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AbstractA surface hydrophilic and antifouling imprinted composite membrane based on zwitterion and dopamine
for selective adsorption Li+ from compound has great potential. We investigated the selective adsorption amount for
lithium from high Mg2+ and low Li+; the resulting displayed both excellent adsorption amount of Li+ and high selective
adsorption efficiency of the fabricated membranes from the compound. Relatively lower contact angle of 50.7o and
higher membrane flux value of 11.78 mL cm2 min1 were obtained, which indicated the imprinted composite mem-
brane possessed high hydrophilicity. In the BSA protein adsorption experiments, the anti-pollution performance of the
imprinted composite membrane was greatly improved. Moreover, the results on perm-selectivity and regeneration abil-
ity are 8.94 and 91.4%. Overall results suggest that zwitterion and dopamine can be considered effective for increasing
the hydrophilicity and anti-pollution capacity. Moreover, the imprinted composite membranes could be used for selec-
tive adsorption of Li+ effectively.
Keywords: Antifouling, Membrane Separation, Selective Separation, Zwitterion, Li+

INTRODUCTION

Membrane separation technology has drawn great attention for
separation technology by virtue of its high performance, energy
saving, environmental protection and so on [1-5]. However, its foul-
ing due to the proteins or solute in water deposition on the mem-
brane surface, resulting in a decline in the membrane flux and service
life of the membrane, remains a critical issue to be resolved [6,7].

In previous studies, increasing the hydrophilicity of the mem-
brane can enhance the fouling resistance and reduce the mass trans-
fer resistance [8,9]. In the meantime, surface modification is com-
monly used to improve hydrophilicity, which changes the contact
surface involved in the separation without affecting the physical
and chemical structure of the membrane [10-13]. In recent years,
some approaches to preparing hydrophilic membrane by creating
inorganic nanoparticles such as TiO2, SiO2, ZnO, GO [14-18] have
been applied. However, the stability of nanoparticles on the mem-
brane surface can easily fall off, making the membrane pores blocked.
Therefore, surface chemical modification has attracted more and
more attention.

As a new type of surface hydrophilic materials, the zwitterionic
can react with both acids and bases in solution, while possessing
positive and negatively charged dipole ions [19,20]. The zwitterionic
group modified membrane material has been widely applied for

the modification of polymeric membrane materials in order to obtain
high water permeability across the membrane as well as in improv-
ing antifouling characteristics of membrane materials [21-23]. For
the poly(sulfobetaine methacrylate) zwitterionic polymer tethered
onto polypropylene membrane surface, a water contact angle of as
low as 17.4o and good anti-protein-fouling performance was obtained
[24]. The functionalized PVDF membrane with zwitterionic poly-
mer brushes could not only significantly reduce flux decline, but
also endow with “self-cleaning” property releasing absorbed fou-
lants [25]. Zwitterionic membrane was fabricated by grafting 1, 3-
propanesultone obtaining a high permeability of 14.6 Lm2 h1 bar1,
high ERY rejection and low NaCl rejection, antifouling property and
long-term stability [26]. Furthermore, as a biomimetic material, not
only can dopamine improve the hydrophilicity, but also firmly fix
the zwitterion on the surface of the membrane.

In this study, we performed a comparative study of the antifoul-
ing performance of surface modification membrane and non-sur-
face modification membrane and the separation performance of
imprinted composite membrane and non-imprinted membrane.
We used Li+ as template ion and 1,3-propane sultone as zwitteri-
onic hydrophilic materials, synthesized zwitterion imprinted com-
posite membranes to selectively separate of Li+.

EXPERIMENTAL

1. Materials and Instrumentation
1-1. Materials

Polyvinylidene fluoride (PVDF) was purchased from Arkema,
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France. Polyvinylpyrrolidone (PVP-K30) was purchased from Alad-
din Reagent. N,N-dimethylacetamide (DMAC), N,N-dimethylfor-
mamide (DMF), N,N-dimethylethylenediamine (DMDA), 1,3-pro-
pane sultone, Tris-HCl, dopamine (DA), 2-methylol-12-crown-4
(2M12C4), 3-methacryloxypropyltrimethoxysilane (MPTS), ethylene
glycol dimethacrylate (EGDMA), olefin Propyl bromide, hydro-
quinone, sodium carbonate (Na2CO3), sodium hydroxide (NaOH),
azobisisobutyronitrile (AIBN) lithium chloride (LiCl), sodium chlo-
ride (NaCl), potassium chloride (KCl), Magnesium chloride (MgCl2),
calcium chloride (CaCl2), and methanol were purchased from Sin-
opharm Group Chemical Reagent. The experimental water was
double distilled water.
1-2. Instruments

All-digital nuclear magnetic resonance spectrometer (NMR), field
emission scanning electron microscope (SEM), contact angle meas-
uring instrument (KSV), atomic absorption spectrophotometer
(ASS), The X-ray Photoelectron Spectroscopy (XPS) model is
SCALAB 250XI, Thermo Fisher, USA.
2. Methods
2-1. Preparation of 2AM12C4

2M12C4 (1.0 g, 5.0 mmol), allyl bromide (0.73 g, 6.0 mmol),
Na2CO3 (2.65g, 25mmol), a mixed solution of hydroquinone, iodine
(micro), and anhydrous DMF (50mL), which protected with nitro-
gen and heated in the dark at 71 oC for 25 h. Evaporation of the
solvent in vacuo gave the crude product. By silica gel column chro-
matography (2.0 g, 77.5%) (methanol/dichloromethane=1 : 40, Rf=
0.2) for separation and purification products. Get ligand vinyl func-
tionalized 12-crown-4 (2AM12C4).
2-2. Preparation of PVDF Membrane and pDA @ PVDF Mem-
brane

(1) 4.0 g of PVDF powder, 25 mL of DMAc and 0.1 g of PVP
were mixed in a three-necked round-bottomed flask to prepare a
casting solution. The casting liquid was sealed and mechanically agi-
tated at 25 oC for 24 h, keeping the temperature unchanged for 24 h
to eliminate bubbles. Next, the casting solution was poured on a film
applicator to set the film thickness, and then the glass plate was
immersed in deionized water to prepare a PVDF film through a
phase inversion process. After the phase inversion process was com-
plete, the resulting PVDF membrane was stored in deionized water.

(2) pDA modified PVDF membrane process: First, the PVDF
membrane was soaked in a pH=8.5 Tris-HCl (50mL, 10mM) aque-
ous solution for 5.0 min. Then, 100 mg of DA was added to the
above solution to start the self-polymerization reaction. Under con-
tinuous mechanical shaking at room temperature, the self-polym-
erization process continued for 6.0 h and a thin layer of pDA was
formed on the surface of the PVDF membrane. Finally, the pDA@
PVDF membrane was washed with deionized water to wash away
excess pDA particles and unreacted DA.
2-3. Preparation of Zwitterionic Membrane (ZiMs)

(1) We added 10 mL of 2.0 mg mL1 DMDA to 50 mL of 10
mM Tris-HCl solution, adjusted the pH of the solution to 8.5 with
NaOH, immersed the above-prepared pDA@PVDF membrane in
the above mixed solution at 30 oC. Magnetic stirring for 24 h. After-
wards, the prepared membrane was rinsed with deionized water
to rinse off excess DMDA and Tris-HCl.

(2) 0.5 g of 1,3-propane sultone was added to 50 mL of metha-

nol and homogenized by ultrasonication. The membrane prepared
above was immersed in the above mixed solution and magneti-
cally stirred at 30 oC. for 24 h. Afterwards, the prepared membrane
was rinsed with deionized water and the excess 1, 3-propane sul-
tone and methanol were rinsed off?the ZiMs were obtained. The
synthetic route is shown in Fig. 1.
2-4. Preparation of Zwitterionic Imprinted Composite Membrane
(ZiIMs)

(1) The above-prepared ZiMs were first modified with MPTS,
and a polymerizable double bond was introduced for further blot-
ting. ZiMs and 2.0 mL MPTS were added to a 60 mL ethanol/water

Fig. 1. Schematic of ZiMs.
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(4 : 1, v : v) mixed solution and stirred magnetically (80 rpm) for
24 h at 80 oC. Finally, it was washed several times with ethanol and
deionized water.

(2) Preparation of ZiIMs: 5.0 mmol of 2AM12C4 and 5.0 mmol
of LiCl were added to 60 mL of methanol. The reaction mixture
was sealed and stirred in a 25 oC water bath for 2.0 h to form a
homogeneous solution. 25 mmol of MAA, 0.1 mol of EGDMA,
0.05g of AIBN and the above-prepared film were added to the above
solution in that order, and the mixture was continuously refluxed
under a nitrogen atmosphere at 60 oC overnight. Finally, the result-
ing membrane sample was eluted with 0.5 mol L1 HCl to remove
Li+ and unreacted monomer until no Li+ was detected, and finally
the membrane sample was washed with ethanol. ZiIMs were ob-
tained after vacuum drying at 45 oC. The synthesis process of ZiNMs
is similar to that of ZiIMs, except that Li+ is not added during the
synthesis.
3. Characterization of Membranes
3-1. BSA Adsorption Experiment of ZiIMs

To study the anti-contamination properties of the prepared mem-
branes (raw PVDF membranes, pDA@PVDF, ZiMs, ZiIMs, ZiNMs),
BSA was used as a template protein to study static and dynamic
protein adsorption experiments. The dynamic and static adsorp-
tion experiments on BSA membranes were studied. The prepared
membranes (original PVDF membrane, pDA@PVDF, ZiMs, ZiIMs,
ZiNMs) (diameter 40 mm) were immersed in Tris-HCl aqueous
solution (0.1 M, pH=7.4) for 5.0 min and then adsorbed onto the
membrane surface with a piece of filter paper to excess Tris-HCl
solution. The membrane was immersed in 50 mL of 1.0 mg mL-1
BSA aqueous solution (pH=7.4), sealed, and allowed to adsorb for
24 h at room temperature. The adsorption capacity of BSA for each
membrane sample was obtained by measuring the difference in
concentration of BSA solution before and after adsorption. To obtain
the most accurate information for the final data, we repeated each
experiment three times and calculated the average of three sets of
parallel tests. At the same time, each dynamic adsorption experi-
ment was conducted during the shaking process to evaluate the
anti-contamination ability of the prepared membrane sample under
simulated real conditions.
3-2. Membrane Flux Experiment of ZiIMs

The ZiIMs and the original PVDF membranes were fixed on a
membrane flux testing device with an effective membrane area of
4.8 cm2 and the membrane flux was measured at a pressure of 0.15
Mpa. The concentration of LiCl aqueous solution was 20 mg/L.
The membrane flux of ZiIMs and the original PVDF membrane
wasa calculated from Eq. (1):

(1)

Here, Jm (mL cm2 min1) is the flux of the membrane, V (mL) is
the volume of the liquid after infiltration, t (min) is the sampling
time, and s (cm2) is the effective area of the sample membrane.
3-3. Static Adsorption Experiment of ZiIMs

To measure the adsorption of Li+ by ZiIMs and ZiNMs, adsorp-
tion isotherms and adsorption kinetics experiments were performed.
The entire experimental process was performed at 25 oC. To obtain
the most accurate information for the final data, we repeated each

experiment three times and calculated the average of three sets of
parallel tests.
3-3-1. Isothermal Adsorption Experiments of ZiIMs

In the isothermal adsorption study, one piece of ZiIMs or ZiNMs
was immersed in a centrifuge tube containing 10 mL of Li+ aque-
ous solution with different initial concentrations (2.0, 5.0, 8.0, 10,
15, 20, 30, 50 mg/L). It was let stand until the adsorption reached
equilibrium, then the concentration of Li+ by AAS was determined.
The equilibrium adsorption capacity of ZiIMs and ZiNMs was
calculated by the following formula:

(2)

Qe (mg g1) is the equilibrium adsorption capacity of ZiIMs and
ZiNMs, and C0 (mg/L) and Ce (mg/L) are the initial and equilib-
rium concentrations of Li+, respectively. V (L) is the volume of the
solution and m (g) is the mass of ZiIMs and ZiNMs.
3-3-2. Kinetic Adsorption Experiment of ZiIMs

Kinetic adsorption studies were performed by immersing one
piece of ZiIMs or ZiNMs in a 10 mL centrifuge tube with a con-
centration of 10 mg/L Li+ aqueous solution. At different time inter-
vals (5.0, 10, 20, 30, 60, 100, 120, 180 min), the adsorbed solution
was then taken out to determine the concentration of Li+. We cal-
culated the amount of adsorption of ZiIMs and ZiNMs at differ-
ent time according to Eq. (3):

(3)

Here, Qt (mg g1) is the adsorption amount of ZiIMs and ZiNMs
at different time t, C0 (mg/L) and Ct (mg/L) are the initial concen-
trations of Li+ and the concentrations at time t. V (L) is the volume
of the solution and m (g) is the mass of ZiIMs and ZiNMs.
3-4. Selective Adsorption Experiment of ZiIMs

In selective adsorption experiments, Mg2+ was selected as the
competitive ion. The ZiIMs or ZiNMs were immersed in a 10 mL
mixture of Li+ and Mg2+. The Mg2+ concentration was 200mg/L and
the Li+ concentrations were 2.0, 5.0, 8.0, 10, 15, 20, 30 and 50 mg/
L, respectively. After adsorption reached equilibrium, the concen-
trations of Li+ and Mg2+ samples were determined. C (mg/L) is the
initial concentration of Li+. Qe (mg/g) is the equilibrium adsorption
amount of LiIM and Mg2+ by ZiIMs.
3-5. Selective Penetration Experiments of ZiIMs

The permselectivity of ZiIMs and ZiNMs was tested by compet-
itive penetration experiments. The test was in an H-type device with
an effective membrane contact area of 1.5 cm2. 100 mL of a mixed
aqueous solution of Li+ and Mg2+ was placed as a feed solution in
the left chamber, and 100 mL of deionized water was placed as a
receiving solution in the right chamber. The device was placed in
a constant temperature water bath shaker to keep the solution uni-
form. At different time points (5.0, 15, 30, 45, 60, 120, 180 min),
5.0 mL of the received phase sample was taken to determine the
ion concentration, and then 5.0mL of water was added to the receiv-
ing phase. The final data was the average of three sets of parallel
tests. Permeation flux Jx (mg cm1 h1), permeability coefficient P
(cm2 h1) and selective permeability factor  are calculated by the
following formula:

Jm  
V
St
----

Qe  
C0   Ce V

m
-------------------------

Qt  
C0   Ct V

m
------------------------



710 Y. Lu et al.

April, 2020

x=Li+, Mg2+ (4)

x=Li+, Mg2+ (5)

(6)

where V, A and d represent the volume of the feed and receiving
solution (mL), the effective membrane area (cm2) and the mem-
brane thickness, respectively. Cx/t is the change in concentration
in the receiving solution. (CFxCRx) is the concentration difference
between the feed liquid and the receiving liquid.

RESULTS AND DISCUSSION

1. Nuclear Magnetic Spectrum Analysis
The 2M12C4 modification process was analyzed by 1HNMR.

Fig. 2 is the 1HNMR spectrum of 2M12C4(a) and 2AM12C4(b). As
shown, the absorption peak at 2.02ppm for 2AM12C4 and 2M12C4
completely disappears, and new absorption peaks appear at 5.89ppm

Jx  
CxV
tA
--------------

P  
Jxd

CFx
   CRx

 
------------------------

Mg2+/Li+   
PMg2+

PLi+

-----------

Fig. 3. Surface SEM images of (a) pristine PVDF, (b) pDA@PVDF and (c) ZiIMs.

Fig. 4. XPS wide scans and narrow scans for PVDF and ZiIMs.

Fig. 2. 1HNMR spectra of (a) 2M12C4 and (b) 2AM12C4 in CDCl3.
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and 5.25 ppm, which proves that the hydroxyl group is replaced by
a double bond, indicating successful synthesis of 2AM12C4.
2. SEM Analysis of Membranes

The surface morphology of pristine PVDF membrane, pDA@
PVDF membrane and ZiIMs was observed by SEM. As shown in
Fig. 3(a), the original PVDF film exhibits a porous and smooth film
structure after the phase inversion process. Compared with the origi-
nal PVDF membrane, the surface of the pDA@PVDF membrane
(Fig. 3(b)) has a distinct polymer layer and a relatively rough surface
structure after self-polymerization of dopamine at a slightly alkaline
pH, indicating the PVDF membrane surface. The pDA layer was
successfully aggregated. At the same time, as shown in Fig. 3(c),
the film surface is relatively rough and the polymer layer is signifi-
cantly thicker, indicating that a uniform imprinting layer was formed
on the surface of the ZiIMs.
3. XPS Analysis of Membranes

The surface element composition and bonding of PVDF mem-
brane and ZiIMs were studied by XPS broad-peak scan and peak-
fitting data. As shown in Fig. 4, the broad peak scan of the PVDF
membrane has F1s, O1s, N1s, and C1s peaks. Compared with PVDF
membranes, after the zwitterion modification, the broad peak XPS
scan of ZiIMs shows a new S2s peak, which can fully prove that
the zwitterionic layer is successfully polymerized on the PVDF mem-
brane surface. The results of fitting the C1s peaks of PVDF mem-
branes and ZiIMs show that compared with PVDF membranes,
ZiIMs fit new COC and OC=O peaks. The fitting data can fully
prove that lithium ion imprinted polymers have been successfully
polymerized. The surface of the film further validated the SEM
results.
4. BSA Adsorption of ZiIMs

To study the antifouling properties of the prepared membranes,
static and dynamic BSA adsorption experiments were conducted

Fig. 6. Water contact angle of (a) pristine PVDF, (b) pDA@PVDF, (c) ZiMs, (d) ZiIMs and (e) ZiNMs.

Fig. 5. BSA adsorption behaviors of various membranes under static
and dynaminc.

in detail. As shown in Fig. 5, the static adsorption of BSA in the
original PVDF is close to 47.2×103 mg cm2, which is far greater
than the static adsorption of BSA in other modified membranes
(pDA@PVDF, ZiMs, ZiIMs, ZiNMs). The modified membrane’s
anti-pollution performance was greatly improved. In static and
dynamic adsorption experiments, the amount of BSA adsorbed by
ZiMs is lower than that of pDA@PVDF, indicating that the zwitte-
rionic polymer layer can improve the anti-pollution ability of the
film. At the same time, both ZiIMs and ZiNMs showed lower BSA
adsorption, indicating that samples modified with hydrophilic sur-
face have higher anti-pollution performance. In addition, the adsorp-
tion capacity of ZiIMs on BSA was slightly greater than that of
ZiNMs, indicating that ZiNMs have higher anti-pollution capability.
This may be because the surface hydrophilicity of ZiNMs is stron-
ger during the imprinting process and is consistent with the exper-
imental results of contact angle. Therefore, this work demonstrates
that the multilayer structure of the pDA thin layer and the zwitteri-
onic polymerization layer effectively improved the antifouling perfor-
mance of the ZiIMs.
5. Contact Angle Analysis

To study the influence of the pDA thin layer and zwitterion on
the hydrophilicity of the membrane, an experiment for measuring
the contact angle was studied. Note that the smaller the contact
angle, the greater the hydrophilicity. The static contact angle of the
film was measured by the seat drop method using a contact angle
instrument. Water droplets (5.0m) were carefully dropped on the
surface of the dry film with a microsyringe. After 10 s of dripping,
imaging software was used to calculate the contact angle of the
droplet. The contact angle of each film is the average of the five val-
ues measured at different locations.

The hydrophilicity of pristine PVDF membranes, pDA@PVDF,
ZiMs, ZiIMs, ZiNMs was tested by measuring the static water con-
tact angle. The results are shown in Fig. 6. The contact angle of the
original PVDF film (Fig. 6(a)) is 89.7o, indicating that the original
PVDF film is a hydrophobic film. Compared with the original PVDF
film, the contact angle of pDA@PVDF (Fig. 6(b)) is reduced to 73.8o

and the contact angle of ZiMs (Fig. 6(c)) is reduced to 54.6o. This
is mainly due to the formation of pDA polymer layer and zwitteri-
onic layer on the surface of the PVDF film, which improves the
hydrophilicity of the film. In addition, the contact angle of ZiIMs
(Fig. 6(d)) is 50.7o, and the contact angle of ZiNMs (Fig. 6(e)) is
50.2o, indicating that more hydrophilic layers are formed on the
membrane surface during the imprinting process, improving the
hydrophilicity of the membrane. The contact angles of ZiNMs are
slightly smaller than those of ZiIMs. This may be because ZiIMs
do not add target ions during the imprinting process and there is
no elution process, so the surface is more hydrophilic. The contact
angle experiment proves that the pDA polymer layer and zwitteri-
onic modification can improve the hydrophilicity of the membrane,
and further verify the experimental results of the antifouling per-
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formance of ZiIMs and ZiNMs.
6. Membrane Flux of ZiIMs

The original PVDF membrane and ZiIMs were fixed on the
membrane flux device at a pressure of 0.15 MPa. As shown in Fig.
7, the membrane flux of the original PVDF membrane was 4.8 mL
cm2 min1, and the ZiIMs had a higher membrane flux of 11.78
mL cm2 min1. This may be due to the pDA of the surface of the
ZiIMs. The formation of polymeric layers and imprinted layers is
more effective than the original PVDF membrane to identify sites;
the formation of these sites is conducive to the mass transfer of Li+.
7. Static Adsorption of ZiIMs
7-1. The Adsorption Isotherm Constants for ZiIMs

The adsorption performance of ZiIMs and ZiNMs was studied
by static adsorption experiments. First, the isothermal adsorption
of ZiIMs and ZiNMs was studied in detail. As shown in Fig. 8, the
equilibrium adsorption capacity of ZiIMs and ZiNMs increases with
the initial concentration of Li+, and the adsorption amount of ZiIMs
is significantly higher than that of ZiNMs, which may be due to the
presence of a large amount of Li+ in the surface layer of ZiIMs.
Highly matched holes with specific recognition. In addition, the
Langmuir and Freundlich isotherm adsorption models were used
to fit the experimental data, and the adsorption mechanism of ZiIMs
and ZiNMs was further explored. The formula is as follows:

(7)

(8)

Qe (mg g1) is the equilibrium adsorption capacity of ZiIMs and
ZiNMs. Qm (mg g1) is the saturated adsorption capacity of ZiIMs
and ZiNMs. C0 (mg/L) is the initial solubility of Li+ and Ce (mg/L)

is the equilibrium solubility of Li+. n is the measured surface uneven-
ness. KL and KF are Langmuir and Freundlich constants, respectively.

The isothermal adsorption constants for ZiIMs and ZiNMs are
listed in Table 1. As shown in Fig. 8 and Table 1, the correlation co-
efficient of the Langmuir model is 0.9941, and the linear regression
value fits well with the Langmuir model, indicating that the adsorp-
tion process of ZiIMs is monolayer adsorption.
7-2. The Kinetics of Adsorption of ZiIMs

Secondly, the kinetic adsorption of ZiIMs and ZiNMs was stud-
ied. The kinetics of adsorption process controlled the contact time
of ZiIMs and ZiNMs with the adsorption solution by 5.0-120 min.
Adsorption capacity at different time t is shown in Fig. 9. The ab-

Qe  
KLQmC0

1  KLC0
--------------------

Qe   LFCe
1/n

Fig. 7. Membrane flux of pristine PVDF membrane and ZiIMs. Fig. 8. Equilibrium data and Langmuir fit and Freundlich fit for the
adsorption of Li+ onto ZiIMs and ZiNMs.

Table 1. Adsorption isotherm constants of Li+ on ZiIMs and ZiNMs

Membranes
Langmuir Model Freundlich modle

KL Qe, cal R2 KF 1/n R2

ZiIMs 0.0707 36.2226 0.9941 5.0412 0.4555 0.9324
ZiNMs 0.0583 08.6573 0.9931 1.0030 0.4881 0.9502

Fig. 9. Kinetic curves and fitting model for Li+ on ZiIMs and ZiNMs.
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sorption of ZiIMs increased rapidly within the first 30 minutes, then
was relatively slow, and then basically reached the adsorption equi-
librium at 60 minutes. This may be due to the increased surface
area of the pDA polymer layer and zwitterionic layer on the surface
of the ZiIMs, exhibiting a faster adsorption rate. Compared with
ZiIMs, ZiNMs exhibited a stable adsorption rate and a low equi-
librium adsorption capacity, possibly due to the presence of a large
number of imprinting sites on the surface of the imprinted layer of
ZiIMs and specific recognition of Li+. To study the mechanism of
kinetic adsorption, kinetic adsorption data of ZiIMs and ZiNMs
were fitted using a pseudo-first-order adsorption kinetics equation
and a pseudo-secondary adsorption kinetics equation. The calcu-
lation formulas for the pseudo-adsorption kinetic model and the
pseudo-second-order kinetics adsorption model are as follows:

(9)

(10)

Qe (mg g1) is the equilibrium adsorption capacity of ZiIMs and
ZiNMs. Qt (mg g1) is the amount of adsorption of ZiIMs and
ZiNMs at different contact times t. K1 (min1) and k2 (g mg1 min1)
are the pseudo first-order kinetic rate constants and the pseudo-sec-
ond-order kinetic rate constants.

Table 2 lists the linear regression and adsorption rate constants
for the pseudo-primary and pseudo-secondary models. From Fig.
9 and Table 2, the pseudo-second-order kinetic model (R2=0.9931)
is better than the pseudo-first-order kinetic model, indicating that
the adsorption kinetics of ZiIMs on Li+ is in line with the quasi-
secondary dynamics. In the model, the adsorption process is a

Qt   Qee
k1t

Qt  
K2Qe

2t
1 K2Qtt
---------------------

Table 2. Pseudo-first-order and pseudo-second-order adsorption kinetic constants of Li+on ZiIMs and ZiNMs

Membranes
Pseudo-first-order model Pseudo-second-order model

Qe, cal k1 (min1) R2 Qe, cal k2 (g mg1 min1) R2

ZiIMs 14.1100 0.1011 0.9674 15.6014 0.1417 0.9931
ZiNMs 03.0197 0.0525 0.9811 03.5526 0.0598 0.9976

Fig. 10. Adsorption selectivity of ZiIMs.

Fig. 11. The time-dependent perm-selectivity curves of Li+ and Mg2+ through (a) ZiIMs and (b) ZiNMs.

chemical reaction process.
8. Selective Adsorption of ZiIMs

To further study the selective adsorption of ZiIMs, the equilib-
rium adsorption capacity of ZiIMs in the high Mg2+/Li+ environ-
ment was studied. As shown in Fig. 10, as the concentration of Li+

increases, the amount of adsorption of Li+ by ZiIMs gradually in-
creases, and the amount of Mg2+ adsorbed remains basically un-
changed, which fully proves the specificity of Li+ for high Mg2+/Li+
environments. The recognition and adsorption selectivity is good,
but there is no specific selective adsorption ability for the non-
template ion Mg2+. This is due to the presence of specific recogni-
tion holes on the surface of ZiIMs that match the Li+ space during
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the imprinting process, which promotes the interaction between
Li+ and ZiIMs.
9. Selective Permeation and Separation Mechanism of ZiIMs

The selective permeability of blotting membrane material is an
important indicator for testing overall performance. The existence
of imprinted holes on the surface of ZiIMs with specific selective
adsorption of the template ion Li+ is regarded as a Li+ specific chan-
nel and serves the purpose of selectively separating Li+. In this work,
the selective permeation performance of ZiIMs and ZiNMs for Li+
was studied by competitive adsorption experiments (mixed aque-
ous solution of Li+ and Mg2+ at a concentration of 200 mg/L). The
time-dependent concentration curves and permeabilities of ZiIMs
and ZiNMs are shown in Fig. 11. Table 3 calculates the selective
permeabilities of ZiIMs and ZiNMs for Li+ and Mg2+. As shown
in Fig. 11(a), ZiIMs exhibited a higher permeation flux for the non-
templated ion Mg2+ but a lower permeation flux for Li+, mainly
due to the presence of imprinted voids for the specific recognition
of Li+ in ZiIMs. The hole enhances the interaction between Li+ and
ZiIMs, which hinders the transmission of Li+ on the surface of
ZiIMs and allows Mg2+ to pass smoothly. As shown in Fig. 11(b),
the permeation flux of ZiNMs to Li+ and Mg2+ is almost different
because ZiNMs have no imprinting effect during the synthesis and
there are no imprinting holes on the surface of ZiNMs that inter-
act with Li+ and Mg2+. ZiNMs have almost the same transmission
results for Li+ and Mg2+. At the same time, the permeability factor
 was 8.94, indicating that ZiIMs have excellent imprinting effect
and better selectivity for Li+ separation.

The mechanism of selective separation of ZiIMs can be summa-
rized as two distinct approaches: (1) “Promote” permeation, com-
bination of template with imprinted sites, preferential permeation
with concentration gradient, template ion faster than other solutes;
(2) “Delayed” permeation. The template interacts with the blotting
sites until the adsorption at the imprinted sites is saturated, thereby
impeding the template ion penetration. Due to the delay, the tem-
plate ion has a slower rate of permeation than other solutes. The
selective permeation results of ZiIMs indicate that ZiIMs have a
higher diffusivity for Mg2+ than Li+. During imprinting, the im-
printed holes on the surface of ZiIMs specifically recognize Li+, sug-
gesting that it is difficult to recognize Mg2+. Therefore, ZiIMs rarely
adsorb or impede Mg2+ and continue to pass from one side of the
ZiIMs to the other. In summary, it can be considered that the pen-
etration process of Li+ and Mg2+ through ZiIMs is a “delayed” osmotic
mass transfer mechanism.
10. Regeneration and Stability Analysis of ZiIMs

Repeated adsorption and desorption cycle experiments were
performed to study the reproducibility and stability of ZiIMs. The
same ZiIis were used to regenerate the Li+ solution at a concentra-

tion of 10 mg/L. ZiIMs were immersed in aqueous Li+ solution.
After the adsorption reached equilibrium, the concentration of ions
in the adsorption solution was measured. The saturated ZiIMs were
then eluted with 0.5mol/L hydrochloric acid solution and the ZiIMs
were further subjected to an adsorption/desorption cycle. The ad-
sorption/desorption cycle was repeated ten times. As shown in Fig.
12, there was a decrease of only 8.6% compared with the maxi-
mum adsorption amount after ten cycles, indicating that ZiIMs can
be reused many times without significant differences in adsorption
capacity, indicating that ZiIMs have strong stability and reproduc-
ible performance.

CONCLUSION

Using PVDF membrane as substrate, a surface hydrophilic and
antifouling imprinted composite membrane based on zwitterion
and dopamine was synthesized. The structural composition and
morphology of the imprinted membrane were studied by various
characterization methods. Membrane flux tests showed that the pre-
pared ZiIMs had good porosity, and the internal structure of the
membrane was stable. The contact angle test proved that the pDA
layer and the zwitterionic modified layer could improve the hydro-
philicity of the membrane. The BSA adsorption experiments indi-
cated that the anti-pollution performance of the ZiIMs was greatly
improved. Static adsorption experiments showed that the prepared
ZiIMs had higher adsorption capacity and faster adsorption rate.
After ten adsorption/desorption cycles, the prepared ZiIMs can
maintain a maximum adsorption capacity of 91.4%, indicating that

Table 3. Permeation test results of ZiIMs and ZiNMs of Li+ and Mg2+

Membranes Ions Jx (mg cm2 s1)*105 P (cm2 s1)*105
Mg2+/Li+

ZiIMs Li+ 06.08 0.36 8.94
Mg2+ 23.71 3.22

ZiNMs Li+ 24.14 4.45 0.97
Mg2+ 24.28 4.32

Fig. 12. Regeneration performance on the rebinding capacity of the
ZiIMs.
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ZiIMs have good reproducible performance and stability. In sum-
mary, the membrane based on zwitterionic and dopamine surface
modification has a wide application prospect in the selective sepa-
ration and enrichment of Li+.
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