Study on synthesis and adsorption properties of ReO,4" ion
imprinted polymer

Xiaoyan Zhang'? - Weiwei Jia"? - Donghao Li* - Chunli Liu"? - Runtian Wang"? - Ke Li"? - Hui Li"* - Zhenbin Chen'? -
Yuan Sun* - Juan M. Ruso® - Dongdong Hu® - Zhen Liu’

IState Key Laboratory of Advanced Processing and Recycling of Nonferrous Metals, Lanzhou University of Technology, Lanzhou 730050,
Gansu, China.

2School of Material Science and Engineering, Lanzhou University of Technology, Lanzhou 730050, Gansu, China
3College of Materials Science and Engineering, Nanjing Tech University, Nanjing 211816, Jiangsu, China

“Institute of Metal Research, Chinese Academy of Sciences, Shenyang 110016, Liaoning, China

Soft Matter and Molecular Biophysics Group, Department of Applied Physics, University of Santiago de Compostela, 15782 Santiago de
Compostela, Spain

‘State Key Laboratory of Chemical Engineering, East China University of Science and Technology, Shanghai, China

"Department of Physics and Engineering, Frostburg State University, Frostburg, MD 21532, USA

Abstract

Water solution polymerization was adopted to prepare perrhenate ion imprinted polymers in this work, and preparation condi-
tions, such as molar ratio of acrylic acid, N,N - methylene double acrylamide, hydrogen peroxide and ascorbic acid to N-vinyl
pyrrolidone, polymerization time and temperature on adsorption separation property were investigated and optimized using
adsorption quantities and separation degree as indexes. To enhance the adsorption selectivity, adsorption properties of samples
prepared under different conditions were conducted in a mixture aqueous solution of ammonium perrhenate and potassium
permanganate with the molar ratio of 1:1. Results showed that as the molar ratio of N,N - methylene double acrylamide, acrylic
acid, hydrogen peroxide, ascorbic acid to N-vinyl pyrrolidone were 2.0, 1.9, 0.03, and 0.003 respectively, the reaction temper-
ature and time were 35 °C and 24 h, adsorption quantities and separation degree arrived at 0.037 mmol/g and 2.31, respectively,
while the adsorption capacities and separation degree of non-imprinted polymers were only 0.009 mmol/g and 0.22. Besides,
study was also discovered that the prepared samples presented an exciting reusable stability. Based on samples prepared under
optimal conditions, the structure was characterized by Fourier transform infrared spectroscopy, scanning electron microscope,
transmission electron microscope, BET surface area and thermogravimetric analysis using non-imprinted polymer prepared
under the same conditions as a control. Finally, the adsorption thermodynamics and kinetics were studied, and the kinetics
documented that the adsorption of perrhenate ion imprinted polymers was a zero-order model process. The thermodynamics
presented the adsorption was more suitable to be expressed by Langmuir model, and Scatchard analysis revealed that heteroge-
neous binding sites were formed in IIP.
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Introduction

Superalloy has been widely used in fields of defense, aero-
space, nuclear energy, electronics [1, 2], etc. To meet the
demand of excellent strength and flexibility at temperature
higher than 1500 °C, superalloy is always fabricated by
adding some super temperature resistant elements, such as
Cr, Ru, Re, W and Ta et al, to the matrix of Fe, Co, and Ni.
According to reports, Re was the most important alloy ele-
ment of superalloy because it can elevate the temperature re-
sistance of superalloy effectively [3, 4], and that the content of
Re in superalloy [5] increased continuously to meet the in-
creasingly stringent requirements. Thus, Re is demanded ur-
gently. However, the reserves of Re are inadequate related to
the increasing demand, as less than 2500 tons of Re have been
found all over the world [6], and what’s more, the content of
Re in mineral is very small as the maximum content in the ore
shall not exceed 0.3%. According to reports, most of Re is
always associated in the molybdenite [7] and redruthite, and
which, naturally, dramatically increase the difficulty of puri-
fication [8]. Added to the serious demand of high purity in
application (about 99.999%), Re obtained from general met-
allurgical engineering can be applied hardly. Whereas, further
purification using conventional approach would need larger
cost but cannot ensure the purity meeting the demand. Thus,
Re existed in above minerals is always abandoned, which
further enlarge the imbalance between supply and demand.
Therefore, it is of great significance to develop a novel mate-
rial that can separate Re targeted from the complex environ-
ment to improve the purity [9-11]. If the material had been
developed, the aim that full utilization of mineral resources
would be realized, and the problem of supplement insufficient
of Re would also be alleviated.

A stable and a segregative state would be benefit for mate-
rials and technics design and development. The general exist
form of Re in the metallurgical is ReO, ™ [12], so it should be
important to prepare a material that could target to ReQ, ™ in
solution that containing many components. [on imprinting
polymer (IIP) was a novel type of material which has been
developed from molecular imprinting technology [13, 14].
Because of the simple preparation process and the excellent
specific selectivity [15-17], IIP has developed rapidly and
been used widely in many fields, for example, membrane
separation [18-20], sensors [21-23], wastewater treatment
[24-27], determination of trace ions [28-32], solid phase ex-
traction [33-38], high performance liquid chromatography
[39] and drug delivery [40, 41] among others. It has become
one of the most representative advanced affinity adsorption
separation material [42, 43]. At present, obstacles for the ap-
plication of IIP are the selectivity and reusability. To improve
the selectivity, IIP was always prepared in non-aqueous media
[44] to ensure the sufficient self-assembly among template
ions and monomers, which could not ensure the selectivity

and reusability in actual application because the terminal ap-
plication environment of IIP was aqueous solution [45, 46].
Due to the interaction differences between solvent and IIP,
especially the variation of hydrogen bond energy, the matrix
structure of IIP prepared in non-aqueous media could not pre-
serve well naturally, let alone imprinted cavities. Thus, the
weakened selectivity and reusability would be inevitably. So
how to prepare IIP in aqueous media with good selectivity and
reusability is still an important problem [47, 48].

Based on our previous study in MIP [49, 50], this work
prepared a ReO,-IIP in aqueous media by solution polymer-
ization. During this process, ammonium perrhenate was
adopted as template, N-vinyl pyrrolidone (NVP) and acrylic
acid (AA) was selected as functional monomer, N, N - meth-
ylene double acrylamide (NMBA) was used as crosslinker,
hydrogen peroxide (H>O»)-ascorbic acid (Vc) was chosen as
initiator, and water was specially conscripted as solvent. To
ensure the selectivity and reusability of perrhenate ion
imprinted polymers (ReO4 -IIP), permanganate ion
(MnO,"), which possesses the same spatial structure and sim-
ilar interatomic interaction as ReQ,~, but the molecular size
was smaller, was selected as interference to optimize the spe-
cial selectivity of ReO,™-IIP using adsorption quantities (Q)
and separation degree (R) as the focused parameters. After
each condition was investigated in detail, ReQ,~-IIP was pre-
pared under optimal conditions. Experiment result document-
ed ReO,-IIP prepared under optimal conditions presented a
high specific recognition of ReOs  from a mixture of
NH4ReO4 and KMnOs, NH4ReO4 and with (NH4):MoOs,
NH4ReO4 and NH4V O3, and NH4ReO4 and NiCl, with equi-
molar concentration. Besides, ReQ, ~-1IP also presented the
excellent reusability. Based on ReQ;™-IIP prepared under op-
timal conditions, the structure was characterized by Fourier
transform infrared spectroscopy (FTIR), scanning electron mi-
croscope (SEM), Transmission electron microscope (TEM),
BET surface areca and thermogravimetric analysis (TGA)
using non-ion imprinted molecular polymer (NIIP) as control.
Finally, adsorption kinetics and adsorption thermodynamics
were studied.

Experimental
Material

Acrylic acid (AA CP), Polyvinyl alcohol (1788) and
Na,HPO4 (AR) were purchased from Tianjin Guangfu Fine
Chemical Research Institute. N-vinylpyrrolidone (NVP, CP)
was presented by Henan Luoyang Boai New Open Source
Co., Ltd.. N, N-methylenebisacrylamide (NMBA, CP) was
purchased from Tianjin Komiou Reagent Co., Ltd.. Ascorbic
acid (Vec, AR) was presented by Tianjin Deen Chemical
Reagent Co., Ltd.. 30% H»0 (AR) and citric acid (CA, AR)



was purchased from Tianjin Hengxing Chemical Reagent Co.,
Ltd.. Ethanol were analysis grade and was provided by Yantai
Shuangshuang Chemical Co., Ltd.. Ammonium perrhenate
(99.9999%) was purchased from Hunan Chuangrun Mineral

Resources Co., Ltd.. Potassium permanganate was analytical
grade and was presented by Chongqing Changyuan Chemical
Group Co., Ltd.. Ethyl violet (90%) was presented by
Shanghai Hongyi Electronics Co., Ltd.. Distilled water was
prepared in our lab. All compounds were used without any
treatment expect for that special introduced.

Determination of maximum adsorption wavelengths

The maximum absorbance wavelengths of ReQ ~and MnQ,~
were investigated with a 752 N spectrophotometer (Shanghai
Precision and Scientific Instrument Co. Ltd., Shanghai,
China) by the full wavelength scanning method. Both ethyl
violet photometry [51] and direct measurement were investi-
gated to measure the maximum absorbance wavelength of
ReO,” and MnO - respectively, and results were shown in
Fig. S1(a) and (b) in supplement materials.

Relationship between absorbency and concentration

The relationship between absorbency and concentration of
NH4ReO4 and KMnOy in the range of (0.19, 0.93 mmol/L)
in ethyl violet chromatography method were measured at
658 nm, KMnOy in the range of (0.19, 0.93 mmol/L) in direct
determination method was measured at 500 nm, then plots
were regressed, and results were shown in Fig. S2(a) and (b).

Synthesis of ReO,~-IIP

First, 25 mL distilled water and 18.715 mmol NVP were
added into a three-necked flask equipped with a gas inlet
and outlet tube, a constant pressure funnel and a thermometer.
Then, NMBA with n(NMBA)/n(NVP)=2.08 was added.

After NMBA dissolved completely, NH4sReO4 and AA with
n(NH4ReO4)/n(NVP)=0.03 and n(AA)/n(NVP)=1.95 were

added into. Sealed the flask and fixed it on a magnetic stirrer.
After agitating for 10 min, nitrogen (N») was purged to the
flask for 10 min. Then, H,O; and V¢ solutions with n(H,0,)/
n(NVP)=0.03 and n(Vc)/n(NVP)=0.003 were added to the
flask. After the magnet in the flask could not rotate, the flask
was immersed into a 35 °C constant temperature water bath
for 24 h. After that, polymer in the flask was taken out and cut
into small pieces and placed into a 90 °C oven for 24 h. After
polymer pieces dried, they were smashed. Samples with size
of 50-150 mesh were collected and placed into a 200 mesh tea
bag. Placing the bag into a Soxhlet extractor and resining with
95% alcohol till the adsorption of alcohol solution became a
constant. Finally, samples were dried at 90 °C to constant and
stored in desiccators for further use. As references, ReO 4-

NIIP were prepared following the same procedure except tem-
plate was not introduced.

Characterizations of ReO4‘-IIP and ReO4‘-NIIP

ReO,™-IIP and ReO "-NIIP were ground into powder, and

then FTIR characterization was conducted on a Nicolet
Nexus 670 using (American Nicolet Corporation, Madison,
Wisconsin, USA) using potassium bromide pressed-disk tech-
nique, respectively. The scan range was 4000 to 400 cm™.

After the template ion, ReOy,”, was extracted completely,
some samples were freeze-dried for to constant weight.
Thereafter, the morphology was characterized by TEM
(JSM-6701F, Japan) and SEM (TECNAI G? TF20, USA).

Nitrogen sorption analysis was carried out on about 0.2 g
sample of IIP and NIIP by surface area and porosity analyzer
(ASAP 2020). The samples were degassed for 9 h at
-197.286 °C. The surface area of the imprinted polymers
was derived from the adsorption isotherms using a BET
method.

The thermal stability of leached-ReQ, ~-1IP and unleached-
ReO,-1IP samples were performed at a thermogravimetric
analysis (TGA) by synchronous thermal analyzer
(STA449C, Germany).

Determination of adsorption kinetics

0.1000 g of samples were placed into a 200 mesh tea bag
(7.6 x 50 mm), and then the tea bag was sealed and placed
in a beaker which was contained 50.00 mL of 0.75 mmol/L
NH4ReOy4 solution and had been constant to 30 °C, after ad-
sorption for given time, the tea bag was removed, and the
absorbency of the raffinate was tested with a UV-visible spec-
trophotometer at A = 658 nm using ethyl violet photometry.
The adsorption quantities (Q) of ReO,™-1IP was calculated
according to eq. (1)
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Where, O was the adsorption quantities of the ReO4™-IIP
(mmol/g), Cp represented the concentration of NH4ReO4 in
the initial solution (mmol/ L), C was the concentration of
NH4ReOy in the solution after adsorption for time ¢ (mmol/
L), V stood for the volume of the adsorption solution (L) and
W was the mass of ReQ, ~-1IP (g).

Determination of adsorption thermodynamics

10 parts of 0.1000 g ReO-IIP were placed into a series of
200 mesh tea bag (7.6x 50 mm) labeled with 1-10, and then
above tea bag were loaded into ten flasks which had been

loaded with 30.00 mL of NH sReO4 solution with



concentration range from 0.25 to 2.5 mmol/L and had been
constant to 30 °C, respectively. As adsorption arrived at equi-
librium, the absorbance of the raffinate was tested with an
UV-visible spectrophotometer at A = 658 nm using ethyl vio-
let photometry method. Q. was calculated with eq. (2).

0C-CPxV
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Where gg was the equilibrium adsorption quantities of the
ReO ~-IIP (mmol/g), C was the concentration of NH ReO

4 e 4 4
in the solution after adsorption arrived at equilibrium time

(mmol/L).

Determination of adsorption capacity

0.2000 g of ReO [ -IIP were placed into a 200 mesh tea bag
(7.6 x 50 mm), and then the tea bag was loaded into a 50 mL
beaker which contained 30.00 mL of mixed solution of
NHsReO4 and KMnOy (The concentration of each component
before mixing was 0.75 mmol/L) and had been constant to

30 °C. After adsorption to equilibrium, the tea bag was re-
moved, and the solution was stood for 15 min, the absorbance
of the raffinate was measured at 658 nm using ethyl violet
photometry methods and at 500 nm directly, respectively.
After the concentration of ReO4~ and MnOjs™ in raffinate
was calculated, the adsorption capacities of ReO4™-IIP for
ReO4  and MnO4~ were calculated according to the egs.

(3)-4).
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Where, Q(ReO4‘) and O(MnO 4‘) were the equilibrium ad-
sorption capacities of ReO4~ and MnO4~ (mmol/g), respec-
tively, Co(ReO47) and Co(MnOy47) were the concentration

of ReOsand MnO4 _in the initial solution(mmol/L),
C(ReO 7) and C(MnO ~) stood for the concentration” of
4 4

ReO4~ and MnOy~ in the raffinate after adsorption to equi-
librium (mmol/L), V" was the volume of the adsorption
solution (L).

To investigate the effects of reaction temperature, time and
the molar ratios of NMBA, AA, H,O,, Vc to NVP on the

adsorption capacity of ReOy4 -IIP. The variables under differ-
ent conditions were studied by the control variable method.

Calculation of separation degree

After Q(ReO4‘) and Q(MnO4‘) were measured, the separa-

tion degree (R) of ReO,MnO ~ could be calculated according
to the eq. (5).

Q(ReO‘)

4
1 —H—
k7 O MnOzq osP

Results and discussion

Establishment of the concentration measuring
method

To optimize the selectivity of ReO4‘-IIP effectively, Mn04‘

was conscripted as the interference. The reason why MnO 4
was selected as the interference contained following reasons:
1) The spatial structure. Both the structure of ReO4 and
MnOy4~ were shown in Fig. S3, it could be found MnO4~
was similar with ReO, . 2) Both were bonded with O, which
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reason, MnO,” could easily enter the imprinted cavities of

ReO,, thus, if ReO ;-1IP exhibited excellent separation per-
formance in the mixture of MnO4‘ and ReO4‘, IIP would be

ensured to possess the excellent selectivity to ReQ) ~ in any
other complex environment.

In this experiment, the adsorption solution was an equi-
molar concentration mixed solution of ReO4~ and MnOj".
To ensure the accuracy of results, the relationship between
absorbance and wavelength was investigated, and results
were shown in Fig. S1(a). It could be found that the max-
imum absorbance wavelength of ReOs~ and MnO4~ with
ethyl violet photometry was 658 nm and 432 nm, respec-
tively, but at the maximum absorbance wavelength of
ReO4‘, MnO* also showed certain absorbency, and simi-
lar result was also occurred for that of MnO, . Thus, the
concentration determination accuracy for both ReO4™ and
MnO4~ would be influenced, and which further result in
large error or even mistake for Q and R. To resolve this
problem, the adsorption of ReO4™ and MnO * was investi-
gated directly, and results were shown in Fig. S1(b). It
presented when ethyl violet was not introduced, ReO4”
would not show adsorption at the maximum absorbance
wavelength of MnO4~, which meant the concentration of
MnO, could be determined directly first, and then ReO, _
would calculated if there was no influence between ReO4

and MnO4 and the concentration of ReO4  and MnO4
was fell in the linear range.

Fig. S2 (a) showed the relationship between absorbency
and concentration of NH 4ReO . and KMnO Lat 658 nm. It
presented a well linear relationship for both NH4sReO4 and
KMnOy in the concentration range of 0.19-0.93 mmol/L,

which meant concentration of NH4sReO4 could be obtaine
accurately 1f there was no interaction between ReO4 an

MnO,, and if the concentration of MnO ~ could be deter-
mined accurately.



Because ReO ~ was undisturbed with the determination of
4

MnO, at 500 nm in direct measurement, the concentration of
MnO, could be determined if a well linear relationship be-
tween absorbency and concentration of KMnOy at the ranged
0f 0.19-0.93 mmol/L could be obtained. Fig. S2 (b) docu-
mented the concentration of KMnO4 could be obtained
accurately.

To further investigation whether there was interaction be-
tween Re04‘ and Mn% 4 the relationship between absorben-
cy and molar ratio of NHsReO4 and KMnOy in mixture keep-
ing the total concentration as 0.93 mmol/L was explored.
Figure 1 presented in the molar ration rang of NH4ReO4/
KMnOj4 = 4/6-8/2, a well linear relationship was displayed,
which illustrated there was no interaction between ReO4”
and MnQ,". What’s more, the absorbency of mjxture was
equal to the addition of pure ReO4 and MnO4 solution with
the same concentration as them in mixture, which documented
there was not any interaction between ReO,~ and MnO,", and
ensured the determination of the concentration of ReO4~ could
be carried out undoubtedly. According to above work, we
concluded the concentration of Re(;~ could be calculated
with following process:

Firstly, the absorbance of MnO,~ at 500 nm was calculated

by eq. (6):
Ao~ V& 0:19353Crno-—-0:05767 d6b
4 4

then, the absorbance of ReOy at 658 could calculated by eq.

N:
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Finally, the concentration of ReO, could be calculated by
eq. (8):

Areo- ¥4 1:90302Cimo0--0:30411 osp
0.9
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R’=0.9991
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Fig. I The relationship between the absorbency and molar ratio (A) of
NH4ReO4/KMnO4

Characterizations of ReO4‘-IIP and ReO4‘-NIIP

Figure 2 presented FT-IR spectra of ReO,™-1IP (leached and
un-leached) and ReO,-NIIP(samples were dried to constant
weight in 80 °C vacuum oven), the characteristic absorption
peaks of leached and un-leached were basically same, which
proved that they belong to the same kind of polymer.
However, if compare three FT-IR spectrum in detail, the dif-
ferences between them could be found as follows: for leached
and un-leached, peaks at 3415 cm™ 1718 cm™', 1386 cm™!and
1222 cm™! red shift to 3340 cm™', 1714 cm™, 1382 cm™ and
1216 cm™', and peaks at 2940 cm™!, 1646 cm™', 1527 cm™

and 1446 cm™ blue shift to 2942 cm™, 1658 cm™, 1535 cm™!
and 1459 cm™, and the characteristic peaks at 3415 cm™ (O-
bRy EhhartCod MBS Sy e 6 e Fnmition &7
self-assemble structure between the template ion ReO,” and
the functional monomer, so that the peak intensity of the cor-

responding characteristic peak was significantly improved,
thereby making the peak intensity of the corresponding char-
acteristic peak [52, 53]. For leached and NIIP, peaks at
3340 cm™, 2942 cm™!, 1535 cm™ and 1112 cm™! blue shift
to 3357 cm™', 2960 cm™', 1542 cm™ and 1124 ¢cm™', and
peaks at 1658 cm™', 1459 cm™ and 1216 cm™ red shift to
B2 G ass bR Mno R Lt OVILLSTER e
difference between ReO ), -1IP and ReO , -NIIP in aggregation

structure. What’s more, a peak at 804 cm 1 of the stretch
vibration of Re-O in un-leached sample was not observed in
leached and NIIP, which presented the smaller difference in
structure between them, and meant after leaching, the struc-
ture of IIP could change in a small degree, which might be the
basic reason of IIP could not be applied with a complete stable
property.

However, FT-IR cé)uld not 1%_ive an obvious djstinction be-

tween ReO ~-IIP and ReO ~-NIIP in aggregation structure.
4 4

To achieve this aim, TEM and SEM were adopted to find
the difference between surface morphology of IIP and NIIP
to further characterize the structural differences. Figure 3 (a)
and (b) of SEM and TEM documented ReO, -1IP was differ-
ent obviously from NIIP in surface morphology. SEM results
showed that ReO, -1IP formed imprinted cavities, while NIIP
has no obvious cavities and was densely arranged. In the TEM
(The marked parts were the imprinted cavities of the ReQ, -
IIP, since H,O was taken part in the coordination with ReQ, -,
the size of the imprinted cavities was larger than that of the
theoretically calculated value from ReO,~ model), IIP present-
ed regular imprinted cavities at the fracture surface, the shape
of cavities were evenly arranged, and the structure of polymer
matrix was incompact, while no similar shape cavities were
observed in NIIP and the structure of polymer matrix was
compact. The results indicated that IIP formed imprinted
cavities.



Fig.2 SEM (a) and TEM (b) of
ReO,-1IP and NIIP

To evaluate the structure difference of IIP and NIIP at the
macro level, BET was also adopted. The nitrogen adsorption-
desorption isotherms of IIP and NIIP microspheres were
displayed in Fig. 4 (a) and (b), which could be classified as
Type IV with H3 hysteresis loops according to the type of
adsorption isotherm, indicating that imprinted polymer pos-
sess mesoporous structure [54]. Table 1 shows the pore size

§ |
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Transmittance(%)
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Fig. 3 FTIR spectra of IIP (leached and un-leached) and NIIP

20 nm

distribution (such as total pore volume (Vp), average pore
width (dp)) and surface area (Sger) calculated by BJH and
BET method from the adsorption isotherms, respectively. It
could be seen BET surface area of IIP and NIIP were
129.6934 and 98.8012 m?/g, and dp of IIP and NIIP are
17.2639 nm and 11.37749 nm, respectively. Compared with
IIP, the physical characteristic parameters of NIIP was signif-
icantly reduced, which could be ascribed to the pores constric-
tion and pores collapse mainly sourced from the high hydro-
philic interaction of functional groups in polymer [49, 50].
Figure 5 was the TGA curves of [IPs with leached and un-
leached. It could be found that both leached and un-leached
IIP presented three stages of thermal weightlessness, as
Table 2 showed. The first stage of thermal weight loss was
the solvent molecules, free water and bound water in sample
[55, 56]. The second stage of thermal weight loss was the
dehydration and decarboxylation between polymer molecular
chains and within the molecule to form anhydride [57, 58].
The third stage of thermal weight loss was polymer chain
breakage and degradation. In addition, the thermal loss of
samples 1 and 2 were very similarly in three stages, and the
degradation was completed before 550 °C. However, the ther-
mal degradation degree of un-leached was obviously higher
than that of leached, which could be ascribed to the existence
of Re in samples mainly. Because ReO, could decompose to
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Fig. 4 The nitrogen adsorption-desorption isotherms of IIP and NIIP microspheres

difficult volatilization product, such as ReO4, Re2O7, ReOs,
ReO; and Re et al., as temperature was higher than 400 °C
[59], the remained mass of it after complete degradation was
higher could be understood easily.

Adsorption kinetics of ReO™-IIP

The relationship between adsorption capacity (Q;) and adsorp-
tion time (t) was shown in Fig. S4 O, increased with prolong
of t monotonously till the adsorption equilibrium was arrived
after 240 min. A large number of imprinting cavities needed
template ions to decrease the surplus bonding energy vigor-
ously, the adsorption of ReO4™ into the imprinted cavities
could be understood easily, and the monotonous increase of
O; with ¢ till it kept as a constant naturally. Due to the steric
resistance of I[P matrix, ReO,~ solution needed time to diffuse
through the matrix layer-by-layer gradually, and the adsorp-
tion took place with layer-by-layer way relatively, so the ad-
sorption needs longer time to arrive at its equilibrium.

To further investigate the kinetics of the adsorption pro-
cess, the adsorption kinetics data were analyzed by zero-
order model, pseudo-first order model and pseudo-second-
order model, respectively [60].

The zero-order model:

do, ,
Ve k a9p
da = ¢

Table | Physical characteristic parameters of IIP and NIIP

parameter unit 1P NIIP

Sper m*/g 129.6934 98.8012
Vp cm’/g 0.58609 0.292392
dp nm 17.2639 11.37749

Where, O; (mmol/g) was the amounts of ReO, adsorbed at
time ¢. Ky was the zero-order rate constant.
By integrating eq. (9), the eq. (10) was obtained.

0, Va Kot o10p
The pseudo-first order model:
d
0, %K 80 -0b ol1b
I e 1

dt

Where, Q0. was the amounts of ReO,™ adsorbed at equilibrium
time (%), K; was the pseudo-first order rate constant. By in-
tegrating eq. (11) at the boundary conditions O, =0 at =0 and
0:= Q,attime ¢, the eq. (12) was obtained.
mdQ,-0,b Y4 inQ,~Kt 012b
The pseudo-second-order model:
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Table 2 Thermogravimetric

analysis Specimens First Stage content(%) Second Stage content(%) Third Stage content(%)
50°C-131.3 °C, 8.52 201 °C -326 °C, 13.5 326 °C -550 °C, 58.9
2 50 °C-148.5 °C, 7.56 230 °C-338 °C, 13.7 338 °C-550 °C, 53.3

Where, K> was the rate constant of pseudo-second-order mod-
el. By integrating eq. (13) at the boundary conditions O, =0 at

t=0and Q,= Q; at time ¢, the eq. (14) was obtained.
t 1 1

— Ya k0> b Et 014b

Fig. S5 (a) showed regressed results of experimental data.
It documented that the zero-order model (R? = 0.9981, Fig. S5
(a)) was more suitable to express the adsorption kinetics than
the pseudo-first-order model (R? = 0.7891, Fig. S5 (b)) and the
pseudo-second-order model (R? = 0.3201, Fig. S5 (b)), which
could be understood that both ReO4 and imprinted cavities
were sufficient, but the entrance of ReOs into imprinted cav-
ities was slow just like that of the enzymatic reaction process
[61]. The reason could be ascribed to the very high steric
resistance of I[P matrix which was resulted from high
crosslinking degree, and further held back the direction
adjusting of ReO,” to suit to direction and enter the imprinted
cavities.

Adsorption thermodynamics of ReO4-IIP

The relationship between adsorption capacity and the con-

centration of original solution was shown in Fig. S6. It
documented that Q. increased quickly with increasing of
the original concentration of solution till the original con-
centration reached 1.5 mmol/L. Thereafter, the increase
degree of Q. decreased gradually till the saturated adsorp-
tion capacity was arrived at. The variation of Q. could be
ascribed to the transfer among adsorption sites. Because
there were different sorts of adsorption sites, i.e. complete
imprinted cavities (CIC), imprinting cavities with some
defects (ICD) and free active loci (FAL) [62] existed in

the network of the IIP, and the adsorption ability of these
sites was different. Thus, the adsorption would start at the

strongest affinity sites, CIC, first, and terminated at the
weakest sites, FAL. At low concentration of ReQOy, the
adsorption was mainly realized by CIC, because high af-
finity of CIC to ReO,, the equilibrium constant was
large, and Q. increased with a related high degree. With
the increase of concentration, the adsorption gradually
transferred to ICD and FAL, because of the lower and
lower affinity to ReOs”, the increase degree of Q. de-
creased gradually.

To investigate the exist of different adsorption sites,
Scatchard model [63] was conscripted to evaluate sorts of

adsorption sites and the quantities of CIC in IIP, and the equa-
tion was shown in follows [64]:

% A Qm_Qe o15p
C, Ky

Where, O,, (mmol/g) stood for the maximum equilibrium ad-
sorption capacities, Kq (mmol/L) was the equilibrium dissoci-
ation constant of the binding sites.

The simulation results of Scatchard model were shown in
Fig. S7. The two distinct sections of the Scatchard plot sug-
ressed e tibs Rt e MR R ISRy A
ReO ~-TIP could be expressed‘as follows:

4

Y . . :
¢ % ~0:3232590 P 0:07698; R y; 0:9902 B16b

Ce

Qe :
=S % 1211970 10:16351; R® V4 0:9210 d17b

Ce

K4 and On, values calculated from the slopes and intercepts
of the two linear portions. For higher affinity site, K4 and Om
were 3.0903 mmol/L and 0.2379 mmol/g. For lower affinity
site, K¢ and Q,, were 0.8251 mmol/L and 0.1349 mmol/g.

Contacting with R? of two, lines, it could he Cé)ncluded that
more than Two sorts of binding sites were existed of in ReO -
4

IIP because of the presented inferior value of R’ related to
lower affinity site.

To explore the adsorption feature of ReO, -IIP in detail,
Langmuir and Freundlich models [65, 66] were conscripted to
simulate the experimental data according to divide results of
Scatchard model as follows.

Freundlich model:

l”Qe% lnC b InK r 018p
Langmuir model:

— 019p

0.0, 0,

Where, K, Kr was adsorption equilibrium constant.

Fig. S8 (a) and (b), respectively, documented the analyzed
results. It could be found that Langmuir model was more suitable
for describing the isothermal adsorption feature of ReQ,~-1IP
[67], which indicated the adsorption was a mono layer adsorp-
tion, and could be understood easily because high crosslinking
degree made the mult-layer adsorption took place hardly.



Influence of polymerization temperature (T) on
separation performance of Re® ~-IIP

The influence of polymerization temperature (7) on separation
performance of ReO,-IIP was shown in Fig. S9. It could be
seen that with the polymerization temperature (7) increasing,
O(ReOs7), OMnOy4") and R increased first and then de-
creased, and reached the maximum at 35 °C. The polymeri-
zation could be initiated hardly at low 7, which would result in
large quantities of soluble components in the network natural-
ly, and result in the poor completeness of imprinting cavities
and the low content of CIC. Simultaneously, due to the re-
moval of the template ions in the late stage, the soluble com-
ponents would be removed, which would increase the amount
of free functional groups (FFG). Because the strong interac-
tion among FFG, the matrix of IIP would collapse, imprinted
cavities would deform and even be buried. As a result, the
number of efficient adsorption sites (EAS) in IIP would be
low, and most of EAS were FAL and dead angle (DA, due
to the deformation of imprinted cavities and matrix, some
adsorption sites would become difficult for both the ingress

and egress of ReO4”, which here we called it dead angle,

which preferred to adsorption MnO,~ because of both smaller
molecular size and volume), only a few of them were CIC.
Because FAL had poor adsorption selectivity for ions and
weak interaction with ions, the adsorption of IIP on ions was
mainly based on CIC and DA, Q showed a low value natural-
ly. The adsorption force and selectivity for above three sorts of
EAS were different, the adsorption force and selectivity of
FAL was low, it could adsorption easily, the adsorption force
of DA was high, but the selectivity was poorer, while adsorp-
tion force and selectivity of CIC were excellent, R was high
value relatively. With the increase of 7, polymerization and
crosslinking reaction increased to complete gradually, the
quantities of soluble polymer FFG decreased, the collapse of
IIP matrix and the deformation of imprinted cavities would
decrease gradually, and CIC increased, while FAL and DA
decreased naturally. At this condition, Q and R increased cor-
respondingly. As T continually increase to an unsuitable val-
ue, the reaction rate would accelerate, which would result the
internal explosion and the destruction of the formed self-
assembled structure, FFG increased again. Just as that of in
low T, FAL and DA increased, while CIC decreased, Q and R
decreased.

Influence of polymerization time (t) on separation
performance of ReQ ~-IIP

The influence of polymerization time (f) on separation
performance of ReO4-IIP was shown in Fig. S10. It
could be seen that with the polymerization time (#) in-
creased, O(ReOs7), O(MnOy4") and R increased first and
then decreased. There were chain polymerization and

stepwise polymerization in the preparation process of
IIP. In the initial stage of polymerization, the chain
reaction (polymerization and crosslinking reaction) was
incomplete. There were a large number of soluble poly-
mers in I[P and FFG increased. As soluble polymers
were eluted through extraction, imprinted cavities would
collapse and deform, EAS decreased, while the relative
content of FAL and DA increased. Just as discussed
above, Q presented a low value. Because MnO4  was
mainly adsorbed by DA, while ReOs; was mainly
adsorbed by CIC, R documented a relatively high value
naturally. With the increase of polymerization time, the
chain reaction tended to be complete and the cross-
linking degree of ReO4-IIP increased, FFG decreased
and CIC increased in the ReO4-IIP, while FAL and
DA decreased. At this condition, Q increased. Because
of the similar structure and smaller size and volume,
CIC could also absorb MnO4 with a strong affinity.
Added to the affection of equilibrium principal, which
would result in a small decrease of R correspondingly.
After the polymerization time prolonged unsuitable, the
dominant reaction of the polymerization would be grad-
ually transferred to stepwise polymerization, which
would increase the amount of FFG in the IIP. The step-
wise polymerization was not conducive to the retention
of the shape of imprinted cavities, imprinted cavities
would deform to DA, and O and R decreased naturally.

Influence of n(AA)/n(NVP) on separation performance
of ReQ,~-IIP

The influence of n(AA)/n(NVP) on separation perfor-
mance of ReO,-IIP was shown in Fig. S11. It could
be seen that as the n(AA)/n(NVP) increased, Q(ReOys"),
O(MnOy") and R increased first and then decreased, and
reached the maximum at n(AA)/n(NVP)=1.95. The ef-
fect of functional monomer self-assembly was deter-
mined by the synergistic effect of two functional mono-
mers. When n(AA)/n(NVP) was small, the synergistic
effect of functional monomers was not perfect, function-
al monomers would self-assembly incompletely and the
quantities of FFG increased, which would induce the
deform of imprinted cavities, and further result in more
quantities of DA, QO R presented a low value. With the
increase of n(AA)/n(NVP), the self-assembly effect
would be more complete, the quantities of FFG de-
creased, which resulted in the increase of CIC, while
the decrease of FAL and DA, and further resulted in
the increase of Q and R. However, excessive increase
of n(AA)/n(NVP) would cause the surplus of AA, and
incomplete self-assembly occurred again. FFG increased
again, just as that of low n(AA)/n(NVP), QO and R de-
creased again.



Influence of n(Vc)/n(NVP) on separation performance
of ReQ, ~-IIP

The influence of n(Vc)/n(NVP) on separation performance of
ReO,-IIP was shown in Fig. S12. It could be seen that as the
n(Vc)/n(NVP) increased, O(ReOs"), O(MnOy4") and R in-
creased first and then decreased, and reached the maximum
at n(Vc)/n(NVP) =0.003. When n(Vc)/n(NVP) was low, the
lower amount of co-initiator V¢ in the reaction system resulted
in a slower reaction rate of polymerization. Although ReQ,"-
IIP could be formed, the degree of polymerization and
crosslinking were both low, there was a large amount of sol-
uble polymer in the network structure. As discuss above, sol-
uble polymers were eluted through extraction, imprinted cav-
ities would collapse and deform, EAS and CIC decreased,
while the relative content of FAL and DA increased. Q and
R were lower. With the increase of n(Vc)/n(NVP), the number
of free radicals in reaction system increased and Ve and H,O,
could more completely initiate reaction, which resulted in the
degree of polymerization and crosslinking of ReO,-IIP in-
creased and the amount of soluble polymer in the system
reduced, FFG decreased and CIC increased, while the amount
of FAL and DA decreased correspondingly, O and R gradu-
ally increased naturally. With the excessive increase of n(Vc)/
n(NVP), excessive V¢ would participate in self-assembly pro-
cess, and result in a decrease of self-assembly effect, FFG
increased again, which would result in the increase of FAL
and DA, while the decrease of CIC and EAS correspondingly,
0 and R decreased inevitably.

Influence of n(H;O%/n(NVP)on separation
performance of ReO ~-IIP
4

The influence of n(H,0,)/n(NVP) on separation performance
of -IIP was shown in Fig. S13. It could be seen that as the
n(H,0,)/n(NVP)increased, O(ReO 4‘), O(MnO 4‘), O(MnO 4‘)

and R increased first and then decreased, and reached the
maximum at 7(H20,)/n(NVP) = 0.03. As the amount of initi-
ator was low, the polymerization rate was slow and the degree
of polymerization and crosslinking was low, which resulted in
incomplete cavities and large quantities of soluble component
and FFG increased, thus CIC and EAS decreased, FAL in-
creased. Q and R showed a low value naturally. With the
increase of n(H20,)/n(NVP), the rate of polymerization and
the degree of polymerization and crosslinking increased, the
quantities of FFG decreased. Thus, CIC and EAS increased,
FAL and DA decreased, and Q and R increased naturally.
When initiator was excessively increased, the reaction rate
would accelerate, which would result the internal explosion
and the destruction of the formed self-assembled structure.
As discussed above, FFG increased again. FAL and DA
increased, while CIC decreased, Q and R decreased
inevitably.

Influence of n(NMBA)/n(NVP) on separation
performance of ReQ, ~-IIP

The influence of n(NMBA)/n(NVP) on separation perfor-
mance of ReO, -IIP was shown in Fig. S14. It could be seen
that as the n(NMBA)/n(NVP) increased, Q(ReOy4")
O(MnOy") and R increased first and then decreased, and
reached the maximum at n(NMBA)/n(NVP) = 2.08. When
the amount of NMBA was small, the crosslinking degree of
the network was lower, which would result in large amount of
soluble polymer and a low rigidity of imprinted cavities, the
quantities of FFG increased. Soluble polymer would be eluted
and imprinted cavities would be deformed or collapsed during
drying and extraction, which lead to a low value of CIC, while
a high value FAL and DA, and Q and R showed a low value
naturally. With the increase of NMBA, the degree of
crosslinking and rigidity of ReO,-IIP increased, the amount
of soluble polymer FFG in ReO,4 ~-1IP decreased, which result-
ed in a decrease of FAL and DA, while the increase of CIC,
and Q and R increased. However, increasing NMBA exces-
sively would increase the crosslinking degree excessively,
FFG increased again, which resulted in the increase of DA,
while the decrease of CIC. Therefore, O and R decreased.

The reusability of ReO4-IIP

The reusability of ReO, -IIP was shown in Fig. 6. It docu-
mented that with the repeat time increasing, Q(ReO, ") de-
creased and then increased at the beginning 7 times, and a
minimum presented after repeating for 4 times, after that

Q(Rer‘) gecrease ang Q?l@[n%)ﬁ fncreased gradually. R

also gradually decreased with the increase of repeat time. All
indexes documented that ReO4™-IIP synthesized under the
optimal conditions presented a good rigid structure.
However, with the repeat time increased, the shape of CIC
would deform gradually, and result in a decrease of specific
selectivity. In summary, the ReO-IIP synthesized under the

0.04 3
Il O(ReOy)
Wl O(MnOy)
0.03 I R

Q(mmol/g)

0.01
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100111213214

[ s el o YRy e L)

Times
Fig. 6 The reusability of ReO,-IIP



optimal conditions had good reusability, and the effect was
best within 7 times.

The specific selectivity of investigation

To verified the specific selectivity of IIP, the adsorption of ITP
sample in the binary solution of NH4sReO4 and (NH4)>M00O4,
NH4ReO4 and NH4VOs3, and NH4sReO4 and NiCl, were se-
lected to conduct study with the same method as that of
NH4ReO4 and KMnOy, and results documented the separa-

tion de%ree were 4.05, 3.98 and 6.00, resBecti\_/ely, which
demonstrated ReO “-IIP could separaté ReO - witha special
4 4

selectivity sufficiently.

Conclusions

ReO4-1IP was prepared by solution polymerization
using NVP and AA as functional monomers, ReO4  as
template ion, H»>O,-Vc as initiator and NMBA as
crosslinker, respectively. The effects of operation condi-
tions on adsorption selectivity were investigated and op-
timized, and the optimal operation conditions were ob-
tained as follows: the molar ratios of NMBA, AA,
H,0,, Ve to NVP were 2.08, 1.95, 0.03 and 0.003,
the reaction temperature and time were 35 °C and
24 h, respectively. ReO4™-IIP prepared at the optimum
conditions documented a good selectivity and reusabili-
ty. In addition, the adsorption kinetic and the thermody-
namic studies presented that the zero-order model and
the Langmuir model could better describe the adsorption
feature of IIP, and Scatchard model reveals two binding
sites for IIP. Finally, the structure and morphology of
IIP prepared under the optimal condition was character-
ized by FTIR, SEM, TEM, BET and TGA respectively,
and result showed clear imprinted cavities had been
formed in IIP.

Solid phase extraction (SPE), a method commonly used to
separate and extract precious metals, is widely used in phar-
maceutical, fine chemical, biomedical, food analysis, organic
synthesis, environment and other fields thanks to has the ad-
vantages of operation simple and fast, low-cost preparation
and small dosage of reagent. Although SPE has achieved
some results at present, it is still in the development stage. It
is believed that in the future, extraction technology with high
selectivity, high efficiency and a wide range of applications
will have great development prospects.
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