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in binary metal ion solution of copper/zinc, copper/
nickel, copper/lead and copper/cadmium reach up 
to 47, 101, and 162, respectively. As illustrated by 
Scatchard models, the specific recognition site with 
high copper ion affinity should be a key factor affect-
ing selective adsorption. In addition, the nanofiber 
nonwoven adsorbent exhibits good anti-interference 
ability and reusability. The nanofiber nonwoven 
adsorbent can be reused at least ten cycles with only 
7.9% reduction in adsorption capacity. Therefore, the 
prepared copper ion-imprinted nanofiber nonwoven 
can be an effective adsorbent for separation or enrich-
ment of copper ions for water treatment applications.

Abstract Novel surface copper ion-imprinted bac-
terial cellulose nanofiber nonwoven adsorbent was 
fabricated via surface ion-imprinting technique com-
bined with electrospinning technology for highly 
selective adsorption of copper ions in aqueous solu-
tions. The as-prepared nanofiber nonwoven adsorbent 
was characterized by scanning electron microscopy, 
specific surface area, Fourier transform infrared spec-
troscopy and energy dispersive X-ray, respectively. 
The adsorption capacity and recognition selectivity 
performance towards copper ions were investigated 
by batch experiments. The experimental data indicate 
that the ion-imprinted nanofiber nonwoven adsorbent 
presents excellent adsorption ability and high recogni-
tion selectivity towards copper ions in binary systems 
using zinc, nickel, lead and cadmium as competitive 
ions. The maximum copper ion adsorption capac-
ity is determined to be 152.2 mg/g at 298 K, which 
is higher than that of the other imprinted adsorbents. 
The selectivity coefficients for copper ion adsorption 
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now, various methods including precipitation (Chen 
et al. 2018), coagulation (Kim et al. 2020), filtration 
(Nasrollahi et  al. 2019; Skoczko et  al. 2018), floc-
culation (Süreyya et  al. 2002), ion exchange (Bashir 
et  al. 2019), electrolysis (Bhagat et  al. 2020), ultra-
sound-assisted synthesis (Abdi et  al. 2017), photo-
catalytic (Mahmoodi 2014) and adsorption (Xu et al. 
2018a, b) have been applied to remove heavy metal 
ions and dyes from aqueous solution. Among these 
methods, adsorption is most widely used owing to its 
easy operation, low cost, good reusability and high 
efficiency (Ngah et  al. 2011). However, most adsor-
bents have disadvantages in selective recognition and 
adsorption.

Surface ion-imprinting method (SIIM) is a novel 
and effective technique to prepare adsorbents with 
high selectivity based on ion recognition-adsorption 
mechanism (He et al. 2018; Monier et al. 2013; Erol 

Keywords Ion-imprinting · Electrospinning · 
Nonwoven adsorbent · Adsorption · Selectivity

Introduction

Recently, water pollution has become one of the 
most significant environment problems due to rapid 
development of global industrialization. Inorganics 
(e.g. heavy metal ions) and organics (textile dyes) 
are major pollutants. These pollutants can get into 
the food chains by accumulation in living organ-
isms, which might affect the environment as well 
as human health since they are toxic and cannot be 
degraded into non-toxic material unless they can 
be metabolized in time (Mahmoodi et  al. 2007; Xu 
et al. 2018a, b; Kashefi et al. 2019). Thus, treatment 
of waste-water is an important research topic. By 
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et  al. 2017). This technique involves support mate-
rials that selectively bind with the template ions on 
the surface layer. After removing the template ions, 
the binding sites are exposed and have positions with 
similar shape, size, and chemistry to target ions. As 
a result, surface ion-imprinting adsorbents (SIIA) 
present remarkable affinity and high selectivity 
towards target ions and can be applied to detection, 
adsorption, purification and environmental protection 
(Zhang et  al. 2007, 2010; Bakhshpour et  al. 2017). 
SIIA can be prepared by bulk polymerization (Wang 
et  al. 2019a, b), suspension polymerization (Hoai 
et  al. 2010), precipitation polymerization (Roush-
ani et  al. 2015; Pang et  al. 2011), sol–gel process 
(Ren et al. 2018; Cai et al. 2014) and other methods 
(Zhu et  al. 2017; Peng et  al. 2015; Janmohammadi 
et al. 2018). For instance, Mishra and Verma (2017) 
reported a Pb(II) ions-imprinted polymeric beads by 
surface ion imprinting technique using suspension 
polymerization for Pb(II) removal from waste-water. 
The maximum adsorption capacity of Pb(II) was up 
to 47 mg/g with high selectivity coefficients.

Nowadays, electrospinning technology has been 
extensively investigated to fabricate nanofiber materi-
als applied in the fields like tissue engineering, drug 
release systems, sensors, filtration and adsorption (Yu 
et  al. 2018; Tripathy et  al. 2019; Zhang et  al. 2019; 
Mousavi et al. 2018; Wu et al. 2018). Compared with 
particle adsorbents, nanofiber adsorbents possess 
characteristics of good flexibility, large specific sur-
face areas, high porosity, small pore size with inter-
connected structure and short transit distance. Fur-
thermore, they can be fabricated into different shapes 
like nanofibers, membranes and nonwoven fabrics 
(Quan et al. 2018; Miao et al. 2013; Jiajia et al. 2020). 
It might be interesting to fabricate ion-imprinted 
nanofiber nonwoven fabric adsorbents by SIIM for 
selective removal of heavy metal ions in aqueous 
solution.

Environmentally friendly polymers based on green 
molecules such as chitosan and cellulose have been 
recommended for water treatment applications since 
they contain large mount of functional groups like 
amino, hydroxyl, carboxyl, etc. which can be effective 
to combine with heavy metal ions (Davarpanah et al. 
2009; Wang, et al. 2019a, b; Zhao et al. 2019; Hong 
et  al. 2018). Bacterial cellulose (BC) is one kind of 
environmentally friendly polymers, which has been 
bio-synthesized in large scale and commercially used 

in industrial applications. BC has many advantages in 
properties like high crystallinity, excellent mechani-
cal properties, good hydrophilicity and biodegradabil-
ity (Zhijiang et al. 2019; Hou et al. 2018). Since BC 
has high content of hydroxyl groups along molecular 
chains, it has been investigated as adsorbent for metal 
ions removal from aqueous solution. For example, 
BC/Graphene oxide hybrids (Fang et  al. 2016), BC/
attapulgite magnetic composites (Chen et  al. 2019) 
and BC/Fe3O4 nanocomposites (Zhu et  al. 2011) 
have been reported for Cu(II), Cd(II) and Pb(II) ions 
adsorption. However, these adsorbents show low ions 
selectivity. Recently, molecularly imprinted compos-
ite BC nanofibers for antibiotic release (Emel et  al. 
2019) and metal-ions imprinted thermo-responsive 
BC derivatives for Cu(II) adsorption (Li et al. 2019) 
have been illustrated by in-situ polymerization using 
molecule and metal ion as template.

In the present work, a novel surface Cu(II) ion-
imprinted BC based nanofiber nonwoven fabric 
(IBCN-Cu) adsorbent was developed by two-step 
process combined with electrospinning technique 
and SIIM. The novelty of this research lies in that 
the BC based nanofibrous structure can provide large 
specific surface areas and large amount of hydroxyl 
functional groups favourable of metal ions adsorption 
and well-designed ion-imprinted recognition sites 
with coordination geometry matching with Cu(II) 
ions in charge, size, shape, coordination number and 
spatial arrangement of hydroxyl groups can remark-
ably improve recognition selectivity towards Cu(II) 
ions with excellent anti-interference ability. The as-
obtained IBCN-Cu adsorbents were characterized 
with their physico-chemical characteristics by scan-
ning electron microscopy (SEM), BET surface area, 
Fourier transform infrared spectroscopy (FTIR) and 
energy dispersive X-ray (EDX). The effects of various 
adsorption conditions such as solution concentration, 
solution pH, and competitive metal ions on IBCN-Cu 
adsorption behavior were investigated. The selectiv-
ity of Cu(II) binding onto IBCN-Cu was investigated 
to study the selective adsorption. The adsorption iso-
therm and kinetics were analyzed on the IBCN-Cu to 
explore the mechanism of selective separation. The 
adsorption capacity and selectivity coefficients of the 
prepared IBCN-Cu in this work was also compared 
with other Cu(II)-imprinted adsorbents reported in 
literature.
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Experimental

Materials

Bacterial cellulose produced by Gluconacetobacter 
xylinum with molecular weight about 6.3 ×  105  g/
mol were kindly supplied Tianjin GreenBio Mate-
rials Co., Ltd. N,N-Dimethylacetamide (DMAc), 
ethanol, HCl (36 − 38 wt%), NaOH (purity > 96%) 
and glutaraldehyde were purchased from Sinopharm 
Chemical Reagent Co., Ltd (Beijing, China). Copper 
nitrate (Cu(NO3)2), lead nitrate (Pb(NO3)2), nickel 
nitrate (Ni(NO3)2), and cadmium nitrate (Cd(NO3)2) 
were purchased from Sinopharm Chemical Reagent 
Beijing Co., Ltd. All chemical reagents of the highest 
purity available were used as received without further 
treatment. Deionized water was used in all the experi-
ments and prepared by our lab.

Instruments

The ion concentration in the aqueous solution was 
determined by inductively coupled plasma mass 
spectrometry (ICPMS-700, Perkin Elmer). The pH 
value of the aqueous solution was measured by pH 
meter (HI221, Hanna). The surface morphology of 
the samples were observed by scanning electron 
microscope (SEM, Hitachi S-4200). The chemical 
structure changes of the samples was monitored by 
Fourier transform infrared spectroscopy (FTIR2000, 
Perkin Elmer). The specific surface area of the sam-
ples was analyzed by Brunauer-Emmet-Teller (BET) 
method using surface area analyzer (BET, Sorpto-
matic-1990). The surface metal ion distribution was 
detected by energy dispersive X-ray (EDX, Oxford 
Inc., Germany).

Preparation of Cu(II) ion-imprinted BC based 
nanofiber nonwoven fabric adsorbent (IBCN-Cu)

IBCN-Cu was fabricated by two-step process com-
bined with electrospinning technique and SIIM. For 
the first step, BC was dissolved in DMAc at 90  °C 
for 12  h to prepare 5 wt% BC spinning solution by 
continuously stir. The BC nanofiber nonwoven fab-
ric was prepared by electrospinning technique under 
the following parameters: 25  kV for applied volt-
age, 1.0  mL/h for exclusion speed, 22  cm for col-
lecting distance, 25  °C for temperature and 35% for 

relative humidity. After electrospinning process, 
the BC nanofiber nonwoven fabric was dried under 
vacuum at room temperature to remove solvent com-
pletely. The sample was labeled as BNF and used 
for further preparation. For the second step, Cu(II) 
ions were imprinted onto BNF by SIIM. 0.2  g BC 
nanofiber nonwoven fabric was immersed in 50 mL of 
400 mg/L Cu(II) aqueous solution at pH 5.0 for 4 h. 
Then, the nonwoven fabric was washed using moving 
water for 1 h to remove redundant Cu(II) ions on the 
nonwoven fabric. After that, the nonwoven fabric was 
crosslinked by 3 wt% glutaraldehyde aqueous solu-
tion at room temperature for 4 h. Finally, the nonwo-
ven fabric was washed by HCl (1 mol/L) to remove 
the Cu(II) template ions until no Cu(II) ion was tested 
by ICP in the eluent. After washing by water to neu-
trality and drying under vacuum overnight, the Cu(II) 
ion surface imprinted BC based nanofiber nonwoven 
fabric was obtained and labeled as IBCN-Cu.

Adsorption study

All adsorption experiments were carried out by batch 
process using a vapour-bathing vibrator at certain 
temperature (298, 308 and 318  K, respectively) in 
250 mL beakers and conducted in triplicate. Briefly, 
0.1  g IBCN-Cu nonwoven adsorbent (M, adsorbent 
mass, g) was immersed into metal ion stock solutions 
of 150 mL (V, solution volume, L) with various initial 
concentration (Ci, mg/L) for 4  h to achieve adsorp-
tion equilibration completely. Adsorption capacity at 
equilibrium (Qe, mg/g) and time t (Qt, mg/g) can be 
determined by the amount of metal ions adsorbed on 
unit mass of adsorbent using the following equations.

where Ce and Ct (mg/L) represent ion concentration 
after adsorption and at time t, respectively.

The effect of solution pH value, adsorption time 
and initial solution concentration on the adsorption 
capacity of the nanofiber nonwoven fabric adsorbent 
were investigated systematically.

(1)Qe =
(Ci − Ce) × V

M

(2)Qt =
(Ci − Ct) × V

M
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Selective adsorption

The selectivity of the IBCN-Cu adsorbent for Cu(II) 
ions was evaluated in the presence of the competi-
tive metal ions. The selective adsorption experi-
ments were performed in the binary mixed solutions 
of Cu(II)/Zn(II), Cu(II)/Ni(II), Cu(II)/Pb(II), Cu(II)/
Cd(II) with each ion initial concentration of 20 mg/L 
at a constant pH of 5.0 and at 298 K. The selective 
adsorption performance of the IBCN-Cu adsorbent 
for Cu(II) ions can be determined in term of adsorp-
tive distribution coefficients (Kad), adsorptive selec-
tivity coefficients (Kas) and ion-imprinting factors 
(IIF) by the following equations.

Anti-inference stability

The 0.05  g IBCN-Cu adsorbent was immersed into 
100 mL 10 mg/L Cu(II) solution containing 100 mg/L 
interference ions including Na(I), K(I), Ca(II), Mg(II) 
and Fe(III) at pH = 6.0 with temperature of 298 K by 
the batch method. The anti-inference stability of the 
IBCN-Cu was evaluated by comparing the Cu(II) 
adsorption capacity.

Reusability performance

The reusability of the IBCN-Cu nonwoven adsorbent 
was characterized by the adsorption/desorption circle 
under a constant pH of 5.0 and at 298 K. The satu-
rated IBCN-Cu after adsorption was regenerated with 
1.0  mol/L HCl solution to extract Cu(II) ions from 
adsorbent. Then, the IBCN-Cu nonwoven adsorbent 
was neutralized by water and 0.1 mol/L NaOH solu-
tion and dried under vacuum overnight. After that, 
the regenerated IBCN-Cu nonwoven adsorbent was 
reused for subsequent re-adsorption process. This 

(3)Kad =
Qe

Ce

(4)Kas =
Kad−Cu(II)

K
ad( competitive ion )

(5)IIF =
Kas(imprinted)

Kas(non−imprinted)

adsorption/desorption circle was repeated for ten 
times to reveal the stability and reusability perfor-
mance of the as-obtained IBCN-Cu.

Result and discussion

FT-IR spectra

Figure  1 shows FT-IR spectra of each stage in 
the preparation of surface Cu(II) imprinted BC 
nanofiber nonwoven fabric adsorbent. A is spectrum 
of BC nanofiber nonwoven fabric (BNNF), B is 
spectrum of Cu(II) ions mixed with BNNF (BNNF-
Cu), C is spectrum of cross-linked BNNF-Cu, 
and D is spectrum of surface Cu(II) imprinted BC 
nanofiber nonwoven fabric adsorbent (IBCN-Cu). 
As seen in spectrum A for BNNF, the broad absorp-
tion band at 3389   cm−1 is ascribed to the –OH 
stretching vibrations. Absorption band at 2928  cm−1 
represents the stretching vibration of aliphatic C–H. 
Absorption bands at 1680  cm−1 and 1352  cm−1 are 
assigned to the hydrogen-bonded carbonyl stretch-
ing vibration and  CH2 symmetric bending vibration, 

Fig. 1  FTIR spectra of surface imprinted BC nanofiber non-
woven fabric adsorbent at different preparation stages
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respectively. The absorption band at 1060   cm−1 
is attributed to the presence of C–O–C stretch-
ing vibrations. The absorption band at 727   cm−1 
is due to –OH out-of-phase bending vibrations. 
In the spectrum of BNNF-Cu, the –OH stretching 
vibration band has shifted to 3380   cm−1 and –OH 
bending vibration band moves to 720   cm−1. Gen-
erally, the bond force constant of –OH group will 
increase after bonding with positively charged ions, 
which may result in longer bond length and lower 
absorption band wavenumber. This result sug-
gests that the Cu(II) ions were coordinated with 
the hydroxyl groups to form chelation of Cu(II) 
ions in the BNNF-Cu. After crosslinking reaction, 
the –OH stretching vibration band at 3380   cm−1 
and –OH bending vibration band at 720   cm−1 
become weaker. A new absorption band detected 
at 1764  cm−1 is attributed to carbonyl group of the 

acetal, suggesting that –OH groups react with glu-
taraldehyde to form crosslinked BNNF-Cu. The 
crosslinking of –OH groups on the surface of BC 
nanofibers results in the formation of imprinted 
cavities. In the spectrum D for IBCN-Cu nonwoven 
fabric adsorbent, the ratio of –OH stretching vibra-
tion band and bending vibration band is improved 
compared with that of in the spectrum C, together 
with the –OH stretching vibration and bending 
vibration bands moving to 3388 and 727  cm−1, indi-
cating that Cu(II) ions are removed by HCl elution. 
Thus, the surface imprinted BC nanofiber nonwoven 
fabric adsorbent with free imprinted cavities can be 
formed. The positions of the major characteristic 
bands have little change, implying that the chemical 
composition and overall structure are rather stable 
during ion-imprinting process including adsorption, 
crosslinking and elution stages. It can be concluded 

Fig. 2  SEM image and fiber diameter distribution curve for BNNF (a, c) and IBCN-Cu (b, d)
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that the fabrication process of the surface Cu(II) 
imprinted BC nanofiber nonwoven fabric adsorbent 
is feasible by a comprehensive comparison of FT-IR 
spectrum of each preparation stage.

Surface morphology

Figure  2 displays the morphological analysis of BC 
nanofiber nonwoven fabric (BNNF) and surface 
Cu(II) imprinted BC nanofiber nonwoven fabric 
adsorbent (IBCN-Cu) by scanning electron micro-
scope (SEM), together with the fiber diameter dis-
tribution curves calculated by Photoshop software. 
Evidently, BC nanofiber presents smooth surface 
with round shape. The arrangement of nanofibers is 
random to form three-dimensional network structure 
with interconnected pore structure and high poros-
ity (Fig.  2a). The fiber diameter is rather uniform 
with the value in the range of 150–250 nm (Fig. 2b). 
After ion imprinting, IBCN-Cu demonstrates denser 
with a more rigid structure due to the existence of 
metal-hydroxyl complex coordination (Fig. 2c). There 
is few changes in fiber diameter distribution curve 
(Fig.  2d), while nanofiber surface turns rougher. 
The rougher surface can provide larger specific sur-
face areas (245.54  m2/g) than that of BNNF (176.82 
 m2/g), meaning higher metal ion adsorption capacity 
owing to the mass transfer rate of metal ions toward 
the nanofiber surface.

EDX study

The surface composition and element location of the 
BNF, Cu(II) loaded IBCN-Cu and IBCN-Cu non-
woven adsorbent was investigated by EDX analysis. 
As presented in Fig.  3a, only carbon (C) and oxy-
gen (O) element can be detected for BNF owing to 
its chemical unit structure  (C6H10O5). The presence 
of Cu(II) in the Cu(II) loaded IBCN-Cu was con-
firmed by the spectra. Cu map showing the distribu-
tion of the Cu element (purple points) on the surface 
of Cu(II) loaded IBCN-Cu adsorbent after adsorption 
process was demonstrated in Fig.  3b. For IBCN-Cu 
nonwoven adsorbent, no Cu element can be detected, 
which means that Cu(II) ions were removed out com-
pletely during acid treatment. Almost the same con-
tent of C and N detected in all spectra reveal that the 
BC remained intact in IBCN-Cu and Cu(II) loaded 
IBCN-Cu.

Optimization of fabrication process parameters

The IBCN-Cu was prepared using two-step pro-
cess combined electrospinning technique with SIIM 
including nanofiber fabrication, ions adsorption, 
crosslinking and ions elution stages. To optimize the 
fabrication process, the effect of various preparation 
parameters on the Cu(II) adsorption were systemati-
cally assessed on IBCN-Cu.

In nanofiber fabrication stage, to evaluate the 
electrospinning technique, different parameters like 
applied voltage (18, 20, 22 and 25  kV), exclusion 

Fig. 3  EDX spectra of BNF, Cu(II) loaded IBCN-Cu and IBCN-Cu adsorbent (a); Cu map showing Cu(II) distribution in Cu(II) 
loaded IBCN-Cu adsorbent (b)
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Fig. 4  Effects of a fiber diameter, b pH value, c Cu(II) ion 
concentration, d contact time, e glutaraldehyde concentration, 
f react time, g HCl concentration and h extraction time on the 

Cu(II) adsorption of IBCN-Cu (Each of the adsorption experi-
ment was repeated for 3 times to reduce errors)
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speed (0.5, 1.0, 1.5 and 2.0 mL/h) and collecting dis-
tance (18, 20, 22 and 25 cm) were investigated in the 
preparation of IBCN-Cu. Using orthogonal experi-
ment, fiber average diameter ranged from 187 ± 25 
to 544 ± 47 can be fabricated. The Cu(II) adsorption 
capacity decreases with the increase of fiber diameter 
as shown in Fig. 4a. This phenomenon should result 
from the specific surface area of nanofiber adsorbent, 
which is in favor of the fixation of the ion-imprinted 
cavities. Higher specific surface area can form more 
recognition sites for selective adsorption of target 
ions. Thus, the optimal electrospinning parameters 
are applied voltage of 25  kV, exclusion speed of 
1.0 mL/h and collecting distance of 22 cm, resulting 
in the finest nanofibers with average diameter of 187 
± 25 nm.

In ion adsorption stage, the concentration of Cu(II) 
aqueous solution, pH value and contact time were 
explored to verify the effects on the Cu(II) adsorp-
tion of IBCN-Cu by single variable control method. 
Figure  4b presents the Cu(II) adsorption capac-
ity and zeta potential of IBCN-Cu in the pH value 
ranged from 2 to 8 adjusted using 0.1  mol/L HCl 
and 0.1  mol/L NaOH aqueous solutions. The Cu(II) 
adsorption capacity rises up to the maximum at 6.0 
with pH value increased, and then it declines gradu-
ally. It obviously shows a pH-dependent adsorption 
behavior due to chelation reactions which are also pH 
sensitive. The reason might be attributed to the zeta 
potential of IBCN-Cu as presented in Fig. 4b. At the 
pH value lower than 5.5, the positive net charge of 

IBCN-Cu may cause electrostatic repulsion to Cu(II) 
ions, leading to the decrease of Cu(II) ion adsorp-
tion. When the pH value is lower than 2.0, the strong 
electrostatic repulsion between protonated hydroxyl 
groups of IBCN-Cu and the positively charged Cu(II) 
ions greatly reduce the chelating ability of hydroxyl 
groups towards Cu(II) ions. At the pH value higher 
than 5.5, the negative net charge of IBCN-Cu may 
cause electrostatic attraction to Cu(II) ions, leading 
to the increase of Cu(II) ion adsorption. However, 
the transformation from Cu(II) ions to Cu(OH)2 and 
precipitates would happen, which resulting in the 
decrease of Cu(II) ion adsorption. Consequently, the 
suitable pH region for IBCN-Cu to adsorb Cu(II) ions 
is 5.5–6.5 and 6.0 is set to the optimal pH value for all 
the adsorption experiments.

Figure 4c, d demonstrate the effect of the concen-
tration of Cu(II) aqueous solution and contact time 
on Cu(II) adsorption of IBCN-Cu. The equilibrium 
adsorption is achieved with the concentration of 
Cu(II) aqueous solution ranged from 50 to 400 mg/L. 
The Cu(II) adsorption capacity enhances firstly with 
the increasing of the concentration of Cu(II) aqueous 
solution as well as contact time and then levels off. 
This result comes from the competition between free 
Cu(II) ions and recognition sites. Normally, Cu(II) 
ion adsorption involves two stages. In the first stage, 
a large amount of free recognition sites available for 
Cu(II) ion adsorption and adsorption rate is swift. In 
the second stage, Cu(II) ion adsorption rate reduces 
gradually and achieve to equilibrium in the end 

Fig. 4  (continued)
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because of depletion of recognition sites or Cu(II) 
ions in aqueous solution. Thus, the optimal Cu(II) 
ion concentration and contact time in ion adsorption 
stage are 300 mg/L and 5 h, respectively.

In the crosslinking stage, the concentration of glu-
taraldehyde aqueous solution and react time were 
investigated to testify the influences on the Cu(II) 
adsorption of IBCN-Cu as presented in Fig. 4e, f. The 
Cu(II) adsorption capacity increases when the glutar-
aldehyde concentration is less than 3%. Then an obvi-
ous decrease was presented when the glutaraldehyde 
concentration is over 3%. As for react time under 
3% glutaraldehyde concentration, the maximum 
adsorption capacity appears at about 4 h. During the 
crosslinking stage, the hydroxyl functional groups 
can react with glutaraldehyde to form crosslinking 
structure by acetal. The higher crosslinking structure 
may limit the formation of effective recognition sites, 
which result in the attenuation of Cu(II) ion adsorp-
tion capacity.

In ion elution stages, extraction process is the 
critical step for IBCN-Cu preparation, which directly 
affect the adsorption capacity and selectivity. To opti-
mize the eluent concentration, the Cu(II) ions was 
extracted by HCl aqueous solutions with the concen-
tration ranged from 0.1 to 2.0  mol/L. The adsorp-
tion capacity increases with the eluent concentra-
tion increasing from 0.1 to 1.0  mol/L and slightly 
decreases after 1.0  mol/L, as presented in Fig.  4g. 
The decline in adsorption capacity might be ascribed 
to the excessive concentration of HCl, which can 

destroy the recognition sites of IBCN-Cu. Choosing 
1.0 mol/L HCl as the eluent, the effect of extraction 
time on adsorption capacity was investigated and the 
result is shown in Fig. 4h. When the extracting time 
is less than 6  h, the adsorption capacity present an 
increasing tendency with extraction time increas-
ing. The increasing extraction time is in favor of 
Cu(II) ion extraction, which results in an increasing 
of recognition sites until saturation before 6 h. Then, 
the adsorption capacity shows a plateau with slight 
decline after 6 h, resulting from the recognition sites 
damaged during the excessive extraction.

Adsorption isotherms of IBCN-Cu

The ion-imprinting effect on selective adsorption of 
IBCN-Cu was explored by adsorption isotherm. The 
isothermal adsorption experiments were performed 
using different metal ions (Cu(II), Zn(II), Ni(II), 
Pb(II), Cd(II)) under concentrations ranged from 10 
to 500 mg/L at pH = 6.0 with temperature of 298 K. 
As demonstrate in Fig. 5a, the adsorption capacity of 
IBCN-Cu toward all metal ions presents an incremen-
tal tendency with the concentration increased, and 
then tends to be saturated.

To investigate the adsorption mechanism of IBCN-
Cu, the experimental data are then fitted with Lang-
muir and Scatchard isotherm model, respectively. 
The Langmuir and Scatchard isotherm model can be 
mathematically expressed using Eqs. (6) and (7).

Fig. 5  Langmuir isotherm model, a and Scatchard isotherm model, b for Cu(II), Zn(II), Pb(II) and Cd(II) adsorption onto IBCN-Cu
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where Qm (mg/g) represents the maximum adsorption 
capacity, KL (L/mg) and Ks (mg/L) are the Langmuir 
adsorption coefficient and the equilibrium dissocia-
tion constant at recognition sites. Qe and Ce are same 
to previous equations.

Obviously. the IBCN-Cu displays a perfect 
advantage for Cu(II) recognition with the maximum 
adsorption capacity of 152.2  mg/g, which are about 
3–5 times than other metal ions onto IBCN-Cu. The 
reason may be attributed to the formation of plentiful 
high-affinity Cu(II)-imprinted sites on the surface of 
electrospun BC nanofiber based nonwoven fabric.

The fitting curves of Langmuir model for Cu(II), 
Zn(II), Ni(II), Pb(II) and Cd(II) adsorption by IBCN-
Cu are all matched with the experimental data in their 
own systems, suggesting that the monolayer and sym-
metrical recognition sites are distributed on the sur-
face of INBF-Cu. The adsorption properties of Zn(II), 
Ni(II), Pb(II) and Cd(II) by IBCN-Cu are almost 
same.

In Scatchard model, the fitting curves of Cu(II), 
Zn(II), Ni(II), Pb(II) and Cd(II) show significant dif-
ference. For Cu(II) adsorption, it can be divided into 
two distinct linear sections with two Ks values, indi-
cating two adsorption stages may happen during the 
Cu(II) ion recognition by IBCN-Cu. The steep linear 
section represents specific recognition stage with Ks 
value of 1.18 mg/L showing higher adsorption affin-
ity, and the flat linear section represents non-specific 
recognition stage with Ks value of 6.49 mg/L show-
ing lower adsorption affinity. For Zn(II), Ni(II), 
Pb(II) and Cd(II) adsorption, only one flat linear 
section with Ks value of 7.33 mg/L, 8.25 mg/L, and 
8.77 mg/L and 7.57 mg/L can be fitted. Clearly, non-
specific recognition happens for these non-imprinted 
metal ions due to low adsorption affinity to the recog-
nition sites of IBCN-Cu.

During the surface ion-imprinting process of 
IBCN-Cu, the Cu(II) ions are firstly bonded with 
hydroxyl functional groups of BC by chelation reac-
tions, and then form the specific adsorption sites 

(6)
Qe

Ce

=
Ce

Qm

+
1

KL × Qm

(7)
Qe

Ce

=

(

Qm − Qe

)

KS

after crosslinking and extraction. Meanwhile, a few 
number of hydroxyl functional groups are remained 
to form the non-specific adsorption sites. For Cu(II), 
both specific adsorption sites and non-specific 
adsorption sites can adsorbed by IBCN-Cu, which 
result in two adsorption region in fitting curve of 
Scatchard model. For non-imprinted metal ions like 
Zn(II), Ni(II), Pb(II) and Cd(II), specific adsorption 
adsorption sites can hardly work and only non-spe-
cific adsorption sites can adsorb metal ions, forming 
flat fitting curves with low adsorption capacity. Thus, 
the specific recognition site should be a key factor for 
selective adsorption.

Adsorption kinetics of IBCN-Cu

The effect of contact time on the Cu(II) adsorption 
of IBCN-Cu was further investigated using kinetic 
models to analyze the mechanism of adsorption 
process. The dynamic adsorption experiments were 
carried out with intervals from 10 to 500 min under 
different initial Cu(II) ion concentration (30, 50 and 
100  mg/L) at pH = 6.0 with temperature of 298  K. 
As presented in Fig.  6a, the variation tendency of 
adsorption capacity with contact time at different 
initial concentrations are similar. In the first 60 min, 
the Cu(II) adsorption capacity increased almost 
linearly with contact time increasing, and then 
the increment rate gradually declines. The rapid 
adsorption at initial time might be attributed to the 
large number of recognition sites on the surface of 
IBCN-Cu, which are the specific adsorption sites 
for Cu(II) with higher affinity. After about 150 min, 
the Cu(II) adsorption capacity reaches equilibrium. 
With the initial concentration increasing from 30 to 
100 mg/L, the adsorption capacities increases about 
225% owing to more Cu(II) available for adsorption 
by IBCN-Cu. Besides, higher Cu(II) ion concentra-
tion can cause more collisions and provide bigger 
driving force for Cu(II) ions to overcome resistance 
during the ionic transfer from the aqueous solution 
to the adsorption sites on the surface of IBCN-Cu.

To study the rate-controlling of Cu(II) adsorp-
tion on IBCN-Cu, the obtained dynamic adsorption 
data are simulated using pseudo-first-order, pseudo-
second-order and intra-particle diffusion models, 
which can be linearly written using Eqs. (8), (9) and 
(10), respectively.



4012 Cellulose (2022) 29:4001–4019

1 3
Vol:. (1234567890)

where K1 (L/mg) and K2 (mg/L) represent rate con-
stants of pseudo-first-order and pseudo-second-order 
model. Kt (mg/g/min1/2) and C denote the intra-par-
ticle diffusion rate constant and constant reflecting 

(8)ln(Qe − Qt) = lnQe −
K
1
× t

2.303

(9)
t

Qt

=
1

K
2
× Q2

e

+
t

Qe

(10)Qt = Kit
0.5 + C

the boundary layer effect, respectively. Qe and Qt are 
same to previous equations.

As demonstrated in Fig. 6b, c, the linear regres-
sion (R2) of pseudo-second-order is much higher 
than that of pseudo-first-order, suggesting that the 
pseudo-second-order kinetic model is more suit-
able to describe the adsorption process of IBCN-
Cu towards Cu(II) ions. Therefore, chemisorption 
should have an important effect on Cu(II) adsorp-
tion on IBCN-Cu, which may be the rate controlling 
step involving chelation reaction between Cu(II) 
and IBCN-Cu by electrons sharing. Figure 6d shows 
the fitting curves of intra-particle diffusion model 
to verify the steps involved Cu(II) adsorption on 

Fig. 6  The effect of contact time on the Cu(II) adsorption of 
INBF-Cu with the initial Cu(II) concentration of 30, 50 and 
100 mg/L (a), fitting curves of the pseudo-first order kinetics 

model (b), the pseudo-second order kinetics model (c) and the 
intra-particle diffusion model (d)
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IBCN-Cu. The plots can be divided into two linear 
regions, which indicate two steps may be involved 
during the whole adsorption process. For the first 
step, Cu(II) ions show fast transport from bulk 
solution to surface of IBCN-Cu. For the next step, 
Cu(II) ions gradually diffuse into the recognition 
cavities of IBCN-Cu, The linear portions of the 
lines do not cross the origin with low intra-particle 
diffusion rate constant (Kt) suggests that intra-parti-
cle diffusion is one of the rate limiting step during 
the Cu(II) adsorption on IBCN-Cu.

Adsorption selectivity of IBCN-Cu

Selective adsorption of the IBCN-Cu was investi-
gated using binary solutions such as Cu(II)/Zn(II), 
Cu(II)/Ni(II), Cu(II)/Pb(II) and Cu(II)/Cd(II) contain-
ing same ion concentration of 50  mg/L at pH = 6.0 
with temperature of 298  K by the batch method to 
investigate recognition ability. Figure  7 depicts the 

adsorption selectivity performance of IBCN-Cu com-
pared with non ion-imprinted BC nanofiber mem-
brane. For IBCN-Cu, the Cu(II) adsorption capacity 
is much higher than that of non-imprinted ions, show-
ing a recognition ability in all binary solution system. 
In case of non ion imprinted BC nanofiber mem-
brane, there is only small difference in adsorption 
capacity between Cu(II) and other competitive ions in 
the same binary system. The distribution coefficients 
(Kad), adsorptive selectivity coefficients (Kas) and ion-
imprinting factors (IIF) are calculated to estimate the 
adsorption selectivity of IBCN-Cu and the results are 
listed in Table 1.

Apparently, the Kad-IBCN-Cu is much higher than 
Kad-nIBCN-Cu, and the Kad-Cu(II) values of IBCN-Cu is 
rather higher than Kad-Zn(II), Kad-Ni(II), Kad-Pb(II) and 
Kad-Cu(II) of IBCN-Cu. Thus, high adsorptive selectiv-
ity coefficients (Kas) are determined for the IBCN-Cu: 
46.6, 37.6, 56.6 and 61.3 for Cu(II)/Zn(II), Cu(II)/
Ni(II), Cu(II)/Pb(II) and Cu(II)/Cd(II), reflecting 

Fig. 7  Competitive adsorption of Cu(II)/Zn(II), Cu(II)/Ni(II), Cu(II)/Pb(II) and Cu(II)/Cd(II) onto IBCN-Cu (a) and nIBCN-Cu (b)

Table 1  The distribution 
coefficients (Kad), 
adsorptive selectivity 
coefficients (Kas) and ion-
imprinting factors (IIF) for 
IBCN-Cu and nIBCN-Cu

Ion Kad-IBCN-Cu Kad-nIBCN-Cu Kas–IBCN-Cu Kas-nIBCN-Cu IIF

Cu(II) 19.1 1.09 46.6 1.18 39.5
Zn(II) 0.41 0.92
Cu(II) 13.9 1.28 37.6 1.32 28.5
Ni(II) 0.37 0.97
Cu(II) 24.9 0.95 56.6 0.95 59.6
Pb(II) 0.44 1.01
Cu(II) 19.0 1.11 61.3 1.07 57.3
Cd(II) 0.31 1.04
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great adsorption selectivity of IBCN-Cu for Cu(II) 
ions. Moreover, IIF values of Cu(II)/Zn(II), Cu(II)/
Ni(II), Cu(II)/Pb(II) and Cu(II)/Cd(II) binary system 
are 39.5, 28.5, 59.6 and 57.3, indicating that ion-
imprinting process can remarkably improve recog-
nition selectivity of adsorbents. These results might 
be due to the well-designed ion-imprinted recogni-
tion sites with coordination geometry matching with 
Cu(II) ions in charge, size, shape, coordination num-
ber and spatial arrangement of hydroxyl groups. The 
IBCN-Cu possesses a great selectivity and recogni-
tion for Cu(II) in various competitive ion systems by 
means of the imprinted adsorption sites with specific 
recognition selectivity towards Cu(II) ions.

Anti-interference ability of IBCN-Cu

Generally, the commonly present metal cation ions 
in natural water like Na(I), K(I), Ca(II), Mg(II) and 

Fe(III) may play a negative interference effect on 
Cu(II) adsorption by IBCN-Cu. To investigate the 
anti-interference ability of IBCN-Cu, the Cu(II) 
removal efficiency was explored in the mixture solu-
tion with the concentration of interference ion 10 
times higher than that of Cu(II) ion. As given in 
Fig.  8, there is a slight reduction (< 5%) in Cu(II) 
removal efficiency in the presence of Na(I), K(I), 
Ca(II), Mg(II) and Fe(III) with high concentration, 
indicating that these interference ions hardly affect 
Cu(II) adsorption on IBCN-Cu by competing adsorp-
tion sites with Cu(II) ions. As a result, IBCN-Cu 
shows high selective Cu(II) removal efficiency with 
excellent anti-interference ability.

Stability and reusability of IBCN-Cu

For nanofiber nonwoven adsorbents, stability 
and reusability performance are the key factors 

Fig. 8  Anti-interference 
ability of IBCN-Cu

Fig. 9  Reusability performance of the IBCN-Cu (a) and SEM image after 10 regeneration cycles (b)
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determining their economic value for potentially 
practical applications. Therefore, the IBCN-Cu was 
subjected to regeneration cycles (adsorption/desorp-
tion) for 10 times with time interval of 12  h. Fig-
ure 9a illustrates the variation of adsorption capacity 
and recovery ratio with regeneration cycles for Cu(II) 
adsorption on IBCN-Cu. The adsorption capac-
ity of IBCN-Cu presents no obvious decrease with 
cycling, and the recovery ratio of IBCN-Cu reaches 
up to 92.1% of the initial adsorption after 10 cycles of 
reuse. Observed by SEM image (Fig. 9b), the surface 
morphology of IBCN-Cu does not show remarkable 
difference only with slight nanofiber damage after ten 
cycles of adsorption/desorption. The results confirm 
that the as-obtained IBCN-Cu possesses physical/
chemical stability and excellent regeneration per-
formance, which could be a promising potential as 
Cu(II) adsorbent for practical applications.

Adsorption mechanism of IBCN-Cu absorbent

Based on the adsorption isotherm and kinetic results, 
it can be concluded that the adsorption of Cu(II) 
by IBCN-Cu absorbent is chemisorption in nature, 
which might involve formation of valence forces by 

chelation through coordination between the Cu(II) 
(electron-accepting nature) and hydroxyl functional 
groups of BC (O-containing groups on the surface, 
electron donating nature), as illustrated in Fig.  10. 
After removing Cu(II), specific adsorption sites 
can be formed in IBCN-Cu absorbent, which match 
with Cu(II) ions in charge, size, shape, coordination 
number and spatial arrangement of hydroxyl groups. 
These specific adsorption sites result in high recogni-
tion selectivity and anti-interference ability for Cu(II).

Comparison of IBCN-Cu absorbent

The comparison of as-prepared IBCN-Cu adsor-
bent with other previously reported Cu(II) imprinted 
adsorbents including preparation method, adsorbent 
type, adsorption capacity and recognition selectiv-
ity is summarized in Table 2. Clearly, the IBCN-Cu 
presents higher performance in adsorption capacity, 
recognition selectivity and anti-interference ability 
for Cu(II) ion than most of other adsorbents, which 
reflects the advantages of the prepared material as an 
adsorbent. However, the complex two-step prepara-
tion process including electrospinning and surface 
ion-imprinted technology would cause the instability 
of the materials, which might be the disadvantages of 
the IBCN-Cu as an adsorbent. Thus, one-step method 
to prepare IBCN-Cu absorbent is ongoing in our lab 
and will be reported later.

Fig. 10  Adsorption mechanism of IBCN-Cu for Cu(II)
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Table 2  Comparison of Cu(II) ion-imprinted adsorbents in the reported literature

Adsorbent Preparation 
method

Type Adsorption 
capacity

Selectivity performance (selectivity coefficients) References

Cu(II)/
Zn(II)

Cu(II)/
Ni(II)

Cu(II)/
Pb(II)

Cu(II)/
Cd(II)

Cu(II) 
imprinted 
gelatin/8-
hydrox-
yquinoline/
chitosan 
copolymer

Bulk polym-
erization

Film 111.81 mg/g  > 18.71  > 18.71  > 18.71  > 18.71 Wang et al. 
(2019a, b)

Cu(II) 
imprinted 
porous 
polymeth-
acrylate

Suspension 
polymeri-
zation

Micro-parti-
cles

235 μmol/g 42.38 43.38 – – Hoai et al. 
(2010)

Cu(II) 
imprinted 
methacrylic 
acid based 
copolymer

Precipitation 
polymeri-
zation

Nanobeads 38.8 mg/g 16.8 14.1 32.4 – Roushani et al. 
(2015)

Cu(II) ion-
imprinted 
polymer 
using ethyl-
ene glycol 
dimeth-
acrylateas 
functional 
monomer

Precipitation 
method

Particles 14.8 mg/g 6.57 126 – – Pang et al. 
(2011)

Cu(II) ion-
imprinted 
polymer 
using 
N-[3-(2-
aminoeth-
ylamino) 
propyl] 
trimethox-
ysilane as 
functional 
monomer

Sol–gel 
process

– 39.82 mg/g – – 2.65 55.64 Ren et al. 
(2018)

Cu(II) ion-
imprinted 
chitosan/
attapulgite 
polymer

Sol–gel 
process

Packed fib-
ers

35.2 mg/g – – 78.45 82.44 Cai et al. 
(2014)

Cu(II) ion-
imprinted 
 Fe3O4@
SiO2 adsor-
bent

Sol–gel 
process

Micro-parti-
cles

24.2 mg/g 91.84 133.92 – – Zhu, et al. 
(2011)

Cu(II) 
imprinted 
Chitosan 
biosorbent

Microfluidic 
technology

Micro-par-
ticle

81.97 mg/g 1.78 – 6.35 – Zhu et al. 
(2017)
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Conclusion

In summary, a novel surface Cu(II) ion-imprinted 
bacterial cellulose nanofiber nonwoven adsor-
bent (IBCN-Cu) was successfully prepared by 
surface ion-imprinting technique combined with 
electrospinning technology. The obtained IBCN-
Cu presents excellent adsorption ability with the 
maximum adsorption capacity of 152.2  mg/g at 
298  K. The Cu(II) adsorption process can be well 
described by Langmuir model and pseudo-second 
order kinetic model. The selectivity coefficients 

for Cu(II) adsorption on IBCN-Cu in binary metal 
solution of Cu(II)/Zn(II), Cu(II)/Ni(II), Cu(II)/
Pb(II) and Cu(II)/Cd(II) reach up to 47, 101, and 
162, respectively. The ion-imprinting factor (IIF) 
values of Cu(II)/Zn(II), Cu(II)/Ni(II), Cu(II)/Pb(II) 
and Cu(II)/Cd(II) binary system are 39.5, 28.5, 59.6 
and 57.3, indicating that ion-imprinting process 
can remarkably improve recognition selectivity of 
adsorbents. As illustrated by Scatchard model, the 
specific recognition site with high Cu(II) affinity 
should be a key factor affecting selective adsorp-
tion. In addition, the IBCN-Cu exhibits good 

Table 2  (continued)

Adsorbent Preparation 
method

Type Adsorption 
capacity

Selectivity performance (selectivity coefficients) References

Cu(II)/
Zn(II)

Cu(II)/
Ni(II)

Cu(II)/
Pb(II)

Cu(II)/
Cd(II)

Cu(II) 
imprinted 
tetra-
ethylene 
pentamine 
modified 
active 
carbon

Grafting Sphere 33.33 mg/g 36.07 38.64 – 31.82 Peng et al. 
(2015)

Cu(II) 
imprinted 
chitosan /
Fe3O4 nan-
oparticles 
composite 
adsorbent

Metal 
imprinting

Micro-par-
ticle

71.36 mg/g 2.8 5.73 – – Janmoham-
madi et al. 
(2018)

Cu(II) 
imprinted 
silica gel 
sorbent

Surface 
imprinting

Mesoporous 
gel

84.5 μmol/g 12.3 – – - Wu et al. 
(2010)

Cu(II) ion-
imprinted 
chitosan/
epichlo-
rohydrin 
adsorbent

Ion-imprint-
ing method

Micro-parti-
cles

21.12 mg/g 1.91 0.97 – – Chen et al. 
(2011)

Cu(II) ion-
imprinted 
Polyethyl-
eneimine 
based 
polymer

Ion-
imprinted 
technology

Porous 
particles

83.3 mg/g 0.96 22.38 15.16 – Duan et al. 
(2017)

Cu(II) ion-
imprinted 
BC 
nanofiber 
nonwoven

Surface ion-
imprinting

Nanofiber 
nonwoven

152.2 mg/g 46.6 37.6 56.6 61.3 This work
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anti-interference ability and reusability. The IBCN-
Cu can be reused at least ten cycles with only 7.9% 
reduction in adsorption capacity. As a conclusion, 
the Cu(II)-imprinted nanofiber nonwoven prepared 
in this work can be considered to be an effective and 
reliable adsorbent for the separation and enrichment 
of Cu(II) ions in environmental water samples.
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