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ABSTRACT

Molecular imprinting technique is widely applied for molecular recognition in many fields is due
to the creation of the recognition sites on a polymer scaffold. The creation of synthetic polymers
can specifically recognise template molecules with considerable challenge and potentially reward-
ing objective. In this work, polydopamine (PDA)/Fe-metal organic framework (MOFs)/reduction
graphene oxide (RGO) were prepared by the self-polymerization of dopamine (DA) under mild
conditions on the Fe-MOFs/RGO surface. Scanning electron microscopy, Fourier transform infrared
(FT-IR) analysis, and transmission electron microscopy were used for the characterization of PDA/
Fe-MOFs/RGO. The optimum conditions for the selective and high removal of phenol were studied
according to the effects of the dosage of PDA/Fe-MOFs/RGO, pH, initial phenol concentration,
contact time and temperature. The results showed that PDA/Fe-MOFs/RGO had high adsorption
capacity and good selectivity for the removal of phenol. The adsorption process of phenol onto
PDA/Fe-MOFs/RGO was consistent with the pseudo-second-order kinetic model and contained
both the surface adsorption and intraparticle diffusion.

Keywords: Metal organic framework; Graphene; Selective adsorption; Phenol; Surface imprinted

polymers

1. Introduction

Molecularly imprinted polymers (MIPs) can provide
artificial receptor-like recognition sites for template mole-
cules [1,2] and have been widely applied in the separation
and purification [3], catalysis [4] and biosensing [5] owing to
their high selectivity. The traditional preparation method of
MIPs is to dissolve the template molecules, functional mono-
mers, crosslinkers and initiators in a certain proportion in
the solvent (pore forming agent). After polymerization, the
template molecules are eluted under certain reaction condi-
tions. Although the operation is simple, the resulting MIPs
have some problems such as uneven particle size, deep
embedding of imprinted molecules, slow mass transfer rate
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and poor regeneration effect. Surface molecular imprinting
technology overcomes the shortcomings of the traditional
preparation method [6]. The recognition sites are built
on the surface of the carrier or near the surface [7], which
improves the recognition efficiency and binding speed
between imprinted polymers and imprinted molecules, and
has the advantages of faster adsorption kinetics and higher
adsorption capacity [8].

Metal organic framework (MOFs) material is a porous
material [9] with periodic network structure formed by metal
ions and organic ligands under certain conditions. It has a
lot of characteristics, such as large surface area, high poros-
ity, structure order and so on [10]. Su et al. [11] prepared the
magnetic Fe,0,@5i0,@MOF/TiO, core-shell nanoparticles,
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which showed high adsorption capacity and fast recognition
ability for the three azole fungicides in environmental water
samples. Qian et al. [12] was used MOEF-5 as the imprinted
matrix to synthesize a MOF-5@MIP composite with MOE-5 as
the matrix, which is under a high adsorption capacity for the
template. Liu et al. [13] prepared the MIL-101@MIP core-shell
molecular imprinted polymer simply and quickly by one pot
polymerization, which had high adsorption capacity and
good selectivity for pyrroliane-3-formic acid. These surface
molecular imprinted composites based on MOFs have good
stereotactic compatibility with the template molecules on
the surface of MOFs, making the template molecules closer
to the three-dimensional holes in molecular imprinting, thus
showing good selective adsorption properties. At present,
there are relatively few reports on the preparation of MIPs
on the surface of MOFs. At present, the graphene oxide (GO)
has been paid more attention owing to its large specific sur-
face area, chemical stability, abundant pore size distribution
[14]. In addition, GO has also the excellent selective adsorp-
tion ability through the strong m—m interaction with aromatic
compounds containing benzene ring [15]. Hence, GO is a
promising adsorbent for removing aromatic compounds in
water treatment. The relationship between MOFs and reduc-
tion graphene oxide (RGO) might mitigate the poor stability
and weak dispersive forces of MOFs [16]. Owing to the favor-
able attributes of graphene surfaces and high porosity and
tunability of MOFs, MOFs/RGO composites were stable and
showed high adsorption capacity in the field of adsorption
and separation [17,18]. Therefore, the great significance to
explore the MIPs based on MOFs/RGO composite.

In this work, polydopamine (PDA)/Fe-MOFs/RGO was
prepared by self-polymerization of dopamine (DA) on the
Fe-MOFs/RGO surface of the alkaline condition, in which
Fe-MOFs/RGO was invoked as the carrier, phenol as a tem-
plate molecule and DA as a functional monomer. Selective
adsorption properties of PDA/Fe-MOFs/RGO for phenol
were studied. The results were showed that PDA/Fe-MOFs/
RGO had high adsorption capacity and good selectivity for
phenol.

2. Experimental setup
2.1. Reagents and characterization

Graphite powder, terephthalic acid, glacial acetic acid
and ferric chloride hexahydrate were purchased from
Sinopharm Chemical Reagent Co. Ltd. (Shanghai, China).
3-Hydroxytyramine hydrochloride and phenol were obtained
from Shanghai Makclin Biochemical Co. Ltd. (Shanghai,
China).

UV-vis absorption spectra of phenol were found on a
UV-2600 UV-vis spectrophotometer (Shimadzu Corporation,
Japan). Scanning electron microscopy (SEM) and energy
dispersive spectrum were measured by a scanning electron
microscope (JEOL JSM-6700F, Japan). Transmission elec-
tron microscopy (TEM) was recorded on a transmission elec-
tron microscope (Tecnai G2F20 S-Twin, FEI, USA). Nitrogen
adsorption—desorption analysis was done with a specific sur-
face area and porosity analyser (ASAP2020M, China). Fourier
transform infrared (FT-IR) spectra were got by a Bruker
Vertex 70 FT-IR spectrometer (Bruker Optics, Germany).

2.2. Synthesis of Fe-MOFs/RGO composite

RGO was synthesized by Hummer’s method [19]. In
brief, in an ice bath, 10 g of graphite powder and 5 g of
sodium nitrate were added into the concentrated sulfuric
acid to mix evenly and 30 g of KMnO, was added while
stirring. Then, the mixture was reacted for 30 min at 35°C,
and the unreacted potassium permanganate and manganese
dioxide were neutralized in 30% of H,O, solution until the
color of the mixture changed from brown to bright yellow.
Graphite oxide was achieved after filtration and washing.
600 mg of the obtained GO was dispersed in water. GO
could be reduced by adding appropriate hydrazine hydrate
and stirring for 10 h at 80°C. After filtration and washing,
RGO was got.

Fe-MOFs/RGO composite was synthesized according to
Jin’s method [20]. Briefly, terephthalic acid, iron(III) chloride
hexahydrate and acetic acid glacial were mixed uniformly
with RGO dispersion. Then the mixture was heated at 150°C
for 2 h. Finally, Fe-MOFs/RGO power can be got at 80°C
for 10 h.

2.3. Synthesis of PDA/Fe-MOFs/RGO composite

Solution A was obtained by dissolving 0.165 g of phe-
nol in 40 mL of ethanol. Solution B was got by dissolving
400 mg DA in 360 mL Tris buffer solutions (pH = 8.5). After
mixing the solutions A and B, 100 mg of RGO/Fe-MOFs were
added. Then the self-polymerization of DA was triggered
and maintained at 25°C for 8 h with continuous stirring.
After filtrating and eluting with ethanol, PDA/Fe-MOFs/
RGO composite was collected, dried at 80°C.

2.4. Effects of adsorption performance

Effects of dosage of PDA/Fe-MOFs/RGO, initial phe-
nol concentration, contact time and other experimental
parameters on the adsorption of phenol were investigated.
The amount of phenol was adsorbed per unit mass of
the adsorbent (7) and the removal rate for phenol can be
calculated by using the following equations:

C.-C)Vv
.= M

(Ci _Ce)

Removal (%) = x 100 (2)

i

where C, is the initial concentration of phenol (mg L™), C,
is the equilibrium concentration of phenol (mg L), V is the
volume of solution (L), and W is the mass of absorbent (g).

2.5. Selective recognition experiments

During the selective recognition of phenol, 20 mg L~
of coexisting compounds (phenol, methylene blue, p-nitro-
phenol, benzoic acid and hydroquinone) were treated. The
distribution coefficients (K)) and selectivity coefficients (k)
of methylene blue, p-nitrophenol, benzoic acid and hydro-
quinone with respect to phenol can be obtained depending
on the Egs. (3) and (4) [21].
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where C, (mg L) represents the equilibrium concentration
of each compound and X is the interfering compound.

3. Results and discussion
3.1. Characterization of PDA/Fe-MOFs/RGO composite
3.1.1. Morphological characterization

The morphology of the different products can be obser-
ved by SEM and TEM. Fe-MOFs presented octahedral struc-
ture (Fig. 1a) and were well grown on two-dimensional RGO
nanosheets (Fig. 1b), which were similar to the literature [20].
After the self-polymerization of DA, the surface morphology
of Fe-MOFs/RGO changed. The spherical particles were
formed, which were suggested by the introduction of PDA

on the surface of Fe-MOFs/RGO (Fig. 1c). Fig. 1c shows the
TEM of PDA/Fe-MOFs/RGO, which also indicated PDA/
MOF composites were coated on the graphene sheets.

3.1.2. FT-IR spectrum analysis

Fig. 2 shows the FT-IR spectra of different samples at dif-
ferent vibration regions. In the spectra of RGO and Fe-MOFs/
RGO, the following characteristic peaks were observed:
O-H stretching vibrations (3,000~3,500 cm™), C=C stretching
or skeletal vibrations from unoxidized graphitic domains
(approx. 1,570 cm™), O-H bending vibrations from hydroxyl
groups (approx. 1,400 cm™), and alkoxyl (approx. 1,052 cm™)
[22-24]. The peaks between 1,610 and 1,292 cm™ are the
stretching vibrations of the C=C and the phenolic C-OH
stretching vibration of PDA, respectively [25]. An infrared
band centered at 1,510 cm™ was from N-H scissoring [26].
Absorption peaks in 3,200-3,400 cm™ were wider, which was
due to the formation of hydrogen bonds between molecules
[27]. These results showed that PDA was self-polymerized on
the surface of the Fe-MOFs/RGO and PDA/Fe-MOFs/RGO
composite was formed.
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Fig. 1. (a) SEM of Fe-MOFs, (b) Fe-MOFs/RGO, (c) PDA/Fe-MOFs/RGO and (d) TEM of PDA/Fe-MOFs/RGO.
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Fig. 2. (a) FT-IR spectrum of RGO, (b) Fe-MOFs/RGO and
(c) PDA/Fe-MOFs/RGO.

3.1.3. Branuett—Emmett-Teller analysis

Table 1 shows the result of Branuett-Emmett-Teller.
From Table 1, it can be seen that PDA/Fe-MOFs/RGO had
higher pore volume and average pore diameter compared to
that of RGO and Fe-MOFs/RGO which helped in providing
many channels for the pollutants adsorption and favoured
their immigration into the pores [28].

3.2. Effect on adsorption of phenol
3.2.1. Effect of dosage of PDA/Fe-MOFs/RGO

Adsorbent dose is a significant factor to be taken into
account for the effective removal of organic pollutant as it can
affect the adsorption equilibrium of the system [29]. Different
amounts of PDA/Fe-MOFs/RGO were added in 20 mg L
phenol solution for 1 h. As shown in Fig. 3, with the increase
of PDA/Fe-MOFs/RGO dosage, the removal rate of phenol
increased, which can be attributed to the increase of surface
area and adsorption site. When the PDA/Fe-MOFs/RGO
dosage was more than 125 mg L7, the effect on the phenol
removal rate changed little. So 125 mg L™ of PDA/Fe-MOFs/
RGO was chosen as the dosage of the adsorbent.

3.2.2. Effect of initial concentration of phenol

125 mg L PDA/Fe-MOFs/RGO was added to phenol
solution in the range of 8-32 mg L™ and adsorbed for 1 h.
The results are shown in Fig. 4. As shown in Fig. 4, the
removal rate of phenol was gradually decreased with the
increase of the initial phenol concentration. The reason

Table 1
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Fig. 3. Effect of adsorbent dose for phenol removal.
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Fig. 4. Effect of initial concentration of phenol for phenol removal.

may be that, most of the original cavities on the surface of
PDA/Fe-MOFs/RGO were blocked by the phenol molecules
with the increase of phenol concentration, which reduced
the number of holes.

3.2.3. Effect of pH

125 mg L' of PDA/Fe-MOFs/RGO was added in 20 mg L™
phenol solutions under different initial pH and adsorbed for
1 h. The results are shown in Fig. 5. It could be concluded
that pH had an obvious effect on phenol adsorption. Before

Specific surface area, pore volume and pore diameter of the prepared samples

Sample Pore diameter m/nm Specific surface area m* g™ Pore volume cm® g™
RGO 6.53 164.77 0.2691
Fe-MOFs/RGO 7.08 152.93 0.2937
PDA/Fe-MOFs/RGO 10.17 181.93 0.3537
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Fig. 5. Effect of pH on removal of phenol on PDA/Fe-MOFs/RGO.

phenol was attached on the surface of PDA/Fe-MOFs/RGO,
it had a dissociation process as shown in Eq. (5).

PhOH=PhO™ +H' ®)

pH values affected the degree of ionization and adsorp-
tion of phenol. At a low pH value, PDA/Fe-MOFs/RGO
was positively charged due to the protonation of PDA and
increased the adsorption of phenolic ions. The pH value is
higher than 5, the deprotonation of PDA/Fe-MOFs/RGO
made the adsorbents negatively charged, which imposed
repulsion with the phenolic ions and was unfavorable for
phenol adsorption. So a pH value of 5.0 was established in
most appropriate.

3.2.4. Effect of temperature

The removal rate of phenol was influenced by the
temperature. As shown in Fig. 6, when temperature was
varied in the range of 20°C-60°C, the removal rate of phe-
nol was decreased with the increase of temperature, which
may be owing to abating of forces between adsorptive sites
of adsorbent and adsorbate [30]. Kilic et al. [31] and Singh et
al. [32] was designated the same results for the adsorption of
phenol. Therefore, 20°C was selected for additional studies.

3.2.5. Effect of contact time

At 20°C, contact time was affected by the removal of
phenol (Fig. 7). From Fig. 7, it can be clearly seen that the
removal rate for phenol is increased with increasing contact
time. Most of the phenol can be removed in the first 10 min
and the equilibrium was reached after 60 min for PDA/
Fe-MOFs/RGO, Fe-MOFs/RGO and RGO. Among the three
kinds of materials, PDA/Fe-MOFs/RGO showed the high-
est adsorption rate owing to its large specific surface area
and good molecular matching.

3.2.6. Adsorption mechanism and kinetics

The removal of phenol in different phenol solution is
shown in Fig. 8. To quantify the changes of phenol adsorption
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Fig. 6. Effect of temperature on removal of phenol on PDA/
Fe-MOFs/RGO.
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Fig. 7. Removal of phenol on (a) PDA/Fe-MOFs/RGO,
(b) Fe-MOFs/RGO and (c) RGO.
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Fig. 8. Removal of phenol in different phenol solution.
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with time on PDA/Fe-MOFs/RGO, pseudo-second-order
equation [Eq. (6)] was adapted to describe the adsorption
of phenol.

t 1 t
t_tr .t 6
q, ki 4, ©

where g, is the amounts of adsorbate adsorbed at equilibrium
and g, (mg g™') is the amounts of adsorbate adsorbed at any
time ¢ (min). The constant k (g mg™ min™) is the adsorption
rate constant of pseudo-second-order adsorption. Values
of t/q, are plotted against ¢ as shown in Fig. 9. According to
pseudo-second-order model, fitting kinetics parameters of
adsorption of phenol on the PDA/Fe-MOFs/RGO are pre-
sented in Table 2. According to the R? values, it indicated
that the pseudo-second-order kinetic model could describe
the adsorption process of phenol onto PDA/Fe-MOFs/RGO
properly.

Weber and Morris [33] was provided the intraparticle
diffusion model, in which the rate for intraparticle diffusion
by the relationship between g, and square root of time ¢
as shown in Eq. (7).

172

q, = kigty +C, @)
where k , (mg g™ h™’) is the intraparticle diffusion rate con-
stant and C, is associated to the boundary layer thickness.
According to the intraparticle diffusion model, if g, vs. f,, is
linear, which proves intraparticle diffusion is occurred, and
if the plot passes through the origin, the rate limiting process
is only due to the intraparticle diffusion. Otherwise, some
other mechanism can also be involved along with intraparti-
cle diffusion. From Fig. 10, it can be seen that g, vs. t, , is not
linear, implying that the intraparticle diffusion along with
surface adsorption was affected by the adsorption of phenol.

3.3. Selectivity study

Competitive adsorption can be used to determine whether
imprinted polymers have specific recognition for template
molecules. The distribution coefficients K, and selectivity
coefficients k of phenol relative to some interfering mol-
ecules are shown in Table 3. As can be seen from Table 3,
K, values of PDA/Fe-MOFs/RGO was higher than the other
interfering molecules. In addition, k value of PDA/Fe-MOFs/
RGO for methylene blue, p-nitrophenol, benzoic acid and
hydroquinone are great. These above facts are suggested
the adsorption abilities of PDA/Fe-MOFs/RGO for phenol
are very strong and far stronger than that for these interfer-
ing molecules. The reason was that the cavities imprinted
by phenol were non-matched to these interfering molecules,

Table 2
Fitting kinetics parameters of adsorption of phenol

C, (mg L) q,(mgg™) k (g mg™ min™) R

10 77.88 7.95 x 107 0.9999
20 157.48 1.68 x 107 0.9998
40 235.29 3.06 x 10 0.9999

suggesting that PDA/Fe-MOFs/RGO had good adsorption
selectivity for phenol.

3.4. Regeneration of PDA/Fe-MOFs/RGO

Regeneration of PDA/Fe-MOFs/RGO is important in the
field of actual application. Desorption of phenol was done
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Fig. 9. Plots t/q, vs. time. (a)l0 mg L7, (b) 20 mg L™ and
(c) 40 mg L phenol solutions.
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Fig. 10. Intraparticle diffusion plots for the removal of phenol
on the PDA/Fe-MOFs/RGO.

Table 3
Distribution coefficients and selectivity coefficients data

Compounds K, k
Phenol 1,948.05 -
Methylene blue 19.63 99.23
p-nitrophenol 14.03 138.85
Benzoic acid 10.48 185.88
Hydroquinone 16.01 121.68
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Fig. 11. Cyclic uses of PDA/Fe-MOFs/RGO for the removal of
phenol.

by ethanol elution for 2 h. The experimental results are
shown in Fig. 11. As seen in Fig. 11, after repeatedly used for
4 times, the removal rate of phenol could still achieve 89%,
indicating that PDA/Fe-MOFs/RGO had excellent regenera-
tion performance.

4. Conclusions

A new type of phenol imprinted material, PDA/Fe-MOFs/
RGO, was successfully prepared by the surface molecular
imprinting technique. The optimum conditions for the selec-
tive and high removal of phenol were studied. The results
showed that the optimum pH, temperature and adsor-
bent dose were found 8, 20°C and 125 mg L7, respectively.
Under the optimum conditions, the phenol removal rate was
99.59% containing 20 mg L™ of phenol. The pseudo-second-
order kinetic model was suited for the adsorption process
of phenol onto PDA/Fe-MOFs/RGO properly. The intrapar-
ticle diffusion along with surface adsorption affected the
adsorption of phenol. PDA/Fe-MOFs/RGO also showed
excellent adsorption selectivity for phenol and regeneration
performance.
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