structure is generally considered to be essential to the formation of MPNs. Our most

recent results have demonstrated that some kinds of monophenols can form MPNs on substrate surfaces.

Herein, we report a fast and effective surface-coating system based on the coordination of 3-(4-hydroxy-

3-methoxyphenyl)-2-propenoic acid, a kind of monophenol, with Fe3+. Compared with other metal ions

such as Cu2+ and Ni2+, Fe3+ with stronger electron acceptability can coordinate with the monophenol

more strongly to form MPNs, and moreover, the deposition time significantly decreases to 40 min from

generally 24 h. It is demonstrated that the deposition process is controlled by the coordination, Fe3+

hydrolysis, and deprotonation of the monophenol. The coatings endow substrates such as polypropylene

microfiltration membrane with underwater superoleophobicity, which can be applied in oil/water sepa-

ration with high separation efficiency and great long-term stability. In addition, the coated membranes

are positively charged and thus are useful in selective adsorption of dyes. The present work not only pro-

vides a novel, fast, and one-step deposition method to fabricate MPNs, but also demonstrates that the

fabrication efficiency of monophenol-based MPNs is comparable with that of polyphenol-based MPNs.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Surface coatings with multifunctional properties have attracted

great attention in the chemical, physical, and biomedical sciences

[1–4]. To form surface coatings on different materials, various

methods have been studied including surface grafting [5], dip coat-

ing [6], chemical vapor deposition [7], electrospinning [8], layer-by-

layer deposition [9,10], atomic layer deposition [11], polydopamine

(PDA) deposition [12–15] and metal-phenolic networks (MPNs) for-

mation [16–18]. For example, inspired by the adhesive proteins in

mussels, Lee et al. reported thin and surface-adherent PDA coatings

[19]. This method shows some advantages over other techniques,

such as substrate independence and time-saving processes [12].

High cost, dark color and relatively low stability were the main

drawbacks of PDA coatings for practical applications, and they have

been improved to some extent in recent years.

MPNs [16–18] are an emerging class of materials which are

based on metal−ligand coordination. Benefiting from diverse com-

binations of metal ions and phenolic ligands, time-saving process,

and pH-responsive property, MPNs show potential applications in

drug delivery [20], energy storage [21], catalysis [22], membrane
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separation [23], rewritable paper [24], elastomers [25] and self-

healing hydrogels [26]. There are several studies reported the de-

position of diverse MPNs on various substrates by simply immers-

ing the substrates into the mixture solution of metal ions and phe-

nols. The formation mechanism is commonly recognized as fol-

lows: phenols firstly adhere onto the surface of substrates through

hydrogen or hydrophobic interaction, π-π conjugation, and other

interaction force, and then are cross-linked by transition metal ions

[16,27].

Phenols are widely found in plants, and many of them are com-

mercially available as well as cheap [28,29]. Among abundant phe-

nols, tannic acid that has twenty five phenolic hydroxyl groups is

most commonly used to fabricate MPNs, and the catechol structure

is always considered to be essential for the successful construction

of uniform coatings [30–34]. Recently, it has been found that some

kinds of monophenols such as juglone, can form surface coatings

alone or form MPNs on various substrate surfaces [35–38]. As an

example, 3-(4-hydroxy-3-methoxyphenyl)-2-propenoic acid (ferulic

acid, FA), which has only one phenolic hydroxyl group (Fig. 1a), can

coordinate with Cu2+ ions and form MPNs on a wide range of inor-

ganic and organic substrates [37]. However, the FA/Cu2+ system is

time-consuming which requires generally 24 h deposition, and the
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Fig. 1. (a) Chemical structure of 3-(4-hydroxy-3-methoxyphenyl)-2-propenoic acid

(FA) and (b) schematic illustration of the FA/Fe3+ deposition process.

use of Cu2+ may cause environmental and health hazards, limiting

further applications of the resultant MPNs.

In this communication, we report that the Fe3+ ions with

stronger electron acceptability than Cu2+ are conducive to form

MPNs with FA, and significantly shorten deposition time from

about 24 h to only 40 min (Fig. 1b). The coatings endow substrates

such as polypropylene microfiltration membrane (PPMM) with

positive surface charge and underwater superoleophobicity, which

enables applications in anion dyes adsorption and oil/water separa-

tion with high separation efficiency, high flux, and great long-term

stability. This work provides a novel, fast, and one-step deposition

method to fabricate monophenol-based MPNs, and demonstrates

the potential applications of microporous membranes coated with

MPNs.

We chose hydrophobic PPMM as a typical substrate to study the

formation of MPNs from FA and some metal ions. In the one-step

deposition process, FA molecules adhere to the substrate surface

via hydrophobic interaction and π-π conjugation [39,40]. Mean-

while, the oxygen atoms of phenolic hydroxyl group, methoxyl

group, and carboxyl group donate their lone pair electrons to tran-

sition metal ions to form coordination bonds and hence cross-

linked networks with metal ions as the cross-linker [27].

The coordination between transition metal ions and ligands can

be guided by hard and soft acids and bases (HSAB) theory [41,42].

According to the HSAB theory, hard Lewis acids prefer binding with

hard Lewis bases, and vice versa. The hardness of a Lewis acid de-

pends on electron acceptability of the metal ion, which can be

quantified by ionization potential. As shown in Fig. 2a and Table S1

(Supporting information), the order of hardness is Fe3+ > Cu2+ >

Ni2+ > Zn2+, of which Fe3+ is a hard acid and the others are bor-

derline acids. FA can be considered as a hard base for its carboxyl

group and phenolic hydroxyl group. Therefore, it is predictable that

FA prefers to coordinate with hard acids [41]. To prove the specu-

lation mentioned above, the influence of different kinds of metal

ions was investigated.

The ATR-FTIR spectrum of FA/Fe3+-coated PPMM displays char-

acteristic C=O, benzene ring, and C–O bands at around 1650~1600

cm−1, 1510 cm−1, and 1278 cm−1, respectively, revealing the de-

position of FA (Fig. 2b) [37]. The same signals are observed for

FA/Cu2+-coated PPMM, but the intensity of the peaks is much

weaker. When Ni2+ or Zn2+ or no metal ions is used, these sig-

nals cannot be observed. The stronger characteristic bands from FA

in the spectrum of FA/Fe3+ than others suggest the higher FA con-

tent [42]. EDX results (Table S2 and Fig. S1 in Supporting informa-

tion), photographs (Fig. 2b), UV-vis spectra (Fig. S2 in Supporting

information), and FESEM images (Fig. S3 in Supporting informa-

tion) also confirm effective and homogenous deposition of FA/Fe3+,
indicating that the coordination ability between FA and Fe3+ is

stronger than the others. The solution becomes turbid immedi-

ately after mixing FA with Fe3+ (Fig. S4 in Supporting information),

which means rapid formation of FA/Fe3+ coordination complexes.

The FA/Fe3+ solution gets more turbid in the first hour, and the

turbidity shows no obvious increase with the further elongation of

time, demonstrating that the coordination and de-coordination be-

tween FA and Fe3+ has reached a balance after 1 h. However, the

FA/Cu2+ solution is transparent at first and the turbidity increases

slowly with time, indicating the poor coordination capability be-

tween FA and Cu2+. As for FA/Zn2+ and FA/Ni2+, the solutions keep

clear and transparent even after 6 h.

Since the -OH and –COOH groups of FA are hydrophilic, the sur-

face deposition is also a hydrophilization process. Dynamic water

contact angle results show that the nascent PPMM has a stable wa-

ter contact angle of 140° and the PPMMs treated by FA, FA/Ni2+,
and FA/Zn2+ remain hydrophobicity (Fig. 2c). After deposited with

FA/Cu2+, the water contact angle of the membrane decreases to

~90°. The FA/Fe3+-coated PPMM can exhibit superhydrophilicity, on

which water droplets fully spread out in 1 s.

To achieve fast and uniform formation of FA/Fe3+ MPNs and hy-

drophilization via the one-step deposition process, some factors re-

lating to the deposition including pH of buffer solutions, mass ratio

of FA to Fe3+, and deposition time were investigated using PPMM

as a typical substrate. As shown in Fig. S5a (Supporting informa-

tion), the hydrophilicity of the coated PPMMs increases first and

then deceases with pH values. At pH 4.0, 7.0, and 8.0, the water

contact angles of the coated PPMMs are larger than 40°, which re-

duce to ~30° when pH is 5.0. The coated PPMM displays good hy-

drophilicity at pH 6.0, however the resulted MPN is not much uni-

form (Fig. S6a in Supporting information). As for the influence of

the mass ratio of FA to Fe3+, with the increase of FeCl3•6H2O con-

centration from 2:0.5 to 2:8, the membrane surface becomes in-

creasingly hydrophilic; and water droplets penetrate into the mem-

brane completely in 1 s when the ratio reaches 2:8 (Fig. S5c in

Supporting information). UV-vis (Figs. S5b and d in Supporting in-

formation) and EDX results (Tables S3 and S4 in Supporting infor-

mation) are consistent with those of water contact angles. The in-

fluence of deposition time has also been studied. After only 20 min

of deposition, the water contact angle obviously decreases to ~70°
from ~140°; and deposition for 40 min leads to superhydrophilic

membrane surface (Fig. S5e in Supporting information). The re-

quired deposition time is much shorter than FA/Cu2+ system.

The influence of pH and mass ratio is the result of some com-

plicated processes including Fe3+ hydrolysis, FA deprotonation, and

FA/Fe3+ coordination. High pH and Fe3+ concentration facilitate the

formation of insoluble iron hydroxide species, which inhibit the co-

ordination between FA and Fe3+. However, high pH can also pro-

mote the deprotonation of phenolic hydroxyl groups and carboxyl

groups of FA molecules, which will improve the electron donating

ability of oxygen atoms and thus promote coordination [30,43,44].

At pH 5.0 and a mass ratio of 2:8, the suppression of hydrolysis

of Fe3+ and the deprotonation of hydroxyl groups and carboxyl

groups reach a balance, corresponding to an optimal state. The co-

ordination process is rather quick, and the MPNs can be effectively

formed in 40 min to realize superhydrophilicity of PPMM. When

the deposition time is longer than 40 min, there is little differ-

ence in surface hydrophilicity of the modified membranes (Fig. S5e

in Supporting information). Considering that a shorter deposition

time is important for practical applications, we chose 40 min as

the optimal deposition time in the following experiments unless

otherwise indicated.

SEM and XPS were used to characterize surface morphology and

chemical composition of the MPN coatings. The nascent PPMM is

microporous, and its three-dimensional structure produces micro-

sized protrusions on the surface (Fig. 2d and Fig. S7 in Support-

ing information). As for the FA/Fe3+-coated PPMM, in addition to

the micro surface structure, the membrane surface is covered by

numerous nano-sized particles induced by the deposition (Fig. 2e)

although the membrane thickness changes little before and after

the deposition (Fig. S7 in Supporting information). According to the

Wenzel model, the hydrophilicity of a surface is affected by both
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Fig. 2. (a) Ionization potential of various transition metal ions used in this work [42]. (b) Digital photographs, ATR-FTIR spectra, and (c) dynamic water contact angles of

nascent and modified PPMMs (deposition conditions: pH 5.0, FA/metal salt = 1:1, FA = 2.0 mg/mL, deposition time of 12 h). SEM images of (d) the nascent and (e) the

FA/Fe3+-coated PPMM. XPS spectra of the FA/Fe3+-coated PPMM: (f) survey, (g) Fe 2p and (h) O 1s.

surface chemistry and surface roughness [45,46]. Thus, the exis-

tence of both hydrophilic FA/Fe3+ coating and the micro/nano sur-

face structure endows the membrane with superhydrophilicity.

XPS spectra also demonstrate the presence of O and Fe ele-

ments in the coated membrane (Fig. 2f). Two peaks at around 712

eV and 720 eV represent signals of Fe 2p3/2 and Fe 2p1/2, respec-

tively, indicating Fe3+ is the main specie of Fe element (Fig. 2g).

The signal of O 1s can be divided into three peaks at around 539.6,

531.1 and 532.7 eV, which can be assigned to Fe−O, C=O and C−O,

respectively (Fig. 2h). The signal of Fe−O further confirms the co-

ordination interaction between Fe3+ and FA [43,47].

The stability of the FA/Fe3+ coatings towards various organic

solvents, acid, and alkaline solutions has been studied. As shown

in Fig. S6a (Supporting information), after immersed in various

organic solvents for 24 h at room temperature, the color of the

leaching solutions and the membranes remain almost unchanged.

UV-vis spectra show trace amount of extractives, indicating ex-

cellent stability of the coatings towards the studied organic sol-

vents (Fig. S8b in Supporting information). In the range of pH

3.0~9.0, the concentration of the extractives is very low. However,

when pH value is lower than 3.0 or higher than 9.0, the coatings

may disaggregate (Fig. S9 in Supporting information). In fact, pH-

responsiveness is a feature of metal-phenol complexes, which en-

ables them to be applied in drug delivery system and other fields

[16,20].

The surface wettability of polymer membranes is crucial to the

applications in oil/water separation [48–50]. As shown in Fig. 3a,

after prewetted by water, the underwater oil contact angles of the

FA/Fe3+-coated PPMMs towards various heavy and light oils are

all above 150°, indicating excellent underwater super-oleophobicity

and great potentials in oil/water separation [48,51].

In the oil/water mixture separation, three different kinds of

light oils (i.e., n-octane, petroleum ether and toluene) were used.

During the separation, water can permeate through the coated

PPMM, whereas n-octane (dyed red) is isolated above the mem-

brane (Fig. 3b). The studied oil/water mixtures are successfully sep-

arated by the coated membrane with separation efficiencies all

above 99% (Fig. 3c). The membranes can be used repeatedly, and

each separation cycle takes about 18 min for the first 10 cycles of

separation (Fig. S10 in Supporting information).

In the oil/water emulsion separation experiments, five differ-

ent emulsions, including both light and heavy oils, were taken

into investigation (Fig. S11 in Supporting information). Taking

petroleum ether-in-water emulsion as an example, after filtrated

by the coated PPMM, the clear and transparent filtrate of water

is separated from the red milky surfactant-stabilized feed emul-

sion (Fig. 3d). For all oil-in-water emulsions, the total organic car-

bon (TOC) test results show that the separation efficiencies are all

above 99%, and the fluxes are all higher than 140 LMH (Fig. 3e).

Moreover, during 10 cycles of emulsion separation, there is no sig-

nificant decline in both flux and separation efficiency (Fig. 3f).

The surface of FA/Fe3+-coated membrane is positively charged

at pH between 3.0 and 9.0 (Fig. 4a), making it potential for an-

ionic dye adsorption via electrostatic interaction [52]. The direct

red 80 aqueous solution was taken as an example. After perme-

ating through the coated PPMM, the red solution turns into col-

orless, while the coated membrane adsorbs the dye and its color

changes from initial brown to red (inset in Fig. 4b). UV-vis spec-

trum shows that the dye concentration is almost negligible in the

filtrate, demonstrating the high removal efficiency.

The adsorption capacity towards various anionic dyes increases

with the molecular weight and charge of the dyes (Fig. 4c, Figs.

S12, S13 and Table S6 in Supporting information), reaching 0.25,

0.23, 0.10 and 0.03 mg/cm2 for direct red 80, direct yellow 80,

methyl blue, and methyl orange, respectively. The removal efficien-

cies are all above 99%. Besides, the positive surface charge of the

coated membranes decreases with the pH value of the solutions

(Fig. 4a and Fig. S14 in Supporting information), and the adsorption

capacity decreases correspondingly (Fig. 4d). At the same time, it is

reasonable that the modified membrane can barely adsorb cationic

dyes (Fig. S15 in Supporting information).

The above-mentioned results demonstrate that the adsorption

process is mainly driven by the attractive electrostatic interaction

between the positively-charged membranes and the negatively-

charged dyes. Therefore, the FA/Fe3+-coated membrane may have

the potential to separate the mixture of anionic and cationic dyes

by selectively adsorbing the anionic dyes. The mixture solution of

methylene blue (MeB, cationic) and direct yellow 50 (DY, anionic)

was prepared, which turns to blue (the original color of MeB solu-

tion) after being filtrated (Fig. 4e). UV-vis spectra also confirm the

selective adsorption of negatively-charged dyes (Fig. 4f). The ab-

sorption peak of DY at ~430 nm disappears after filtration, which

means the anionic DY molecules have been almost fully removed

from the mixture. Moreover, MeB molecules that are positively

charged can interact with DY molecules and form black precipi-

tates on the membrane surface (Fig. S16 in Supporting informa-
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Fig. 3. Performance of the coated PPMM in oil/water separation. (a) Underwater oil contact angles towards different oils. (b) Digital photographs of the separation setup

incorporating the coated PPMM in the middle. (c) Separation efficiency of different oil/water mixtures. (d) Digital and optical photographs of the emulsion and filtrate. Scale

bar: 50 μm. (e) Fluxes and separation efficiencies of different oil-in-water emulsions. (f) Long-term performance of the coated PPMM for petroleum ether-in-water emulsion

separation.

Fig. 4. Performance of the FA/Fe3+-coated PPMM in anionic dyes adsorption. (a) Zeta potential of the nascent and coated PPMM at various pH values. (b) UV-vis spectra of

the dye solution of direct red 80 and the corresponding filtrate. Insets: digital photographs of the feed and filtrate solutions, and the membrane after filtration. (c) Adsorption

capacity and removal efficiency of the coated PPMM toward different dyes. (d) Adsorption capacity and removal efficiency of the coated PPMM toward direct red 80 solution

of different pH values. (e) Digital photographs and (f) UV-vis spectra of MeB/DY mixture before and after filtration.

tion), which slightly decreases the concentration of MeB in the fil-

trate (~660 nm, Fig. 4f) and leads to the change in the solution

color (Fig. 4e).

In conclusion, we propose a simple, fast, and effective method

to fabricate monophenol-based MPNs. Effects of metal ions (Cu2+,
Zn2+, Ni2+, and Fe3+) on the surface deposition demonstrate that

the Fe3+ ions with stronger electron acceptability are conducive

to the formation of MPNs with FA, and significantly reduce the

deposition time to only 40 min from generally 24 h. Other de-

position parameters such as pH and ligand-to-metal mass ratio

have also been investigated. The results indicate that the forma-

tion of FA/Fe3+ coatings is controlled by the combination effect of

FA/Fe3+ coordination, Fe3+ hydrolysis, and FA deprotonation. The

FA/Fe3+ coatings endow the PPMM with underwater superoleopho-

bicity, which makes the membranes applicable to the separation of

oil/water mixtures and emulsions with high separation efficiency

and excellent long-term stability. Moreover, the coated membranes

are highly positively charged, which can adsorb anionic dyes and

separate them from cationic dyes. Furthermore, taking the advan-

tage of the time-saving and controllable process, FA/Fe3+ MPNs can

be introduced to other fields such as drug delivery system and

nanofiltration.
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